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Abstract: Sildenafil citrate is a drug used throughout the world primarily to treat erectile dysfunction.
Several problems with the commercially available product decrease its efficacy, such as limited
solubility, delayed onset of action, and low bioavailability with a large variability in the absorption
profile. This study aimed to develop an optimized self-nanoemulsifying lyophilized tablet for the drug
to conquer the foresaid problems. Sildenafil solubility in various surfactants, oils, and cosurfactants
was attempted. An optimized formulation of a loaded self-nanoemulsion with a small droplet size
was developed by applying a special cubic model of the mixture design. Sixteen formulations were
prepared and characterized for droplet size. On the basis of solubility studies, a clove oil/oleic acid
mixture, polysorbate 20 (Tween 20), and propylene glycol were selected as the proposed oil, surfactant,
and cosurfactant, respectively. On the basis of desirability, an optimized sildenafil citrate-loaded
self-nanoemulsifying delivery system containing 10% of the oil mixture, 60% of the surfactant,
and 30% of the cosurfactant had a droplet size of 65 nm. Subsequently, the tablet form was fabricated
with optimum ratios of 0.4% fumed silica, 0.1% hydroxypropyl methylcellulose, and 0.4% sodium
starch glycolate. This formula showed satisfactory results in both disintegration and dissolution
studies. In vivo pharmacokinetic studies indicated a higher bioavailability (1.44 times) and rapid
absorption profile for the study’s tablets compared with commercially available tablets. In conclusion,
highly bioavailable oral lyophilized flash tablets of sildenafil were successfully prepared. They will
be a good alternative to the conventional solid-dosage form.

Keywords: bioavailability; sildenafil citrate; erectile dysfunction; lyophilized tablets; self-nanoemulsifying
lyophilized tablet

1. Introduction

The lack of ability of men to accomplish or sustain an erection that will complete sexual activity
is called erectile dysfunction (ED). ED has affected roughly 20 to 30 million men in the United
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States alone [1]. It is a complex disorder resulting from both physical and psychological disorders.
Physical causes include neurologic, muscular, circulatory, nervous system, and endocrinological
disorders, and psychological causes occur because of emotional disorders. Medication side effects
may also be a cause [2]. Psychogenic reasons are the main reasons for this complicated situation.
Stimulatory and inhibitory functions are impaired, and this affects penile erection negatively. Ten to
nineteen percent of cases of ED have a neurogenic origin, as erection is a neurovascular event [3].
Physiologic issues that may lead to ED include heart disease, atherosclerosis, tobacco use, obesity,
low testosterone, and injuries that affect the pelvic area or spinal cord [4].

Sildenafil citrate (SLC) is a salt of a pyrazolopyrimidine derivative having a structure similar to
zaprinast and used to treat ED. It has a structure similar to the cyclic guanosine monophosphate that
is responsible for vasodilation effects [5]. SLC is also used to treat patients who undergo bilateral
nerve-sparing radical retropubic prostatectomy. Loss of erection may occur as a side effect after
prostatectomy surgery and the recovery process of the normal action is slow [6]. The ability of
normal erection to return is enhanced when a patient is treated proactively and administered SLC at
bedtime [7].

ED affects diabetic patients owing to several complex mechanisms such as vascular diseases,
neuropathy, psychopathy, or hormone fluctuations. SLC improves ED in diabetes mellitus type II,
which occurs independently of the glycemic level and vascular complications [8]. Plasma concentrations
of SLC reach the maximum level 1 to 1.5 h after oral ingestion and have a half-life of 3 to 6 h. SLC is
cleared from the body mainly via the liver, and it has 40% oral bioavailability [9]. Bioavailability of the
SLC tablet may be decreased due to many reasons, such as elevation of hepatic transaminase, aging,
and taking concomitant drugs [10]. Food also affects the bioavailability of SLC [11]; it is reported that
the presence of food delays the absorption of SLC, and this minimizes both the Tmax and Cmax of SLC.
The first-pass effect also reduces SLC bioavailability [12]; studies observed that 49% of oral SLC tablets
are affected by the hepatic and intestinal first-pass effect.

Nanotechnology is one of the promising technologies in the twenty-first century that has potential
applications, especially in the area of formulation development. Nanotechnology has emerged as
a state-of-the-art solution for the majority of diagnostic and therapeutic agents and is also capable
of improving the efficacy and safety of many drugs [13,14]. The self-nanoemulsifying delivery
system (SNED), on dilution, produces nanosized transparent systems known as nanoemulsions
(NEs). These systems were studied extensively because of their potential applications in the design
of dosage forms [15–20]. The self-nanoemulsifying drug delivery system SNEDDS can offer higher
stability (in contrast with other lipid-based systems) [21,22] and improved solubility, and thus they
augment the oral bioavailability of many lipophilic drugs [23]. In general, SNEDDS can be formed as
capsules for ease of administration. Yet, this may have a few issues such as leakage of liquid from the
capsule, incompatibility with the capsule shell, and an expensive capsule liquid filling technology [24].
To overcome these drawbacks, solid carriers were utilized to solidify the SNEDDS; this could further
enhance patient convenience, dose accuracy, and stability [25–27]. Several porous carriers such as
calcium silicate, magnesium aluminometasilicate, silicon dioxide, and dibasic calcium phosphate
were used effectively for the solidification of SNEDDS, because they were capable of adsorbing the
liquid [28–32]. Lyophilization methodology offers tablets with a porous structure, which leads to quick
penetration of saliva when placed in the oral cavity. Moreover, lyophilization prolongs the shelf-life of
the product during storage. Cryoprotectants such as sugars were used for dehydration of the prepared
tablets [33].

There are a few challenges associated with the oral administration of SLC, including poor
bioavailability and short duration of action that requires frequent administration. The aim of the
current study was to enhance the bioavailability and solubility of SLC by employing a mixture
design through improving their oral disintegration and dissolution. The current study started with
enhancing the bioavailability through the development of an optimized SLC-loaded SNED as a first
step. During this step, SLC solubility in different surfactants, oils, and cosurfactants was estimated.
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A special cubic model of the mixture design was applied to develop an optimized SLC-loaded SNED
with a minimum droplet size. Sixteen formulations were prepared and characterized for droplet size.
The second step was to prepare and optimize the self-nanoemulsifying lyophilized tablets (SNTs)
loaded with the SLC SNED using the freeze-drying technique. Tablet formulations used additives such
as fumed silica, hydroxypropyl methylcellulose (HPMC), and sodium starch glycolate (Explotab®).
Each tablet was evaluated to determine the disintegration time and percentage released after 5 min.

The final stage was to evaluate the in vivo pharmacokinetic parameters (Cmax, Tmax, and area
under the curve (AUC)) of the optimized SNTs and compare the results with the pharmacokinetic
findings of commercially available tablets, to monitor the bioavailability improvement.

2. Materials and Methods

2.1. Materials

SLC was procured from Xian Sunny Biochemical Technology (Shaanxi, China). The clove
oil, propylene glycol, and Explotabs were procured from the Tedia Company (Fairfield, OH, USA)
and JRS Pharma (Patterson, NY, USA). Different grades of polyethylene glycol (PEG-200, PEG-400),
Labrasol, Transcutol HP, Lauroglycol 90, Maisine cc, Capryol 90, Labrafac PG, and Labrafac lipophile
WL1349 were generously gifted by Gattefosse (Saint-Priest, France). Tween 20, Triacetin, sesame oil,
oleic acid, olive oil, fumed silica (0.007 µm), microcrystalline cellulose (Avicel® PH-101), gelatin,
mannitol, castor oil, methanol, and HPMC were purchased from Sigma-Aldrich (St. Louis, MO, USA).
All additional reagents and chemicals used were of standard analytical grades.

