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Abstract: This study aimed at delivering intranasal zolmitriptan directly to the brain through
preparation of bilosomes incorporated into a mucoadhesive in situ gel with extended nasal muco-
ciliary transit time. Zolmitriptan-loaded bilosomes were constructed through a thin film hydration
method applying Box-Behnken design. The independent variables were amount of sodium deox-
ycholate and the amount and molar ratio of cholesterol/Span®40 mixture. Bilosomes were assessed
for their entrapment efficiency, particle size and in vitro release. The optimal bilosomes were
loaded into mucoadhesive in situ gel consisting of poloxamer 407 and hydroxypropyl methyl-
cellulose. The systemic and brain kinetics of Zolmitriptan were evaluated in rats by comparing in-
tranasal administration of prepared gel to an IV solution. Statistical analysis suggested an opti-
mized bilosomal formulation composition of sodium deoxycholate (5 mg) with an amount and
molar ratio of cholesterol/Span®40 mixture of 255 mg and 1:7.7, respectively. The mucoadhesive in
situ gel containing bilosomal formulation had a sol-gel temperature of 34.03 °C and an extended
mucociliary transit time of 22.36 min. The gelling system possessed enhanced brain bioavailability
compared to bilosomal dispersion (1176.98 vs. 835.77%, respectively) following intranasal admin-
istration. The gel revealed successful brain targeting with improved drug targeting efficiency and
direct transport percentage indices. The intranasal delivery of mucoadhesive in situ gel containing
zolmitriptan-loaded bilosomes offered direct nose-to-brain drug targeting with enhanced brain
bioavailability.

Keywords: zolmitriptan; intranasal; bilosomes; sodium deoxycholate; mucoadhesive gel;
brain targeting

1. Introduction

Migraine is the most abundant type of neurological disorder; coupled with atypical
serotonergic activity [1,2], it is considered the second major cause of disability, especially
among young people [3]. A migraine is a special kind of headache, consisting of a
throbbing and severe headache in one side of the head [4]. Migraine can be associated
with aura or not, with the latter being the most common type. Any of these symptoms
can be associated with different etiologies [5]. Migraine with aura causes the patient to
see strange colors and lights, which is sometimes scary and in some cases can also, be
associated with ischemic stroke [6].

Zolmitriptan is a potent second generation triptan which acts as a selective serotonin
receptor agonist [2]. It is used as pain terminator in migraine and cluster headache
treatment and is given to patients with migraine attacks, with or without an aura. Alt-
hough the oral administration of zolmitriptan is the most common route of administra-
tion, it is associated with poor bioavailability (=40%) owing to severe hepatic first pass
effect, slow onset of action [7,8] and systemic side effects such as nausea, dizziness, par-
aesthesia, neck pain and tightness [9]. Generally, the oral administration of anti-migraine
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drugs can be inconvenient, especially in patients with associated with nausea and vom-
iting.

For these reasons, attempts have been made to deliver zolmitriptan through other
routes in order to bypass the hepatic metabolism and provide fast onset of action with
enhanced bioavailability [7,8]. Among those routes, nose to brain drug delivery is of
pronounced interest. Nasal delivery is an easy and non-invasive route for controlling
migraine attacks, and is considered to be an attractive route of administration. There are
six branches of arteries serving the nasal cavity which can enhance the systemic absorp-
tion of drugs; additionally, the presence of the olfactory region can provide a means of
direct brain targeting [10]. All of these factors, as well as the increased surface area of the
nasal cavity, can aid in enhanced drug absorption.

In 2003, the first zolmitriptan nasal spray was approved by FDA. Nevertheless, the
approved aqueous solution provided only similar bioavailability to oral tablets, due to
the first pass effect the drug is subjected to after systemic absorption [11]. Therefore, the
fabrication of efficient nasal formulations capable of delivering the drug in sufficient
amounts to the brain while avoiding rapid mucociliary clearance and poor membrane
penetration is highly necessary.

Bilosomes (bile salts containing niosomes) are nanovesicular carriers composed of a
non-ionic surfactant bilayer along with bile salts [12]. The literature includes several
studies reporting the use of bilosomes in the efficient oral delivery of drugs and vaccines
[13,14] thanks to their ability to resist gastrointestinal enzymes and consequent confer-
ring of protection to the loaded active ingredient [14,15]. Additionally, the nature of the
vesicular wall is considered a major point of difference between bilosomes and niosomes;
the structure of niosomes lacks the additional edge activators of like bile salts. Edge ac-
tivators act by lowering the surface tension of the vesicular bilayer, resulting in its de-
stabilization and the formation of deformable vesicles [16] with enhanced tissue pene-
tration [17].

Bilosomes have been applied for transdermal [18], topical [19] and ocular drug de-
livery [20]. However, to the authors’” knowledge, no published research has studied the
influence of intranasal application of drug-loaded bilosomes on drug absorption and
brain targeting. Although bilosomes have not yet been explored for intranasal drug de-
livery, their nanosize, coupled with the non-ionic surfactants and bile salts in their
structure, provide promising scenarios for utilizing them in nose to brain drug delivery.

To gain the maximum benefit from the developed intranasal bilosomes, the nasal
mucociliary transit time should be extended to allow for more residence of the applied
dosage form inside the nasal cavity, improving drug absorption. This can be achieved by
loading the developed bilosomes into a mucoadhesive in situ gelling system with high
viscosity capable of resisting rapid mucociliary clearance [21,22].