2.2. Estimation of Sildenafil Citrate (SLC) Solubility in Various SNEDDS Components

The SLC solubility was determined in assorted oils, such as oleic acid, castor oil, clove oil, olive oil,
Triacetin, Capryol 90, Maisine cc, and sesame oil and also in various surfactants such as Tween 20,
Labrafac PG, Labrafac lipophile WL-1349, Lauroglycol 90, and Labrasol. SLC solubility was studied in
various cosurfactants such as propylene glycol, PEG-200 and PEG-400, and Transcutol HP. An excess
amount of SLC was dissolved in 2 mL of all the selected liquid systems, and the formed blend was
mixed thoroughly by keeping it on a water bath (Model 1031, GFL Corporation, Burgwedel, Germany)
at 25 ± 0.5 ◦C for 48 h. When the mixture reached equilibrium, approximately 1 mL of the sample
was collected and centrifuged (AIC Micro Centrifuge- Boerne, TX USA) for approximately 15 min at
1000 rpm. Supernatants were collected and diluted with methanol as required. A concentration of
SLC was quantified in the final sample by spectrophotometric analysis (Jenway 7315; Bibby Scientific
Limited, Stone, UK) at 239 nm. All the experiments were carried out in triplicate [34].

2.3. Pseudoternary-Phase Diagram for SLC in Various Solvent Systems

A ternary-phase diagram of SLC was constructed on the basis of SLC solubility in the selected
systems (a mixture of oils, clove oil/oleic acid, surfactant, Tween 20, and cosurfactant, propylene glycol)
to identify the suitable levels for formulating a self-nanoemulsion component. The dilution test with
water is the preliminary test for mixture design, and it should be capable of forming a clear NE on
dilution. The total concentration of the three parameters was maintained at 100%. Various combinations
were identified to study the NE region in the generated pseudoternary-phase diagram.

2.4. Optimization of Preparation of SLC-Loaded SNEDDS as per Mixture Design

The experimental mixture design has proven to be an efficient tool owing to its precise methodology,
and, hence, it was applied for the optimization of the SNEDDS preparation. Among several models,
a special cubic model of extreme vertices was selected in order to determine the main and interaction
effects of proposed variables on the selected responses. The three independent variables were the
concentrations of the oil mixture (clove oil/oleic acid) (X1), Tween 20 (X2), and propylene glycol (X3).
All these factors were used in different ratios and the total concentration was maintained at 100%.
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The mean globule size was selected as the dependent variable/response (Y). A total of 16 runs were
projected with a randomized order (50 mg of SLC in each formulation). The summary of variables with
their levels selected for NE formulation is shown in Table 1. About 1 g of each mixture was prepared
by simple mixing of selected components in a 2-mL Eppendorf tube by vortex mixture for a minute.
The total of three components in the mixture will be always equal to 100%. The formulation composition
of SNEDDS and the mean of the observed globular size are shown in Table 2. The relationship between
the selected factors and the evaluated responses was further studied with regression equation and
statistical analysis strategies by applying Statgraphics Centurion XV software (v. 15.2.05, StatPoint
Technologies, Warrenton, VA, USA). All the formulated dispersions were estimated for the ability to
emulsify and the appearance of formed NE. The formulation with the smallest globule size was selected
as the optimum formulation and consequently used for the preparation of the self-nanoemulsifying
lyophilized tablets (SLC-SNTs).

Table 1. Experimental plan of mixture design (component levels and selected response).

Component Level Response
Low High

Oil percentage; (X1) 0.1 0.3
Mean globule sizeSurfactant percentage; (X2) 0.3 0.6

Co-surfactant percentage; (X3) 0.1 0.6

Table 2. Projected trial formulation compositions and the observed response of sildenafil citrate
(SLC)-loaded nanoemulsion (NE) formulations, as recommended by the mixture design.

Formulation Code
Independent Variables (Mixture Components) Dependent Variables (Responses)

X1 (gm) X2 (gm) X3 (gm) Y1 (nm)

NE-1 0.1 0.3 0.6 528.17
NE-2 0.3 0.3 0.4 233.6
NE-3 0.1 0.6 0.3 65.07
NE-4 0.3 0.6 0.1 382
NE-5 0.15 0.375 0.475 855.5
NE-6 0.25 0.375 0.375 199.5
NE-7 0.15 0.525 0.325 165.84
NE-8 0.25 0.525 0.225 470
NE-9 0.2 0.3 0.5 720.49

NE-10 0.1 0.45 0.45 135.09
NE-11 0.3 0.45 0.25 296.22
NE-12 0.2 0.6 0.2 602.21
NE-13 0.2 0.45 0.35 532.56
NE-14 0.1 0.3 0.6 300.5
NE-15 0.3 0.3 0.4 512.4
NE-16 0.1 0.6 0.3 103.5

2.5. Assessment of the SLC-SNEDDS

2.5.1. Emulsification Ability

The efficiency of the prepared SLC-SNED was assessed visually for its instant emulsification
ability and clarity of the formed emulsion.

2.5.2. Determination of Globule Size of the Emulsion

About 125 mg of the formulated dispersion was diluted with the required amount of distilled
water to form an aliquot of 20 mL, and the prepared sample was utilized to analyze the globule size by
the dynamic light-scattering technique (Zetatrac, Microtrac, Montgomeryville, PA, USA).
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2.5.3. Stability Studies

The formulation of SLC-SNEDDS was subjected to various temperature changes to confirm its
thermodynamic stability. SNEDDS formulations were exposed to three consecutive freeze–thaw cycles
(freezing at −25 ◦C for approximately 12 h and thawing at +25 ◦C for 12 h). After consecutive cycles,
the final product was analyzed for globule size. The stability index was calculated by comparing the
globule size with that in initial reports, using the following equation:

Stability index = ([Initial size − Change in size]/Initial size) × 100 (1)

2.5.4. Surface Morphology of SLC-SNEDDS

Structural and morphologic observations of globules were studied using a transmission electron
microscope (H7500, Hitachi, Japan). Initially, the sample was diluted with distilled water approximately
200 times and then positioned on the microscopic grids. Additionally, a 0.5% phosphotungstic acid
solution was used to stain the sample and then dried effectively. The dried sample was analyzed by
operating the TEM at 80 kV with darkfield imaging with increasing magnification.

2.6. Preparation of SLC-SNTs

SLC-SNTs were formulated and prepared as per the method portrayed earlier by El-say KM et al.
Each formulation contained 50 mg of SLC, added to 1 g of the optimized SLC-SNED, and then the gelatin
solution was mixed (2% 9 mL) on a stirrer in addition to a constant amount of 400 mg of fumed silica,
100 mg of HPMC, 400 mg of Explotab, 100 mg of diluent (Avicel® PH 101), and 100 mg of mannitol.
Initially, the formulation was mixed for 2 min by Vortex and subsequently by a probe sonicator
(Sonics Vibra-Cell VCX 750, Sonics and Materials, Inc., Newtown, CT, USA) until a homogenous
mixture was produced. The prepared mixture was placed into tablet blister pockets and transferred to
and stored in the freezer for 24 h at −22 ◦C. Afterward, the sample was freeze-dried in Christ Alpha
1-2 LD Plus lyophilizer (Osterode, Germany). Parameters maintained for freeze-drying were (1) a time
of 24 h, (2) a condenser temperature of −45 ◦C, and (3) a pressure of 7 × 10−2 mbar. The final product
was in the form of a patch. The patch was made into a tablet by adding suitable concentrations of
diluents and disintegrating agents. The final lyophilized tablets were evaluated for disintegration and
dissolution profiles.