Therefore, the objective of this study was to fabricate zolmitriptan-loaded bilosomes
by applying 3° Box-Behnken design and trying different formulation factors as well as
loading the optimal bilosomal formulation into a mucoadhesive in situ gelling system
with extended nasal mucociliary transit time. A temperature-induced in situ gelling sys-
tem which transforms into gel form at body temperature was formulated using polox-
amer 407. To boost the nasal residence time of the in situ gelling system, a mucoadhesive
polymer (hydroxypropyl methyl cellulose) was added. The influence of formulation
variables on entrapment efficiency, particle size and zeta potential, in addition to drug
release, were evaluated. Furthermore, biological evaluation for the potential of brain
drug delivery was assessed in rats.
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2. Materials and Methods
2.1. Materials

Zolmitriptan was kindly supplied and certified by Global Nabi Pharmaceuticals
(GNP), 6th of October, Giza, Egypt (Batch number: ZT 18040001). Brij® 35 (polyoxyeth-
ylene (23) lauryl ether), Brij® O10 (polyoxylethylene (10) oleyl ether), cholesterol, hy-
droxypropyl methylcellulose (HPMC) (viscosity 1500-4500 cp at 37 °C), poloxamer 407,
sodium deoxycholate, Span® 20 (sorbitan monolaurate), Span® 40 (sorbitan monopalmi-
tate), Span® 60 (sorbitan monostearate), Span® 80 (sorbitan monooleate), Tween® 65
(polyoxyethylene sorbitan tristearate), Tween® 80 (polyoxyethylene sorbitan monooleate)
and dialysis tubing cellulose membrane (molecular weight cutoff 14,000 g/mol) were
procured from Sigma-Aldrich, St. Louis, MO, USA. Methylene blue was obtained from
El-Nasr Pharmaceutical Chemicals Company, Abu-Zaabal, Cairo, Egypt. Normal saline
was purchased from Otsuka Pharmaceutical Co., Egypt. Acetonitrile and formic acid
(both of HLPC grade) were supplied by Romil Limited, London, UK and E. Merk, D-6100
Darmstadt, Germany, respectively. Torsemide was provided and certified by DELTA
Pharma, Cairo, Egypt. The water used was distilled de-ionized water. The other chemi-
cals were of reagent grade and used as provided.

2.2. Optimization of Bilosomes
2.2.1. Preparation of Zolmitriptan-Loaded Niosomes

Zolmitriptan-loaded niosomes were formed using the thin film hydration method
[23], with minor modifications. In brief, 20 mg of drug were mixed with a 200 mg
equimolar mixture of cholesterol and a non-ionic surfactant; all were dissolved in 10 mL
chloroform/methanol mixture (3:7 v/v) in a round-bottomed flask. The organic solvent
was evaporated at 60 °C under vacuum utilizing a rotary evaporator (Rotavapor, Hei-
dolph VV 2000, Burladingen, Germany) adjusted at 90 rpm for 30 min to confirm com-
plete elimination of the organic solvent. Following this, the formed thin dry film on the
flask inner wall was hydrated using 10 mL distilled water. The hydration step was per-
formed under normal pressure in the presence of glass beads for 1 h at 60 °C, utilizing the
rotary evaporator which revolved at 90 rpm. Following this, the hydrated film dispersion
was sonicated for 2 min using a bath sonicator (Crest ultrasonics corp., Trenton, NJ, USA)
to ensure the formation of homogenous dispersion without any aggregates, then kept
overnight at 6 °C. Eight non-ionic surfactants having different HLB values were utilized
to prepare eight different niosomal formulations. The used surfactants were Span® 20,
Span® 40, Span® 60, Span® 80, Tween® 65, Tween® 80, Brij® 35 and Brij® O10.

Evaluation of the Prepared Zolmitriptan-Loaded Niosomes

For each of the prepared niosomal formulations, drug entrapment efficiency (EE),
particle size (PS) and polydispersity index (PDI) were evaluated.

Assessment of Entrapment Efficiency (EE)

To assess the EE% of the formed niosomal formulations, 1 mL of niosomal disper-
sion was mixed with 9 mL ethanol followed by sonication for 5 min using a bath soni-
cator. Actual drug content was measured spectrophotometrically (model UV-1601 PC;
Shimadzu, Kyoto, Japan) by assaying its UV absorbance at a wavelength of 285 nm, after
suitable dilution.

Additionally, the same volume (1 mL) of the niosomal formulation was ul-
tra-centrifuged at 15,000 rpm, 4 °C for 90 min by means of a cooling centrifuge (Beckman,
Fullerton, Canada). The supernatant was discarded and the residue was dissolved in 10
mL ethanol under sonication for 5 min in a bath sonicator to quantify the amount of en-
trapped drug [24]. Zolmitriptan content was assayed spectrophotometrically as before.
EE% was determined as follows:
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EE % = (Amount of entrapped drug/Actual drug content) x 100

Assessment of Particle Size (PS) and Polydispersity Index (PDI)

Furthermore, the niosomal preparations were assessed for their PS and PDI values.
The examined formulations were suitably diluted with distilled water (1:10 v/v) until
reaching faint opalescence, followed by analysis via ZetaSizer Nano ZS (Malvern In-
struments, Worcestershire, UK). Moreover, particle size distribution was assessed via the
determination of PDI. The used cuvettes were quartz, and the refractive index was ad-
justed at 1.33.

Statistical Analysis

One-way ANOVA followed by the least significance difference (LSD) test was ap-
plied to compare the EE% of the prepared zolmitriptan-loaded niosomal formulations
using SPSS 17® (SPSS Inc., Chicago, IL, USA). Zolmitriptan-loaded niosomes with the
highest EE% were chosen as the optimal drug-loaded niosomal formulation. Data were
gathered from two different batches for each preparation. Means and standard devia-
tions were calculated from triplicate test results for every batch.

2.2.2. Preparation of Zolmitriptan-Loaded Bilosomes

The same method utilized to prepare zolmitriptan-loaded niosomes was applied to
prepare drug-loaded bilosomes, with bile salt (sodium deoxycholate) added to the chlo-
roform/methanol solvent mixture. The resultant organic solution was treated as in the
preparation of drug-loaded niosomes. Fifteen formulations were prepared using differ-
ent weights of sodium deoxycholate and cholesterol/Span® 40 mixture, as well as differ-
ent molar ratios of cholesterol: Span®40 according to the constructed Box-Behnken statis-
tical design.

Optimization of Zolmitriptan-Loaded Bilosomes

A three-factor, three-level Box-Behnken design (3°) was constructed in order to ex-
plore the effects of formulation factors on the main properties of the fabricated bilosomes
and optimize their composition, for which Design-Expert® software (Stat-Ease, Inc.,
Minneapolis, MN, USA) was employed. The independent variables were the amount of
sodium deoxycholate (Xi; 5, 10, 15 mg), the amount of cholesterol/Span®0 mixture (Xz;
100, 200, 300 mg), and the molar ratio of cholesterol: Span®40 (X3; 1:1, 1:5, 1:9 w/w). En-
trapment efficiency (Y1), particle size (Y2), polydispersity index (Y3), zeta potential (Y4),
total % of zolmitriptan released after 0.5 h (Q0.5 h; Y5), and drug release efficiency (Ys)
were chosen to be the dependent variables. Regarding the optimized formulation, re-
sponses Y1, Y5 and Ys were preferred to be maximized, whereas other responses (Y2, Y3
and Y4) were desired to be minimized. According to the designed study, 15 formulations
were prepared; 13 of them contained the midpoints of the investigated factors, while the
center formulation was formulated three times. Two batches were prepared and results
were collected in triplicates for each batch. The Box-Behnken design is presented in Table
1 and the detailed composition of the prepared drug-loaded bilosomal formulations is
given in Table 2.
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Table 1. Design parameters and experimental conditions for Box—Behnken (3°%) design.

Independent Variable (Factor) Low (1) Me dii:e(:)) High (+1)
X1: Sodium deoxycholate amount (mg) 5 10 15
X2: Cholesterol/Span® 40 amount (mg) 100 200 300
X3: Cholesterol: Span® 40 molar ratio (w/w) 1:1 1:5 1:9
Dependent variable (Response) Desirability Constraint
Y1: Entrapment efficiency (%) Maximize
Y>: Particle size (nm) Minimize
Ys: Polydispersity index Minimize
Ya: Zeta potential (mV) Minimize
Ys: Q0.5 h (%) Maximize
Ye: Release efficiency (%) Maximize

Abbreviations; Q 0.5 h (%), Total percentage of drug released after 0.5 h.

Table 2. Composition of the prepared zolmitriptan-loaded bilosomes.

Composition

Sodium Deoxycho-

Formulation Cholesterol/Span®0  Cholesterol: Span®40

Code late Mixture (mg) Molar Ratio
(mg)
Midpoint Formulations
F1 5 100 1:5
F2 15 100 1:5
F3 5 300 1:5
F4 15 300 1:5
F5 5 200 1:1
Fo6 15 200 1:1
F7 5 200 1:9
F8 15 200 1:9
F9 10 100 1:1
F10 10 300 1:1
F11 10 100 1:9
F12 10 300 1:9
Center point formulations
F13 10 200 1:5
F14 10 200 1:5
F15 10 200 1:5

Drug concentration was kept constant (2 mg/mL) in all formulations.

Characterization of the Prepared Zolmitriptan-Loaded Bilosomes — Assessment of En-
trapment Efficiency, Particle Size (PS), Polydispersity Index (PDI) and Zeta Potential (ZP)

The same methods and steps used for assessing the drug-loaded niosomes were
followed for the determination of the EE%, PS and PDI of the bilosomes. Additionally,
the surface charge of the formulated bilosomes was evaluated by determining the ZP so
as to evaluate the physical stability of the examined samples using ZetaSizer Nano ZS.

Characterization of the Prepared Zolmitriptan-Loaded Bilosomes —In Vitro Release
Studies

For each investigated formulation, the dialysis bag technique was applied [25],

where a certain volume equivalent to 4 mg entrapped drug was transferred in a dialysis
bag which was pre-soaked 12 h in distilled water. The filled dialysis bag was properly
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secured from both ends and then dipped in 100 mL phosphate buffered saline (PBS, pH
7.4) in an amber colored glass bottle to assure the sink conditions. The bottles were then
put in a thermostatically controlled shaking water bath (GFL, Gesellschatt laboratories,
Berlin, Germany) operating at 100 shakes per min at 37 °C + 0.5. Three mL samples of the
release medium were withdrawn at specified time intervals (0.5, 1, 2, 3, 4, 6 and 8 h) and
immediately substituted by an equivalent volume of fresh PBS. Samples were assayed
spectrophotometrically for zolmitriptan content at Amax 285 nm. This experiment was re-
peated for zolmitriptan aqueous dispersion (4 mg/2 mL) to check the appropriateness of
the utilized dialysis cellulose membrane. For comparison purposes, the total percentage
of drug released after 0.5 h (Q0.5 h), as well as the release efficiency (RE), were calculated
for each of the investigated formulations. The RE parameter was the area under the re-
lease curve, expressed as the percentage of the rectangle area represented by 100% re-

lease at the same time. The following equation was used for calculation of RE% [26]:
t

RE% = f y.dt/y100 ¢ x 100
0

where the integral represents the area under the release curve until time £, and yio is the
area of the rectangle representing 100% release at equivalent time. The best kinetic model
was determined by fitting the obtained release data to the zero-order, Higuchi and
Korsmeyer-Peppas models [27,28].

2.3. Mucoadhesive In Situ Gelling System

2.3.1. Preparation of Mucoadhesive In Situ Gelling System Containing the Optimal Bilo-
somes

The mucoadhesive in situ gelling system was fabricated using the cold method [29].
Different gelling systems were prepared using different polymers at different concentra-
tions (Table S1). A 3% general factorial design using Design-Expert® software was utilized
to investigate the effect of formulation variables. The optimal gelling system was selected
based on the desirability function (0.705). The optimal zolmitriptan-loaded bilosomes
was dispersed in an aqueous solution of hydroxypropyl methyl cellulose (HPMC, the
mucoadhesive polymer). A calculated amount of poloxamer 407 was then added slowly
under magnetic stirring (WiseStir, Daihan Scientific Company, Daihan, Chhattisgarh,
India) adjusted at 100 rpm at room temperature. The prepared dispersion was preserved
in a refrigerator at 6 + 2 °C for 24 h to equilibrate and form a clear solution. The used
concentration of HPMC was 0.5% w/v and that of poloxamer 407 was 17% w/v. Batches
were prepared in duplicates and the mean+ standard deviations were calculated for three
measurements for each batch.