2.7. Optimization of SLC-SNTs

The results obtained from the 15 formulations were further statistically analyzed by the analysis of
variance (ANOVA). The formulation was optimized with three variables to acquire less disintegration
time with the desired drug release profile. Accordingly, the optimized formulation was evaluated for
disintegration and dissolution to compare the predicted and experimental values.

2.8. Wetting Time

Wetting time of SLC-SNTs was estimated by placing the piece of twice folded tissue paper
(12 cm × 10.75 cm) in a small Petri dish of internal diameter 6.5 cm. Subsequently, 6 mL of Sorenson’s
buffer solution of pH 6.8 was added. A formulated tablet was placed in the paper and the time taken
for complete wetting was determined (Mean ± S.D, n = 3).

2.9. Disintegration Time

Disintegration time of the prepared SLC-SNTs was determined using PharmaTest disintegration
tester (Hainburg, Germany) with six tablets; 900 mL of distilled water at 37 ± 0.5 ◦C was used as media
as per USP specifications. The disintegration time was considered as the time passed until there were
no residue or only a trace amount of soft residue on the screen (#10) (Mean ± S.D, n = 6).
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2.10. In Vitro Drug Release Studies

SLC release from prepared SNTs was determined using USP dissolution test apparatus II
(paddle type), DT 700 LH device, Erweka, GmbH DT 700 (Heusenstamm, Germany). The dissolution
medium used consisted of 500 mL of simulated saliva fluid without enzymes (SSF) of pH 6.8 at
37 ◦C ± 0.5 ◦C. The paddles stirring speed was 75 rpm and samples of 5 mL were withdrawn at various
intervals of time, and replaced with fresh dissolution medium. Withdrawn samples were filtered
through a 0.45-µm Millipore filter and analyzed for drug content and the experiments were carried out
in triplicates.

2.11. In Vivo Pharmacokinetic Studies

A randomized, parallel, single-dose, open-label design with 14 days of screening and a 1-day
study period was used. A single dose of each SLC-SNT equivalent to 50 mg (test) was given to
selected human volunteers, who were instructed to keep the tablet in the oral cavity for 3 min before
ingestion; the commercial SLC tablets (50 mg) were ingested orally with 250 mL of potable water.
Volunteers remained at the site for approximately 36 h after sample administration so that blood
samples could be collected as required [35]. All of these human studies were approved by the Ethics
Committee of the Beni-Suef Clinical Laboratory Center for clinical studies (Approval No: 12-004-2020),
Egypt. The studies were performed as per the Helsinki agreement protocol. The resulting data
was analyzed by running a non-compartmental model in PK-SOLVER® software to determine their
different pharmacokinetic parameters.

3. Results and Discussion

3.1. Solubility Studies

SLC solubility in different oils, surfactants, and cosurfactants is depicted in Figure 1. A higher
solubility of SLC was observed with clove oil (560.2± 28.01 mg/mL) and oleic acid (525.1 ± 26.25 mg/mL)
(Figure 1A), with the surfactant Labrasol (52.56 ± 2.63 mg/mL) (Figure 1B), and with the cosurfactant
propylene glycol (317.4 ± 15.87 mg/mL) (Figure 1C). The surfactants Tween20 and Labrafac PG,
in addition to the cosurfactant PEG-400, also resulted in a significant rise in SLC solubility (Figure 1).
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The solubility of the drug in the NE depended mainly on the ability of the oils to prevent drug
“bleeding” or precipitation [36]. Different emulsion formulations were prepared for starting with oils,
surfactants, and cosurfactants, which have a higher solubilized power of SLC and were mixed in
different ratios to determine their homogeneity and dispersibility within the media. It was found that
there was no relation between the solubilizing and dispersing abilities of each emulsion component.
This was in agreement with a previously published paper [37]. Clove oil reduced the interfacial tension
between the drug particles and facilitated the formulation and stabilization of small drug particles [38].
Oleic acid is a penetration enhancer, and it was found that the clove oil/oleic acid mixture (1:1) enhanced
the solubility of SLC in the oil phase; this was the most significant criterium for prolonging stability
and reducing the risk of drug particle precipitation. For surfactants, the second choice of surfactant
(Tween 20) was used instead of Labrasol and mixed with the clove oil/oleic acid mixture and propylene
glycol, which gave it the most dispersible, most homogenized, clearest emulsion. Tween 20 was used
as a surfactant for its high hydrophile–lipophile balance values, which are due to its high level of
adsorption on a droplet’s surface; this reduces its diameter rapidly [39]. The category and amount of
surfactant used reflect on the performance of the self-nanoemulsifying system, because they improve
the drug solubility and release of the lipophilic drug upon aqueous dilution [40]. Cosurfactants such as
propylene glycol, which were used to enhance the emulsification of the surfactant [41], increased the
entrapment of SLC particles and induced their solubility and stability [42]. Additionally, when 30%
of the propylene glycol was present in the formulation, the smallest droplet and the high level of
transparency were investigated [43]. In the present study, the mixture of clove oil/oleic acid, Tween 20,
and propylene glycol was selected to formulate the SLC-SNEDDS.

3.2. Pseudoternary-Phase Diagram for SLC in Various Solvent Systems

The ternary-phase diagram for SLC was constructed and used to establish the mixture design to
identify the levels of SNED components required to form the emulsion with a nanosized dispersed
phase on dilution with water.

The different levels of the mixture components present in the area where the instant NE formation
can be seen after dilution were found to be 10% to 30% (w/w) for oil, 30% to 60% (w/w) for surfactant,
and 10% to 60% (w/w) for cosurfactant (Figure 2A).
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3.3. Optimization of SLC-SNT Formulation

3.3.1. Effect of Mixture Components on Globule Size

The projected experimental runs and their observed responses are listed in Table 2. The globule size
of all the trial formulations was found to be in the range of 65.07 nm (NE-3) to 855.5 nm (NE-5), and these
results were fitted to the cubic model. The ANOVA further confirmed the statistically significant
relationship between the components and the response as evident from the 95% confidence interval
and p-value of <0.05). The mixture component effect was further observed in the two-dimensional
contour plots, as demonstrated in Figure 2B. The three corners and center of the triangle represent
the positions of the three components and the mixture in equal parts. The few white regions are not
fit to apply the regression analysis due to its component restraint. Accordingly, an alteration in the
composition mixture can affect the change in globule size. The derived regression equation for an
investigated response for the best-fit cubic model is given in Equation (2).

Globule size (Y1) = 863.006 X1 + 248.192 X2 + 514.249 X3 − 1384.67 X1 X2 + 76.6057 X1

X3 − 1185.61 X2 X3 − 871.765 X1 X2 X3
(2)

The two-dimensional contour plot and the regression equation confirmed that elevated
concentrations of the surfactant and lower proportions of the oil and cosurfactant result in the
formation of globules with the desired size. The minimum globule size that could be attained with
the mixture design is represented in the black–blue area in the corner of the triangle (closer to the
surfactant corner).