2.3.2. Characterization of the Prepared Mucoadhesive In Situ Gelling System

The optimal zolmitriptan-loaded bilosomal formulation in the prepared mucoad-
hesive in situ gelling system was re-characterized for its EE%, PS, PDI and ZP as was
previously done for the free bilosomes prior to incorporation into the gel system. The
prepared mucoadhesive in situ gelling system containing the optimal bilosomal formu-
lation was characterized for drug release parameters (Q0.5 h and RE%), sol to gel transi-
tion temperature, nasal mucociliary transit time and rheological constants (consistency
index and flow index).

Assessment of Release Parameters of Zolmitriptan from the Prepared Mucoadhesive In
situ Gelling System

The in vitro release testing was conducted using the dialysis bag diffusion method
for the cold in situ gelling system loaded with optimal bilosomes, as previously described
under the in vitro release testing of bilosomes and the percentage of total zolmitriptan
released after 0.5 h and RE% was calculated.
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Assessment of Sol to Gel Transition Temperature and Time

To determine the sol to gel transition temperature of the prepared gelling system,
the tilting method was used [30]. A test tube containing 2 mL aliquot of the formulated
clear solution of the cold mucoadhesive in situ gel was covered with Parafilm® and af-
fixed in a water bath. The temperature of the water bath was elevated gradually, starting
from 20 °C, in increments of 0.5 °C every 10 min. The content was visually inspected for
gelation by tilting it by 90°. The gelation temperature of the investigated formulation was
its sol to gel transition temperature.

The sol to gel transition time was investigated using the test tube inversion method
[31]. In brief, 1 mL of the mucoadhesive in situ gelling system (sol) was transferred into a
5 mL stoppered test tube which was placed a thermostatically controlled water bath kept
at 37 °C. The transition time was determined by tilting the tube every 10 s till no flow was
detected.

Assessment of Rheological Constants

The rheological characteristics of the investigated gelling system were assessed us-
ing a cone and plate viscometer (Brookfield viscometer; type DVT-2). The plate was
connected to a water bath to keep its temperature at 35 + 0.1 °C. A half-mL sample of the
investigated cold system was transferred to the plate. The shear rate was elevated grad-
ually from 0.5 to 100 min™ and the viscosity reading was recorded [32]. The power law
constitutive equation was then applied to the results [33]:

17 = my n-1

where 7 is the viscosity (cp), y is the shear rate (s), and m and n are constants repre-
senting consistency and flow indices, respectively.

Transmission Electron Microscopy (TEM)

Morphological examination of the optimal zolmitriptan-loaded bilosomal formula-
tion as well as the prepared mucoadhesive in situ gelling system containing it was per-
formed in order to assess aqueous dispersion. TEM (Lecia Image, Wetzlar, Germany)
connected to camera model TKC 1380 JVC (Victor Company, Tokyo, Japan) at an accel-
erating voltage of 80 kV was used. A sample drop was placed on a carbon-coated copper
grid surface and left for one minute; any excess was dried by a tip of filter paper.

Differential Scanning Calorimetry (DSC)

DSC was applied to both the optimal zolmitriptan-loaded bilosomes and the mu-
coadhesive in situ gelling system containing them after lyophilizing both.

Samples were initially frozen at -20 °C then lyophilized for 24 h (Lyophilizer; No-
valyphe-NL 500; Savant Instruments Corp., Holbrook, NY, USA) with pressure adjusted
at 7 x 102 mbar and condenser temperature maintained at —45 °C. The reconstitution time
of the lyophilized samples was assessed by adding the same volume of distilled water
prior to the lyophilization process to the dried samples. The time recorded till the for-
mation of dispersion free from any aggregates was taken as the reconstitution time [34].

DSC analysis was also performed for zolmitriptan powder, a physical mixture of the
individual components of the bilosomes, and the individual components of the gelling
system. About 4 mg of each sample was scanned separately in aluminum pans from 30 to
300 °C at a heating rate of 10 °C/min under an inert nitrogen flow of 25 mL/min.
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Determination of Nasal Mucociliary Transit Time

The nasal mucociliary transit time was assessed by an in vivo method described by
Lale et al. [35], with slight adjustments. Nine rats (weighing 200-250 g) participated in
this study. Animal use in this study was in accordance with the National Institutes of
Health Guide for The Care and Use of Laboratory Animals (NIH, publication No.85-23,
1996). Rats were divided into three equal groups (n = 3). Animals were anesthetized by
intramuscular injection of sodium thiopental (7 mg/kg) at the beginning of the experi-
ment. A volume of 10 pL of the prepared in situ gelling system loaded with the optimal
bilosomes and containing methylene blue dye (5 mg/mL) was introduced into the right
nostril of the animals of Group 1 using a micropipette. Swabs from the nasopalatine canal
and pharynx were done via oral cavity (using a moistened cotton-tipped applicator) each
minute post application, for a total period of 60 min. Each swab was visually examined
for the blue color of the dye. The time taken for the appearance of the blue dye was rec-
orded as the mucociliary transit time [30]. The experiment was also performed with the
optimal bilosomes pre-mixed with methylene blue (Group 2) as well as with methylene
blue solution in saline, which was used as a control (Group 3).