Our result is in agreement with the result reported in another research study, which found that
increasing the oil phase percentage in the media may lead to globular enlargement as the specific
surface area decreases and polydispersity of the emulsion increases [44]. The eugenol present in clove
oil is responsible for the decrease of particle size to within the optimum nanosize [45]. The type
and concentration of the surfactant are factors affecting the particle size. In the case of a higher
surfactant concentration, the globular size decreases as the interparticle attraction decreases. Moreover,
some types of surfactants played a critical role during the preparation of the NE (e.g., the glycerol
surfactant produced an ultrafine globular size lower than 50 nm to form a self-nanoemulsifying
system) [46]. Propylene glycol is considered as an organic solvent that helps in dissolving higher
concentrations of surfactants and lipophilic drugs [47]. Our research is in agreement with those who
found that there is an improvement in the stability of the SLC particle and its tolerance of dilution in
the gastric media when it is prepared using a SNED.

3.3.2. Response Optimization Using Desirability Approach

The effect of independent variables on the desirability function was demonstrated by contour
plots, after optimizing the NE preparation to assume the mixture region (Figure 2D). Higher and
lower proportions of X1 and X1. X3 components can maximize the desirability of a formulation,
as demonstrated in the triangular contour plot. The violet area in the system represents the maximum
desirability of the formulation. The optimized formula of the SLC-loaded NE with the minimum
globule size was used in the preparation of SLC-SNTs. The formulation composition of NE-16 resulted
in the formation of NE with the minimum globule size and, hence, was used for the preparation of
SLC-SNTs (Table 2).

3.3.3. Impact of NE Components on the Stability Index

Stability index data confirm the impact of the cosurfactant on the stability of the NE. The results
were in the range of 59% (NE-3) to 91% (NE-2). The high stability of NE-3 can be credited to a
high level of cosurfactant. Formulations with lower levels of cosurfactant suffered from stability
issues. An extremely low interfacial tension can account for the thermodynamic stability of an NE;
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therefore, surfactants alone cannot decrease the interfacial tension to the desired level. The addition of
a cosurfactant is essential in producing thermodynamically stable systems [48]. This result was further
supported by Chen J et al., who worked on the application of cosurfactant to enhance the stability of
anthocyanin microemulsion-based systems [49].

3.4. Morphologic Characterization

The size of the globules is the critical factor in the development of SNEDDS, because the globule
size can impact the drug release profile and absorption [50]. Colloidal dispersion showed a uniform
globule size distribution (<100 nm), and no aggregation was observed, as portrayed in the TEM image
(Figure 3). The measured globule size is in accordance with previous results (Table 2).
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3.5. Formulation of SLC-SNTs

SLC-SNTs were successfully prepared with a diluent called fumed silica. It acts as a binder
to produce the best-quality tablets. The formula containing fumed silica demonstrated the best
drug release profile and lowest disintegration time. Fifteen formulations (Table 3) were prepared as
per experimental runs projected by the Box–Behnken design and evaluated for disintegration time
(Figure 4A) and dissolution profile (Figure 4B,C). HPMC was added to prevent sedimentation of the
solid nanoparticles via an increase in the viscosity of SNEDDS and gave required hardness to the
SNTs. This could improve the stability of the SNTs [51]. Explotab, as a diluent, disintegrates, binds,
and lubricates as reported in a previous study of preparation and evaluation of clopidogrel tablets [52].

Fumed silica, although insoluble, has a nanosized grade with a larger surface area that can enhance
the amount of adsorbed drugs. This, in turn, can facilitate SLC distribution and absorption from the
mucosal membrane of the buccal cavity [53].

Avicel® PH 101 was added as a dissolution enhancer. It speeds the disintegration of tablets in
two ways, wicking and swilling [52]. Mannitol is an excipient used mainly in fast-dissolving tablets
and acts as a taste-masking sweet ingredient [54,55].
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Table 3. Concentrations of independent factors (percentage) in a randomized order for
formulating SLC-SNTs.

Formula Code X1 X2 X3

SNT-1 2 0 4
SNT-2 2 0 0
SNT-3 4 0 2
SNT-4 2 1 2
SNT-5 0 1 4
SNT-6 2 1 2
SNT-7 0 0 2
SNT-8 0 1 0
SNT-9 2 2 0
SNT-10 4 2 2
SNT-11 2 1 2
SNT-12 4 1 4
SNT-13 4 1 0
SNT-14 2 2 4
SNT-15 0 2 2

Abbreviations: X1, fumed silica percentage; X2, HPMC percentage; X3, Explotab percentage.

3.6. Evaluation of SLC-SNT Wetting Time

The wetting time study of SNT formulations showed times of 50 ± 34 to 180 ± 60 s, which indicated
the effect of SNT contents and their concentrations on the tablet dissolution inside the oral cavity [56,57].

3.7. Disintegration Study

A broad range of disintegration times (from 3 s for SNT-5 to 60 s for SNT-2) was observed,
as demonstrated in Table 4. An inverse and direct relationship was observed between the concentration
of Explotab (X3) and silica (X1) for the disintegration time. The concentration of HPMC (X2) had a
minor effect on (Y1) [58,59]. A shorter disintegration time was observed for SNT-5 and SNT-9 due to
the presence of the lowest level of X1 and the highest level of X3 or X2. Accordingly, SNT-2 and SNT-9
were shown to have the longest disintegration time. All these results were in conformity with findings
reported by Awal P et al. (Figure 5A).

Table 4. ANOVA of the responses Y1 and Y2.

Factors
Disintegration Time (Y1), Second Cumulative Release after 5 min (Y2), %

Estimate F-Ratio p-Value Estimate F-Ratio p-Value

X1 0.25 0.06 0.8100 42.75 880.75 0.0000 *
X2 −1.125 1.30 0.3057 1.0 0.48 0.5185
X3 −22.875 537.83 0.0000 * 7.75 28.95 0.0030 *

X1X1 −1.66667 1.32 0.3029 27.5 168.21 0.0000 *
X1X2 0.25 0.03 0.8648 1.5 0.54 0.4946
X1X3 0.25 0.03 0.8648 7.0 11.81 0.0185 *
X2X2 5.08333 12.26 0.0173 * −2.0 0.89 0.3889
X2X3 2.0 2.06 0.2111 0.5 0.06 0.8159
X3X3 10.5833 53.13 0.0008 * 2.5 1.39 0.2914

R2 99.1828 99.5453
Adj. R2 97.7119 98.7269

SE 2.78986 2.03715
MAE 1.32222 0.933333

Note: * Significant factors; Abbreviations: X1, fumed silica percentage; X2, HPMC percentage; X3, Explotab percentage;
SEE, standard error of estimate; and MAE, mean absolute error.
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3.8. In Vitro Dissolution Study

An in vitro drug release profile of SNT formulations is depicted in Figure 4B,C Regarding the
curve of the cumulative release, it was found that the cumulative release of SLC from SNTs after 60 min
was between 15.5% for SNT-4 and 74% for SNT-14. It was found that there were variabilities between
different dosage forms, and this indicated that the Box–Behnken design showed the effect of factor
variation on the values (Y1) and (Y2). This result might be attributed to a close relationship between
the disintegration time and the amount of dissolution; this is reasonable, because the rate of release in
drugs with the shortest disintegration time is faster than the drug excretion rate, and for this reason,
the drug concentration in the blood becomes elevated over time [60].