2.4. In Vivo Animal Study
2.4.1. Study Design and Dose Administration

This study was conducted to compare the pharmacokinetic parameters of
zolmitriptan when using three different treatments. The investigated treatments were the
optimal zolmitriptan-loaded bilosomes (Treatment A), the mucoadhesive in situ gelling
system containing it (Treatment B), and the drug solution (Treatment C). A non-blind,
three-treatment, one-period, randomized parallel design was used. Ninety male rats
(weighing 200-250 g) participated in this study. The protocol of the study was approved
by the institutional review board, Research Ethics Committee, Faculty of Pharmacy,
Cairo University (PI 2326). The rats were housed nine per cage at ambient temperature
with free access to food and water and a 12 h light/dark cycle. The animals were catego-
rized into three equal groups (n = 30). Group 1 received intranasal (IN) Treatment A,
Group 2 received IN Treatment B and Group 3 received intravenous (IV) Treatment C
(used as a control). The dose of zolmitriptan in all treatments was 5 mg/kg [36]. The study
lasted for 12 h and the animals were visually inspected throughout the study period for
any behavioral disorder or sign of illness. At time intervals 0 (pre-dose), 0.25, 0.5, 1, 1.5, 2,
4, 6, 8 and 12 h following administration, three rats from each group were mercy sacri-
ficed and plasma and brain samples were collected from them. Blood was collected from
the trunk of the sacrificed animals into heparinized tubes and centrifuged (using Centu-
rion Scientific LTD. Centrifuge, West Sussex, UK) at 4000 rpm for 15 min at 25 °C to
separate plasma. In addition, the dissected brain was washed with normal saline, cleaned
of all attaching tissue/fluid, and then homogenized with saline (three-fold its volume) for
1 min at 24,000 rpm using Pro scientific Homogenizer, (Oxford, UK). Plasma and brain
samples were preserved at —20 °C pending analysis.

2.4.2. Chromatographic Conditions

A sensitive, selective and validated LC-MS/MS method for quantitative determina-
tion of zolmitriptan in plasma and brain tissues was adopted [37,38]. Torsemide was uti-
lized as an internal standard. The detector was a triple quadrupole MS/MS (Waters
Corp., Milford, MA, USA) and positive ionization mode was used for zolmitriptan and
torsemide monitoring. Empower™ 2 CDS Software solutions was used for data acquisi-
tion and data integration. The used column was a reverse-phase column (Cis, 50 x 2.1
mm, Waters Corp., Milford, MA, USA). The mobile phase was a mixture of acetonitrile
and 0.1% aqueous solution of formic acid 4:1 (v/v). Isocratic chromatographic separation
was done at 40 °C and a flow rate of 0.2 mL/min.
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2.4.3. Sample Preparation

A certain volume of plasma or homogenized brain sample (0.5 mL) was mixed with
a 50 pL solution of torsemide in acetonitrile (100 ng/mL). The mixture was vortexed for
30 s and then centrifuged at 3000 ¢ for 15 min. The supernatant was withdrawn and fil-
tered through a 0.45 um Millipore® filter. A centrifugal vacuum concentrator (Vacufuge
5301, Eppendorf, Hamburg, Germany) was utilized to dry the filtrate at 40 °C, which was
then reconstituted with 100 uL mobile phase. A volume of 20 uL of the reconstituted
sample was injected into the column using the autosampler.

2.4.4. In Vivo Brain and Systemic-Kinetic Studies

The main pharmacokinetic parameters of zolmitriptan from the three treatments
were determined in both plasma and homogenized brain tissues. For plasma samples,
the mean plasma concentration of the drug was illustrated against time, and the peak
plasma concentration (Cmx) and time taken to reach it (fmx) were calculated. The area
under the zolmitriptan plasma concentration-time curve (AUC o-12 n) represents the total
amount of drug in plasma over 12 h. Cuax, tmar, AUCo-12 n, AUCo-, mean residence time
(MRT, calculated by the trapezoidal rule), as well as the time for half the initial dose to be
eliminated (t12) and the drug elimination rate constant (k) were calculated by
non-compartmental pharmacokinetic models using Kinetica® software (version 5.0, 2017,
Thermo Fisher Scientific, Waltham, MA, USA. . The values of absolute bioavailability of
the drug in plasma from the applied IN Treatments (A and B) were calculated relative to
an intravenous aqueous solution of drug in normal saline.

For brain samples, the mean concentration of the drug in the homogenized brain
was plotted versus time, and the main pharmacokinetic parameters of the drug in brain
tissues (Cimax, tmax, AUC 0-12 1, t12 and k) were determined as was done for the plasma sam-
ples. The values of drug bioavailability in the brain from the applied IN Treatments (A
and B) compared to IV solution (Treatment C) were also calculated. In addition, two in-
dices were calculated to express zolmitriptan targeting to the brain. These indices were
drug targeting efficiency (DTE) [30] and nose to brain direct transport percentage (DTP)
[39]. These indices were determined from the respective equations:

Bin
P
DTE(%) = B’—N x 100
21V
Py
B,y — B
DTP(%) = (M) x 100

IN

where B and P are AUCo-12 in brain and plasma, respectively, IN and IV stand for in-
tranasal and intravenous application, respectively, and Bx is the brain AUC portion con-
tributed by systemic circulation through the blood-brain barrier (BBB) subsequent IN
application. Bx was determined as follows [39]:

_(BIVXPIN
= (———

v

>><100

2.4.5. Statistical Analysis

One-way ANOVA was carried out using SPSS 17.0 software followed by LSD test.
Differences were significant at p < 0.05.



Pharmaceutics 2021, 13, 1828

10 of 30

3. Results and Discussion
3.1. Optimization of Bilosomes
3.1.1. Preparation of Zolmitriptan-Loaded Niosomes

As explained before, this study aimed at preparing zolmitriptan-loaded non-ionic
surfactant nano-vesicles for brain targeting. Non-ionic surfactant nano-vesicles consist of
niosomes and bilosomes; the former is considered a precursor for the latter. In other
words, preparing good bilosomes requires starting with good niosomes. A very im-
portant variable affecting the quality of the prepared niosomes is the type of non-ionic
surfactant used. In order to choose a suitable surfactant for the preparation of zolmitrip-
tan-loaded niosomes, eight non-ionic surfactants with different HLB values were used
under fixed conditions to inspect the effect of surfactant type on the EE of the formed
vesicles. The investigated surfactants covered an HLB range of 4.3-16.0.