3.9. Optimization of SLC-SNT Preparation by Response Surface Methodology

Optimization of SLC-SNTs was carried out by the Box–Behnken design, with the constraint of a low
disintegration time and a maximum SLC drug release within 1 h. The projected experimental runs with
different levels of components are compiled in Table 3. The quantitative effect of selected components
was studied by applying the ANOVA. The obtained data were subjected to regression analysis to
generate polynomial equations. In general, a p-value of less than 0.05 signified the model terms.
Synergistic and antagonist effects can be identified by the positive and negative values of corresponding
terms, respectively. The special cubic model showed a good correlation with the experimental results,
which was evident from high R2 and adjusted R2 values (99.1828-Y1 and 99.5453-Y2, respectively).
A high correlation between the experimental and predicted data was obtained when the results were
expressed graphically with the given data.

3.9.1. Effect of Formulation Variables on Disintegration of SNTs

As required, fast-disintegration tablets should have an immediate breakdown into small-sized
granules/fragments in order to yield the maximum surface area that can be offered for dissolution
media [61]. SNT formulations showed significant variations in their disintegration time. The effect
of independent factors on the disintegration time was further demonstrated by three-dimensional
response surface graphs (Figure 5B–D). The generated polynomial equation is given in Equation (3).

In vitro disintegration time (Y1, s) = 15.3333 + 0.25 X1 − 1.125 X2 − 22.875 X3 − 1.66667 X1
2

+ 0.25 X1X2 + 0.25 X1X3 + 5.08333 X2
2 + 2.0 X2X3 + 10.5833 X3

2 (3)

The ANOVA (Table 4) and Pareto chart (Figure 5A) depict a considerable negative impact of
X3 on the disintegration time of the SLC-SNTs (Y1), with a p-value of 0.0000. This result confirmed
the antagonistic relationship between this factor and the disintegration time. An increase in the
concentration of the Explotab made the tablet disintegrate rapidly. However, the ANOVA confirmed
the major effect of the interaction term (X2X2) (X3X3) corresponding to the disintegration time of the
SLC-SNTs (Y1), with p-values of 0.0173 and 0.0008, respectively. As a result, the higher proportions of
Explotab (X3) minimized the disintegration time (Y1) of the formulations. Both the fumed silica (X1) and
the HPMC (X2) had a minor effect on the disintegration time (Y1). The percentage of Explotab mainly
affected the disintegration time, whereas the HPMC and fumed silica had minor effects. By comparing
the values in Table 4, it can be found that when the percentage of the Explotab (X3) changed while the
percentage of fumed silica (X1) and HPMC (X2) were fixed, the disintegration time (Y1) was much
increased, from 7 s in SNT-1 to 60 s in SNT-2. When the value of (X2) changed and the values of (X1)
and (X3) were fixed, as in SNT-1 and SNT-14, the disintegration time (Y1) was not significantly affected
by (X2). The same previous result was obtained when the value of (X1) changed while the values of
(X2) and (X3) were fixed in both SNT-5 and SNT-12.
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As a result, formulations consisting of a low level of either X1 or X2 and a high level of X3 showed
shorter disintegration times. Enhanced disintegration can be credited to the ample concentration
of Explotab, as it favors the high porosity of tablets and makes the tablet swell and break down as
quickly as possible. Because of the hydrophilic nature of the Explotab, it can absorb many times
its weight in the presence of a liquid medium. Subsequent to this, the tablet–air interface will be
spontaneously replaced by the tablet–water interface and will retain capillary flow, leading to rapid
disintegration. Conversely, SNT formulations with lower levels of X1 and higher levels of X2 or X3

showed a longer disintegration time. Other related factors were used as structure-forming agents.
Additionally, the bonding structure and pore structure affect the disintegration time. The formed pores
can facilitate the quicker penetration of water and burst the tablets into smaller fragments. Explotab
acts as a binder on a high concentration by forming a viscous barrier, which accelerates the tablet
disintegration time [55]. A superdisintegrant such as the Explotab enhances the bioavailability of the
tablets by facilitating the drug release; it increases the porosity and fluid penetration of the tablets via
capillary action [62]. The binding effect of HPMC decreases the porosity and diminishes the process of
disintegration. This may be due to a high level of cross-linking.

3.9.2. Effect of Independent Variables on the Percentage of Release of SLC after 5 min (Y2)

Dissolution profiles of prepared SLC-SNT formulations are shown in Figure 4. SLC release after
5 min from the formulations demonstrated a significant variation in the range of 16% (SNT-15) to 68%
(SNT-12). The generated polynomial equation for this response is given below:

% release after 5 min (Y2, %) = 15.0 + 21.375 X1 + 0.5 X2 + 3.875 X3 + 13.75 X1
2 + 0.75 X1X2

+ 3.5 X1X3 − 1.0 X2
2 + 0.25 X2X3 + 1.25 X3

2 (4)

Statistical analysis (Table 4) and the Pareto chart (Figure 6A) show a significant positive effect
of X1, X3, and the interaction terms (X1X1) and (X1X3) on the disintegration time of SLC-SNTs (Y1),
with p-values of 0.0000, 0.0030, 0.0000, and 0.0185, respectively. This reveals the direct relation between
X1, X3, and Y2, i.e., when the percentage of both fumed silica and the Explotab increase, the percentage
of release after 5 min (Y2) will increase.

The effect of selected components on the cumulative drug release was confirmed by the
three-dimensional response surface plots (Figure 6B–D). It was evident that the dissolution profile of
SLC-SNTs containing the highest proportions of fumed silica (X1) and Explotab (X3) showed the highest
percentage of release after 5 min (Y2). The HPMC (X2) had no significant effect on (Y2). By comparing
the values in Table 4 to evaluate the effect of the factors on the value, it was found that when the
percentage of fumed silica (X1) changed while the percentage of HPMC (X2) and the Explotab (X3)
was fixed, the percentage of release after 5 min (Y2) increased from 18% in SNT-5 to 68% in SNT-12.
This indicated that (X1) significantly affected the percentage of release after 5 min (Y2). Additionally,
it was seen that when the value of (X3) changed and the values of (X1) and (X2) were fixed, the value of
the percentage of release after 5 min (Y2) varied between 20% in SNT-2 and 29% in SNT-1, and this
indicated that (X3) had a small positive effect on (Y2). When the value of (X2) changed and the values
of (X1) and (X3) were fixed, the percentage of release after 5 min (Y2) changed from 29% in SNT-1 to
31% in SNT-14; this indicated that (X2) did not affect (Y2).
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The dissolution profile of SLC-SNT formulations containing maximum and minimum
concentrations of both factors X1 and X3, respectively, accounted for the highest and lowest cumulative
release of SLC, respectively. Fumed silica acted as an inert carrier and adsorbed the lipophilic
drugs, which improved the drug release [35]. Fumed silica-based drug delivery systems have shown
considerable promise for improving the oral delivery of poorly water-soluble drugs owing to the
high surface areas with associated ability to physically adsorb high-drug loads in a molecular or
amorphous form. This in turn allows the molecular state drug release in aqueous gastrointestinal
environments, potential for supersaturation, and hence facilitates enhanced absorption and increased
bioavailability. It also acted as a diluent and good binder to produce the best-quality tablets in
terms of the dissolution rate [50]. Formulations containing high or low levels of X3 and X1 resulted
in the lowest cumulative release of SLC. Because the drug dissolution directly depends on tablet
disintegration, higher superdisintegration concentrations favor a higher cumulative release of SLC.
SNTs will break into smaller particles and more surface area will be exposed to the dissolution medium,
finally triggering a maximum cumulative drug release of SLC.

3.9.3. Optimization

Concentrations of independent variables are optimized by fixing the targets for every response
and then creating the overlay graph. The desirability function (D) was concurrently applied to optimize
the models obtained from the statistical analysis [63,64]. Selected variables were integrated into the
design space, and for simultaneous optimization, each response had a value assigned to each goal.
The disintegration time was set to minimum, and the SLC release was adjusted to maximum (at the end
of 1 h). Thus, D was projected for the responses using a nondimensional scale. Plots of desirability show
assorted colors expressing the assortment of D values, in the range of 0 and 1. To optimize the study
statistical analysis, a global D was applied. On the basis of these criteria, 0.4% of fumed silica, 0.1% of
HPMC, and 0.4% of the Explotab were found to be the optimized levels that could accomplish the
prerequisites of the formulation. The optimized formulation had the maximum desirability function-1.
The optimized formulation exhibited a 30-s disintegration time, and the SLC drug release was found to
be 68% within 5 min. All these experimental results were in reasonable agreement with the predicted
values, and the relative error was found to be less than 5%. This affirms the accuracy of the applied
design. All the results can favor enhancing oral bioavailability [65].

3.10. Bioavailability Studies in Healthy Human Volunteers

The plasma concentration–time profile of the optimized SLC-SNTs through oral administration
was compared with that of the marketed SLC formulation to confirm the enhancement of the
pharmacokinetic profile (Figure 7). All the selected volunteers completed the study. During the
study, no adverse reactions were reported. Collected samples were analyses as per the method
protrayed by Reham Zayed et al. [66]. The complete pharmacokinetic parameters are summarized in
Table 4. The results confirm the shorter Tmax (30 min) and enhanced maximum plasma concentration
(Cmax 360± 20 ng/mL) of the SLC-SNT formulation in contrast to the marketed formulation (Tmax 30 min;
Cmax 205± 11 ng/mL). All these observations confirm the improved rate and absorption of SLC (Table 5).
Furthermore, the optimized formulation enhanced the AUC. The relative bioavailability of the test
formulation was 144.28% compared with the marketed formulation. This was in accordance with the
work by Hosny KM et al., where enhancement in the bioavailability was observed by >1.87 fold [67].
All these obtained results clearly suggest that the incorporation of SLC in the SNT system can
enhance the oral bioavailability of SLC. The enhanced SLC absorption was probably due to increased
solubilization via a decrease in the globular size, which subsequently maximized the surface area.
In general, drug absorption is considered a rate-limiting step. The dissolved SLC was directly absorbed
from the oral cavity, thus bypassing the rate-limiting step. Furthermore, an enhanced dissolution rate
can lead to a noteworthy increase in absorption and improved oral bioavailability [68].
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Figure 7. Comparative plasma concentration–time profiles of optimized formulation and marketed
formulation (mean ± SD, n = 3).

Table 5. Comparative pharmacokinetic parameters of optimized formulation and marketed tablets
(mean ± SD, n = 6).

PK Parameters Optimized SLC-SNTs Marketed SLC-Tablets

Cmax (ng/mL) 360 ± 20 205 ± 11
Tmax (min) 30 ± 0.0 90 ± 6.0

t1/2 (h) 4.46 ± 1.46 6.2 ± 1.1
AUC 0-t (ng/mL h) 1801 ± 400 1248.25 ± 233.125
AUC0-inf (ng/mL h) 1846.36 ± 727.34 1281.5 ± 316.82

AUMC 0-inf (ng/mL h2) 11,801.119 ±10,058.3 7185.7 ± 1398.60
Kel (h−1) 0.154 ± 0.02 0.110 ± 0.040
MRT (h) 6.39 ± 2.10 7.16 ± 1.3

Relative BA (%) 144.28% -

4. Conclusions

The current study establishes the significance of SNTs in improving the oral bioavailability of SLC
for effective clinical usage. The optimized SLC-SNT is composed of a 0.4%/10% clove oil/oleic acid
mixture, 60% Tween 20, and 30% propylene glycol with a 65.07-nm globule size. The Box–Behnken
design was effectively employed for the optimization of independent factors to produce SNTs with a
quicker disintegration time and the highest drug release. The optimized SLC-SNT formulation was
composed of 0.4% of fumed silica (X1), 0.1% of HPMC (X2), and 0.4% of Explotab (X3) with the addition
of 0.1% of Avicel® PH 101 and 0.1% of mannitol. The optimized formulation had a disintegration
time of just 3 s and a release time of 68% of the SLC by the end of 1 h. Relative bioavailability
and pharmacokinetic parameters of the optimized formulation in healthy volunteers showed a
remarkable improvement in the bioavailability of SLC compared with the marketed formulation.
All these results suggest that SLC-SNTs can be used in the management of ED owing to their ability to
enhance bioavailability.

Author Contributions: Conceptualization, and methodology, K.M.H., and M.A.A.; software, and validation,
N.A.A., and A.M.A.; formal analysis, S.S.E.; investigation, resources, and data curation, K.M.H.; writing—original
draft preparation, M.K.; writing—review and editing, S.S.E.; visualization, N.A.A.; supervision, and project
administration, K.M.H. All authors have read and agreed to the published version of the manuscript.

Funding: This Project was funded by the Deanship of Scientific Research (DSR) at King Abdulaziz University,
Jeddah, under grant no. FP-136-42.

Acknowledgments: This Project was funded by the Deanship of Scientific Research (DSR) at King Abdulaziz
University, Jeddah, under grant no. FP-136-42. The authors, therefore, acknowledge with thanks DSR technical
and financial support.



Pharmaceutics 2020, 12, 1124 19 of 22

Conflicts of Interest: The authors declare no conflict of interest. S.S.E. is the employee of the Elko-Medical
Company. The company had no role in the design of the study; in the collection, analyses, or interpretation of
data; in the writing of the manuscript, and in the decision to publish the results.

References

1. Lue, T.F. Erectile Dysfunction. N. Engl. J. Med. 2000, 342, 1802–1813. [CrossRef]
2. Ludwig, W.; Phillips, M. Organic Causes of Erectile Dysfunction in Men Under 40. Urol. Int. 2014, 92, 1–6.

[CrossRef]
3. Dean, R.C.; Lue, T.F. Physiology of Penile Erection and Pathophysiology of Erectile Dysfunction. Urol. Clin.

N. Am. 2005, 32, 379. [CrossRef]
4. Leung, A.C.; Christ, G.J.; Melman, A. Physiology of penile erection and pathophysiology of erectile

dysfunction. In Atlas of Male Sexual Dysfunction; Current Medicine Group: London, UK, 2004; pp. 1–25.
[CrossRef]

5. McCullough, A.R. Four-year review of sildenafil citrate. Rev. Urol. 2002, 4 (Suppl. 3), S26–S38.
6. Zippe, C.D.; Kedia, A.W.; Kedia, K.; Nelson, D.R.; Agarwal, A. Treatment of erectile dysfunction after radical

prostatectomy with sildenafil citrate (Viagra). Urology 1998, 52, 963–966. [CrossRef]
7. Padma-Nathan, H.; McCullough, A.R.; Levine, L.A.; Lipshultz, L.I.; Siegel, R.; Montorsi, F.; Giuliano, F.;

Brock, G. Randomized, double-blind, placebo-controlled study of postoperative nightly sildenafil citrate for
the prevention of erectile dysfunction after bilateral nerve-sparing radical prostatectomy. Int. J. Impot. Res.
2008, 20, 479–486. [CrossRef]