Evaluation of the Prepared Zolmitriptan-Loaded Niosomes

As entrapment of the water-soluble drug (zolmitriptan) in niosomes, which are li-
pid-rich vesicles, was the main challenge in the preparation of such vesicles, EE% was set
as the evaluation criterion for the quality of the prepared niosomes.

Table 3 represents the EE% of zolmitriptan-loaded niosomes prepared using dif-
ferent surfactants. It can be seen that the EE% of vesicles prepared using any of the sor-
bitan esters was significantly higher than that prepared using any of the Tweens or Brijs
as a surfactant. The EE% of niosomes prepared using sorbitan esters ranged from 14.90 +
0.70% to 44.70 + 1.17%, whereas the highest EE% of niosomes prepared using any of the
Tweens or Brijs did not exceed 11.90 + 1.65%. Differences in EE% between different sur-
factant types were found to be significant (p <0.05). This could be ascribed to the different
HLB values of the used surfactants and, consequently, the difference in their lipophilicity
[40,41]. Values of EE% were found to increase as the HLB value of the used surfactant
decreased (i.e., lipophilicity increased). Tweens and Brijs have HLB values > 10, indicat-
ing more hydrophilicity, which caused the vesicular membrane to be more permeable
and leaky to the drug, leading to lower EE% values compared to vesicles prepared using
sorbitan esters (with low HLB values ranging from 4.3-8.6).

Table 3. Entrapment efficiency percent of zolmitriptan-loaded niosomes prepared using different
non-ionic surfactants with different HLB values.

Non-Ionic Surfactant

Name HLB EE%
Span® 20 8.6 14.90 + 0.70
Span® 40 6.7 44.72 +1.17
Span® 60 4.7 33.33+1.55
Span® 80 4.3 24.60 £ 1.35

Tween® 65 10.5 11.90 + 1.65
Tween® 80 15.0 6.50+0.70
Brij® 35 16.0 9.70+0.70
Brij® O10 12.0 8.80 +0.83

Results are expressed as mean values +SD, Abbreviations; EE, Entrapment efficiency.

Among the niosomes prepared using different sorbitan esters as surfactants, it was
noticed that of EE% values of niosomes prepared using Span®0 or Span® 60 (44.42 +
1.17% and 33.33 + 1.55%, respectively) were significantly higher (p < 0.05) than those
prepared using Span® 20 or Span® 80 (14.90 + 0.7% and 24.60 + 1.35%, respectively). This
could be related to the intrinsic properties of the sorbitan ester type used, especially the
phase transition temperature. Span®0 and Span® 60 are solid at ambient temperature
due to their relatively high phase transition temperatures compared to Span® 20 or Span®
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80. The stated phase transition temperatures are 48 and 53 °C versus 16 and -12 °C, re-
spectively [40]. This temperature affects the nature of the surfactant bilayer being either
in liquid or gel state, with the latter state occurring at higher phase transition tempera-
tures. This gel state is characterized by the ordered arrangement of the surfactant alkyl
chain, and hence leads to formation of less leaky bilayers [42].

Finally, by relating the EE% values of the formed niosomes utilizing either Span®40
or Span® 60, it was evident that Span®40 excelled significantly (p < 0.05). This might be
attributed to the relatively higher surface free energy of Span®40 (associated with higher
HLB values) leading to the formation of vesicles of larger particle size with enhanced
capability in terms of entrapping water-soluble drugs [43,44].

The relationship between PS and EE% was further confirmed by measuring the PS
values of the investigated niosomes. The PS values of the prepared niosomes ranged
from 308.31 = 3.42 to 490.29 + 6.53 nm, indicating the formation of nanovesicles. By
comparing the PS of niosomes prepared with either Span®40 or Span® 60, it was obvious
that the former led to the formation of larger PS values compared to the latter, which
could explain the enhanced EE% obtained with Span®40-based niosomes. The obtained
PS values were 434.67 + 9.75 and 383.56 + 8.39 nm, respectively. The obtained PDI values
of the prepared niosomes were between 0.213 + 0.014 to 0.411 + 0.007, indicating ho-
mogenous dispersion with low PDI values [45].

It can be concluded from the previous discussion that Span®40 was the surfactant
that succeeded in enhancing the EE% of the drug. The EE% of niosomes prepared using
Span®40 was quite satisfactory, as it is logical that entrapment of a water soluble drug in
lipid niosomes is a great challenge. Accordingly, a niosomal formulation prepared using
Span®40 was chosen to complete this study and prepare bile salt-enriched zolmitrip-
tan-loaded niosomes (i.e., bilosomes) for further investigation.

3.1.2. Investigation of the Effect Process Variables on The Properties of Zolmitrip-
tan-Loaded Bilosomes

Statistical design was needed to correlate the main properties of the prepared
drug-loaded bilosomes to the different formulation factors, to study the interaction be-
tween the investigated factors, and finally to suggest a formulation with optimized
composition. A Box-Behnken (3°) design was constructed to optimize the composition of
the zolmitriptan-loaded bilosomes. The pre-determination of the used surfactant during
the preparation of the niosomes reduced the number of investigated formulation factors.
In addition, the total number of 15 test runs needed for Box—Behnken design is fewer
than that needed for a central composite design with the same number of repeats (17
runs) or that needed for a 33 factorial design without repeats (27 runs) [46]. In addition,
the used design enables studying of the interactions between different factors. For this
reason, a Box-Behnken design was chosen in order to optimize the composition of the
prepared bilosomes. The main output data of the applied design indicated good correla-
tion between the predicted and adjusted R? values for all responses with differences be-
tween them not exceeding 0.2, which confirmed that the applied design was appropriate
for predicting response values [47]. Additionally, adequate precision for all the investi-
gated responses exceeded the value of four; which is the desirable value. As adequate
precision measures the signal to noise ratio, the results indicated that the applied model
can be utilized for navigating the design space [48]. Furthermore, it can be concluded that
the statistical model designed to be applied in this study is a valid one (Table S2).