8. Boulton, A.J.M.; Selam, J.L.; Sweeney, M.; Ziegler, D. Sildenafil citrate for the treatment of erectile dysfunction
in men with Type II diabetes mellitus. Diabetologia 2001, 44, 1296–1301. [CrossRef] [PubMed]

9. Graziano, S.; Montana, A.; Zaami, S.; Rotolo, M.C.; Minutillo, A.; Busardò, F.P.; Marinelli, E.
Sildenafil-Associated Hepatoxicity: A Review of the Literature. Eur. Rev. Med. Pharmacol. Sci. 2017, 21,
17–22. [PubMed]

10. Milligan, P.A.; Marshall, S.F.; Karlsson, M.O. A population pharmacokinetic analysis of sildenafil citrate in
patients with erectile dysfunction. Br. J. Clin. Pharmacol. 2002, 53, 45S–52S. [CrossRef] [PubMed]

11. Nichols, D.J.; Muirhead, G.J.; Harness, J.A. Pharmacokinetics of sildenafil after single oral doses in healthy
male subjects: Absolute bioavailability, food effects and dose proportionality. Br. J. Clin. Pharmacol. 2002, 53,
5S–12S. [CrossRef] [PubMed]

12. Shin, H.S.; Bae, S.K.; Lee, M.G. Pharmacokinetics of sildenafil after intravenous and oral administration in
rats: Hepatic and intestinal first-pass effects. Int. J. Pharm. 2006, 320, 64–70. [CrossRef] [PubMed]

13. Satalkar, P.; Elger, B.S.; Hunziker, P.; Shaw, D. Challenges of clinical translation in nanomedicine: A qualitative
study. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 893–900. [CrossRef] [PubMed]

14. El-Say, K.M.; El-Sawy, H.S. Polymeric nanoparticles: Promising platform for drug delivery. Int. J. Pharm.
2017, 528, 675–691. [CrossRef] [PubMed]

15. Rao, S.V.R.; Yajurvedi, K.; Shao, J. Self-nanoemulsifying drug delivery system (SNEDDS) for oral delivery of
protein drugs: III. In vivo oral absorption study. Int. J. Pharm. 2008, 362, 16–19. [CrossRef]

16. Abdelghani, G.M.; Nouh, A.T. Self-nanoemulsifying drug-delivery systems for potentiated anti-inflammatory
activity of diacerein. Int. J. Nanomed. 2018, 13, 6585–6602.

17. Al-Subaie, M.M.; Hosny, K.M.; El-Say, K.M.; Ahmed, T.A.; Aljaeid, B.M. Utilization of nanotechnology
to enhance percutaneous absorption of acyclovir in the treatment of herpes simplex viral infections.
Int. J. Nanomed. 2015, 10, 3973–3985. [CrossRef]

18. Ahmed, O.A.A.; Badr-Eldin, S.M.; Tawfik, M.K.; Ahmed, T.A.; El-Say, K.M.; Badr, J.M. Design and
Optimization of Self-Nanoemulsifying Delivery System to Enhance Quercetin Hepatoprotective Activity in
Paracetamol-Induced Hepatotoxicity. J. Pharm. Sci. 2014, 103, 602–612. [CrossRef]

19. Venkatesh, M.; Mallesh, K. Self-Nano Emulsifying Drug Delivery System (Snedds) for Oral Delivery of
Atorvastatin—Formulation and Bioavailability Studies. J. Drug Deliv. Ther. 2013, 3, 131–140. [CrossRef]

20. Hosny, K.M.; Aldawsari, H.M.; Bahmdan, R.H.; Sindi, A.M.; Kurakula, M.; Alrobaian, M.M.; Aldryhim, A.Y.;
Alkhalidi, H.M.; Bahmdan, H.H.; Khallaf, R.A.; et al. Preparation, Optimization, and Evaluation of
Hyaluronic Acid-Based Hydrogel Loaded with Miconazole Self-Nanoemulsion for the Treatment of Oral
Thrush. AAPS PharmSciTech 2019, 20, 297. [CrossRef]

http://dx.doi.org/10.1056/NEJM200006153422407
http://dx.doi.org/10.1159/000354931
http://dx.doi.org/10.1016/j.ucl.2005.08.007
http://dx.doi.org/10.1007/978-1-4613-1087-7_1
http://dx.doi.org/10.1016/S0090-4295(98)00443-9
http://dx.doi.org/10.1038/ijir.2008.33
http://dx.doi.org/10.1007/s001250100656
http://www.ncbi.nlm.nih.gov/pubmed/11692178
http://www.ncbi.nlm.nih.gov/pubmed/28379598
http://dx.doi.org/10.1046/j.0306-5251.2001.00032.x
http://www.ncbi.nlm.nih.gov/pubmed/11879259
http://dx.doi.org/10.1046/j.0306-5251.2001.00027.x
http://www.ncbi.nlm.nih.gov/pubmed/11879254
http://dx.doi.org/10.1016/j.ijpharm.2006.04.005
http://www.ncbi.nlm.nih.gov/pubmed/16730145
http://dx.doi.org/10.1016/j.nano.2015.12.376
http://www.ncbi.nlm.nih.gov/pubmed/26772431
http://dx.doi.org/10.1016/j.ijpharm.2017.06.052
http://www.ncbi.nlm.nih.gov/pubmed/28629982
http://dx.doi.org/10.1016/j.ijpharm.2008.05.015
http://dx.doi.org/10.2147/IJN.S83962
http://dx.doi.org/10.1002/jps.23834
http://dx.doi.org/10.22270/jddt.v3i3.517
http://dx.doi.org/10.1208/s12249-019-1496-7


Pharmaceutics 2020, 12, 1124 20 of 22

21. Ahmed, O.A.A.; Kurakula, M.; Banjar, Z.M.; Afouna, M.I.; Zidan, A.S. Quality by design coupled with near
infrared in formulation of transdermal glimepiride liposomal films. J. Pharm. Sci. 2015, 104, 2062–2075.
[CrossRef]

22. Kurakula, M.; Ahmed, O.A.A.; Fahmy, U.A.; Ahmed, T.A. Solid lipid nanoparticles for transdermal delivery
of avanafil: Optimization, formulation, in-vitro and ex-vivo studies. J. Liposome Res. 2016, 26, 288–296.
[CrossRef] [PubMed]

23. Pouton, C.W. Lipid formulations for oral administration of drugs: Non-emulsifying, self-emulsifying and
‘self-microemulsifying’ drug delivery systems. Eur. J. Pharm. Sci. 2000, 11, S93–S98. [CrossRef]

24. Joyce, P.; Dening, T.J.; Meola, T.R.; Schultz, H.B.; Holm, R.; Thomas, N.; Prestidge, C.A. Solidification to
improve the biopharmaceutical performance of SEDDS: Opportunities and challenges. Adv. Drug Deliv. Rev.
2019, 142, 102–117. [CrossRef] [PubMed]

25. Mahmoud, E.A.; Bendas, E.R.; Mohamed, M.I. Preparation and evaluation of self-nanoemulsifying tablets of
carvedilol. AAPS PharmSciTech 2009, 10, 183–192. [CrossRef]

26. Ahmed, T.A.; El-Say, K.M.; Hosny, K.M.; Aljaeid, B.M. Development of optimized self-nanoemulsifying
lyophilized tablets (SNTs) to improve finasteride clinical pharmacokinetic behavior. Drug Dev. Ind. Pharm.
2018, 44, 652–661. [CrossRef]