Effect on Entrapment Efficiency (EE)

All the investigated bilosomes had a drug content approximately equal to 100%, as
the actual drug content did not show any significant difference from theoretical one (20
mg). This indicated that there was no significant drug loss during preparation.

As revealed in Table 4, the EE% of the investigated zolmitriptan-loaded bilosomes
ranged from 33.53 + 1.59 to 74.33 + 1.32% for formulations F9 and F12, respectively.
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ANOVA testing showed a non-significant effect of sodium deoxycholate amount (X1) on
the EE% (Y1) of bilosomes (p = 0.0815) and significant effects of both the amount (X2) and
molar ratio (Xs) of cholesterol/Span®0 mixture (p < 0.0001 and = 0.0017, respectively),
with a significant interaction between the two effective factors (p = 0.018). The individual
effects of the two effective formulation factors on the EE% of the prepared bilosomes, as
well as their interaction plot, are demonstrated in Figure 1. From Figure 1a, it is clear that
increasing the amount of cholesterol/Span®4(0 mixture resulted in a significant increase in
the EE% of the formed bilosomes. This finding might be attributed to the fact that the
cholesterol/non-ionic surfactant mixture represents the backbone and the main vesi-
cle-forming material of bilosomes; thus, increasing amounts might lead to the construc-
tion of a larger number of large-sized vesicles, and thus inclusion of larger drug amounts
[49]. In addition, at low cholesterol/Span®40 mixture amounts, decreasing Span®40 level
might lead to more drug leakage, as decreased Span®0 amounts are not adequate to
stabilize the bilosomal membrane [50].

Table 4. Measured responses of Box-Behnken (3%) design for the prepared zolmitriptan-loaded bi-
losomes.

Formulation EE 7S Responses 7P RE
0,
Code %) (nm) PDI (mV) Q0.5 h (%) %)
F1 42.73+1.19 343.33+1853 0.34+0.03 -414+1.15 160+0.64 72.0+3.09
F2 37.67+1.33 230.53+12.62 0.49+0.07 -55.0+1.27 223+1.00 68.6+2.06
F3 63.40+0.74 448.72+19.32 033+0.04 -39.3+0.81 34.8+1.60 76.1+3.04
F4 67.46 +0.77 602.20 £13.21 035+0.04 -542+150 396+141 773+1.09
F5 51.63 +1.22 560.50+20.55 0.26+0.01 -45.0+1.48 385+124 74.1+1.07
Fé6 4497 +1.35 527.00+£55.27 0.35+0.04 -65.1+2.05 424+0.75 70.0+3.08
F7 65.73+1.66 409.27 +34.68 035+0.04 -445+050 328+1.00 67.8+1.06
F8 51.03 £1.59 460.43 +48.91 0.28+0.02 -48.8+095 384+122 70.8+2.05
F9 3353+1.59 531.23+£31.97 0.16+0.03 -453+0.60 245+096 46.5+3.02
F10 46.06 +1.45 597.96+34.41 035+0.04 -51.2+0.70 31.3+055 69.2+1.07
F11 3755+0.83 356.97+4254 0.16+0.03 -44.8+1.05 181+1.00 64.4+3.03
F12 7433 +1.32 352.23+43.37 029+0.03 -480+050 155+0.68 63.5+0.14
F13 7097 +1.30 384.40+10.05 0.017+0.00 -453+0.64 155+096 719+0.19
F14 71.39+1.30 379.30+10.05 0.019+0.00 -443+064 167+096 72.1+0.19
F15 70.83+1.30 398.20+10.05 0.012+0.00 -44.1+0.64 174+096 71.8+0.19

Abbreviations; EE, Entrapment efficiency; PS, Particle size; PDI, Polydispersity index; ZP, Zeta
potential; Q0.5 h, Total percentage of zolmitriptan released after 0.5 h; RE, Release efficiency.
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Figure 1. Line plots for the effects of cholesterol/Span® 40 mixture amount (a) and cholesterol:
Span® 40 molar ratio (b), and the interactions between them (c) on entrapment efficiency of the
prepared zolmitriptan-loaded bilosomes.

Figure 1b reveals that increasing the proportion of cholesterol in the cholester-
ol/Span®40 mixture (in other words, moving from cholesterol: Span®40 molar ratio 1:9 to
1:1) resulted in a significant reduction in their EE%. This is evident as the values of EE%
of bilosomes of formulations F7, F8, F11 and F12 (containing a proportion of cholesterol =
10% of its mixture with Span®40) were significantly larger than those for the corre-
sponding formulations with higher proportions of cholesterol (=50%), which were for-
mulations F5, F6, F9 and F10. This might be attributed to the competition between cho-
lesterol and the drug for the packing space in bilosomes prepared with relatively high
proportions of cholesterol, which disrupted the regular bilayer structure and caused
drug leakage [51,52]. In addition, the presence of large amount of cholesterol might in-
crease the hydrophobicity of the interfacial region of the bilayers during the bilosomal
preparation which disfavored the entrapment of the hydrophilic zolmitriptan [52]. On
the other hand, in formulations with smaller proportions of cholesterol in the mixture
with Span®40, the relatively high proportion of non-ionic surfactant increased the solu-
bility of zolmitriptan in the organic phase during bilosomal preparation and decreased
their escape to the aqueous phase, leading to enhanced drug entrapment.
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The interaction between the two effective formulation factors (Xz and Xs) on the EE%
of the formed bilosomes is provided in Figure 1c. It is clear that at a cholesterol/Span®40
molar ratio 1:9, increasing the amount of the mixture resulted in increasing the EE%.