27. El-Say, K.M.; Ahmed, T.A.; Ahmed, O.A.; Hosny, K.M.; Abd-Allah, F.I. Self-Nanoemulsifying Lyophilized
Tablets for Flash Oral Transmucosal Delivery of Vitamin K: Development and Clinical Evaluation. J. Pharm. Sci.
2017, 106, 2447–2456. [CrossRef]

28. Seo, Y.G.; Kim, D.W.; Yousaf, A.M.; Park, J.H.; Chang, P.-S.; Baek, H.H.; Lim, S.-J.; Kim, J.O.; Yong, C.S.;
Choi, H.-G. Solid self-nanoemulsifying drug delivery system (SNEDDS) for enhanced oral bioavailability of
poorly water-soluble tacrolimus: physicochemical characterisation and pharmacokinetics. J. Microencapsul.
2015, 32, 503–510. [CrossRef]

29. Inugala, S.; Eedara, B.B.; Sunkavalli, S.; Dhurke, R.; Kandadi, P.; Jukanti, R.; Bandari, S. Solid self-
nanoemulsifying drug delivery system (S-SNEDDS) of darunavir for improved dissolution and oral
bioavailability: In vitro and in vivo evaluation. Eur. J. Pharm. Sci. 2015, 74, 1–10. [CrossRef]

30. Kang, J.H.; Oh, D.H.; Oh, Y.-K.; Yong, C.S.; Choi, H.-G. Effects of solid carriers on the crystalline
properties, dissolution and bioavailability of flurbiprofen in solid self-nanoemulsifying drug delivery
system (solid SNEDDS). Eur. J. Pharm. Biopharm. 2012, 80, 289–297. [CrossRef]

31. Nasr, A.; Gardouh, A.; Ghorab, M. Novel solid self-nanoemulsifying drug delivery system (S-SNEDDS) for
oral delivery of olmesartan medoxomil: Design, formulation, pharmacokinetic and bioavailability evaluation.
Pharmaceutics 2016, 8. [CrossRef]

32. Mohd, A.B.; Sanka, K.; Bandi, S.; Diwan, P.V.; Shastri, N. Solid self-nanoemulsifying drug delivery system
(S-SNEDDS) for oral delivery of glimepiride: Development and antidiabetic activity in albino rabbits.
Drug Deliv. 2015, 22, 499–508. [CrossRef] [PubMed]

33. El-Nesr, O.H.; Yahiya, S.A.; El-Gazayerly, O.N. Effect of formulation design and freeze-drying on properties
of fluconazole multilamellar liposomes. Saudi Pharm. J. 2010, 18, 217–224. [CrossRef] [PubMed]

34. Akhtar, N.; Ahmad, M.; Shoaib Khan, H.M.; Akram, J.; Mahmood, A.; Uzair, M. Formulation and
characterization of a multiple emulsion containing 1% L-ascorbic acid. Bull. Chem. Soc. Ethiop. 2010, 24,
1–10. [CrossRef]

35. Al-Amodi, Y.A.; Hosny, K.M.; Alharbi, W.S.; Safo, M.K.; El-Say, K.M. Investigating the Potential of
Transmucosal Delivery of Febuxostat from Oral Lyophilized Tablets Loaded with a Self-Nanoemulsifying
Delivery System. Pharmaceutics 2020, 12, 534. [CrossRef] [PubMed]

36. Pratap, S.B.; Brajesh, K.; Jain, S.K.; Kausar, S. Development and characterization of a nanoemulsion gel
formulation for transdermal delivery of carvedilol. Int. J. Drug Dev. Res. 2012, 4, 151–161.

37. Azeem, A.; Rizwan, M.; Ahmad, F.J.; Iqbal, Z.; Khar, R.K.; Aqil, M.; Talegaonkar, S. Nanoemulsion
Components Screening and Selection: A Technical Note. AAPS PharmSciTech 2009, 10, 69–76. [CrossRef]
[PubMed]

38. Majeed, H.; Liu, F.; Hategekimana, J.; Sharif, H.R.; Qi, J.; Ali, B.; Bian, Y.-Y.; Ma, J.; Yokoyama, W.; Zhong, F.
Bactericidal action mechanism of negatively charged food grade clove oil nanoemulsions. Food Chem. 2016,
197, 75–83. [CrossRef]

http://dx.doi.org/10.1002/jps.24448
http://dx.doi.org/10.3109/08982104.2015.1117490
http://www.ncbi.nlm.nih.gov/pubmed/26784833
http://dx.doi.org/10.1016/S0928-0987(00)00167-6
http://dx.doi.org/10.1016/j.addr.2018.11.006
http://www.ncbi.nlm.nih.gov/pubmed/30529138
http://dx.doi.org/10.1208/s12249-009-9192-7
http://dx.doi.org/10.1080/03639045.2017.1405977
http://dx.doi.org/10.1016/j.xphs.2017.01.001
http://dx.doi.org/10.3109/02652048.2015.1057252
http://dx.doi.org/10.1016/j.ejps.2015.03.024
http://dx.doi.org/10.1016/j.ejpb.2011.11.005
http://dx.doi.org/10.3390/pharmaceutics8030020
http://dx.doi.org/10.3109/10717544.2013.879753
http://www.ncbi.nlm.nih.gov/pubmed/24471856
http://dx.doi.org/10.1016/j.jsps.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23960730
http://dx.doi.org/10.4314/bcse.v24i1.52955
http://dx.doi.org/10.3390/pharmaceutics12060534
http://www.ncbi.nlm.nih.gov/pubmed/32531910
http://dx.doi.org/10.1208/s12249-008-9178-x
http://www.ncbi.nlm.nih.gov/pubmed/19148761
http://dx.doi.org/10.1016/j.foodchem.2015.10.015


Pharmaceutics 2020, 12, 1124 21 of 22

39. Ghosh, V.; Ravishankar, P.; Mukherjee, A. Formulation and Characterization of Plant Essential Oil Based
Nanoemulsion: Evaluation of Its Larvicidal Activity Against Aedes Aegypti Nano Food Modifiers and
Supplements View Project Environmental Toxicity of Engineered Nanomaterials and Emerging Pollutants
in Freshwater and Marine Organisms: The Risk of Trophic Transfer View Project. Asian J. Chem. 2014, 25
(Suppl. 2013), S321.

40. Shahba, A.A.W.; Mohsin, K.; Alanazi, F.K. Novel self-nanoemulsifying drug delivery systems (SNEDDS) for
oral delivery of cinnarizine: Design, optimization, and in-vitro assessment. PharmSciTech 2012, 13, 967–977.
[CrossRef]

41. Sakthi, M.U.; Lobo, F.J.R.; Uppuluri, K.B. Self nano emulsifying drug delivery systems for oral delivery of
hydrophobic drugs. Biomed. Pharmacol. J. 2013, 6, 355–362. [CrossRef]

42. Elnaggar, Y.S.R.; El-Massik, M.A.; Abdallah, O.Y. Sildenafil citrate nanoemulsion vs. self-nanoemulsifying
delivery systems: Rational development and transdermal permeation. Int. J. Nanotechnol. 2011, 8, 749–763.
[CrossRef]

43. Saberi, A.H.; Fang, Y.; McClements, D.J. Fabrication of vitamin E-enriched nanoemulsions by spontaneous
emulsification: Effect of propylene glycol and ethanol on formation, stability, and properties. Food Res. Int.
2013, 54, 812–820. [CrossRef]
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