Effect on Particle Size (PS)

Table 4 demonstrates the mean PS values of the formed zolmitriptan-loaded bilo-
somes. The PS values were between 230.53 + 12.62 nm (formulation F2) and 602.20 + 13.21
nm (formulation F4). ANOVA testing indicated a non-significant effect (p > 0.05) of so-
dium deoxycholate amount (X1) on the mean PS as well as significant effects of both the
amount of cholesterol/Span®0 mixture (Xz) and the molar ratio (Xs) between its compo-
nents (p = 0.026 and 0.017, respectively); however, no interaction between the effective
factors was indicated. The effects of the investigated formulation factors on PS are pre-
sented graphically in Figure 2.
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Figure 2. (A) Line plots of the effects of cholesterol/Span® 40 mixture amount and (1) cholesterol: Span®40 molar ratio (2)
on particle size. (B) Line plots for the effects of sodium deoxycholate amount (1), cholesterol: Span® 40 molar ratio and (2)
the interaction between them (3) on zeta potential of the prepared zolmitriptan-loaded bilosomes.
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From Figure 2(Al) it is clear that increasing the amount of cholesterol/Span®40
mixture from 100 mg (in formulations F1, F2, F9 and F11) to 300 mg in the corresponding
formulations (F3, F4, F10 and F12) led to a significant increase in the PS of the prepared
bilosomes. There are different explanations for this finding. As mentioned before, cho-
lesterol/Span®40 mixture is the building unit of bilosomes; thus, increasing its amount
enhanced the formation of larger number of large-sized vesicles [49,52,53]. Another ex-
planation relates the larger size of the bilosomes prepared using larger amount of cho-
lesterol/Span®40 mixture to their higher EE%. In addition, as water-soluble drugs like
zolmitriptan favor entrapment in the vesicles’ aqueous core, this might cause a mutually
repulsive interaction between the drug and the polar heads of the surfactant, leading to
an increase in PS [43,54].

From Figure 2(A2) it can be seen that increasing the proportion of cholesterol in the
cholesterol/Span®40 mixture resulted in a significant increase in the PS of the produced
bilosomes. We believe that this is due to the packing of cholesterol molecules between the
surfactant alkyl chain, leading to larger vesicular size [43,55].

Effect on Polydispersity Index (PDI)

PDI is a numerical value ranging from zero to one used to express the homogeneity
of particle size distribution. When this index approaches zero, this indicates highly
monodispersed particles, whereas, when it approaches one, this suggests highly poly-
dispersed vesicles [56,57]. As presented in Table 4, the PDI of all the formed bilosomes
ranged from 0.012 + 0.00 to 0.49 + 0.07 (for formulations F15 and F2, respectively) which
indicated narrow size distribution of the prepared bilosomes. ANOVA testing indicated
that the PDI of the prepared vesicles was not significantly (p > 0.05) influenced by the
studied factors.

Effect on Zeta Potential (ZP)

The ZP of zolmitriptan-loaded bilosomes was between —-65.1 + 2.05 and -39.3 + 0.81
mV (for formulations F6 and F3, respectively), confirming that the formed bilosomes had
sufficient negative charge to maintain electric repulsion between them and inhibit their
aggregation, and hence, better stability [58]. This negative charge in all formulations was
mostly due to the use of the anionic bile salt sodium deoxycholate [59]. The results of
ANOVA testing demonstrated a non-significant effect (p > 0.05) of the amount of choles-
terol/Span®40 mixture (X2) and significant effects of both sodium deoxycholate amount
(X1) and cholesterol:Span®40 molar ratio (X3) (p< 0.0001 and =0.0009, respectively), with a
significant interaction between the latter two effects (p = 0.0017). The individual effects of
factors X1 and Xs on ZP of the prepared bilosomes, in addition to the line plot represent-
ing the interaction between them, are illustrated in Figure 2B. From Figure 2(B1), it is
clear that increasing the sodium deoxycholate amount from 5 mg (in formulations F1, F3,
F5 and F7) to 15 mg in the corresponding formulations (F2, F4, F6 and F8) led to a signif-
icant increase in the absolute ZP value of the resultant bilosomes, which may be due to
the anionic nature of this bile salt [60].

Figure 2(B2) reveals that increasing Span®40 proportion in the cholesterol/Span®40
mixture in the prepared bilosomes resulted in a significantly less negative ZP values. This
is evident in the values of ZP for formulations prepared using a cholesterol:Span®40
molar ratio of 1:1 (F5, F6, F9 and F10) being significantly more negative than the corre-
sponding ones prepared using a molar ratio of 1:9 (namely, F7, F8, F11 and F12). This
may be due to the shielding effect of the excess non-ionic surfactant. As the used
non-ionic surfactant is hydrophilic in nature, it might reside on the vesicular bilayer
surface, leading to a less negative ZP [60,61]. From Figure 2(B3), it is clear that at a low
cholesterol/Span®40 molar ratio, increasing the sodium deoxycholate amount resulted in
increasing the negative ZP of the produced bilosomes. This is logical because, as ex-
plained before, this bile salt is the main cause of the negative potential of the prepared
bilosomes.
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Effect on In Vitro Release Studies

The percentages of zolmitriptan released from the investigated bilosomes and drug
aqueous dispersion are plotted versus time in Figure 3. The release profile of zolmitriptan
from its dispersion revealed fast drug release, with about 99.8% of the drug released in
the first 3 h. This assumed the free diffusion of drug through the dialysis membrane, in-
dicating that the membrane used does not hinder drug availability in the release medi-
um. Conversely, drug release from the prepared bilosomes was seen to be slower than
that from its aqueous dispersion, which is quite logical.
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Figure 3. Release profiles of zolmitriptan from the prepared bilosomes compared to aqueous drug
dispersion in phosphate buffer saline (pH 7.4); F1-F4 (a), F5-F8 (b) and F9-F13 (c).

Figure 3 also shows that the release of zolmitriptan from the investigated bilosomes
was biphasic. An initial flush release of the drug took place within the first 0.5 h, followed
by a slower release phase. The initial phase can be attributed to the fast release of ad-
sorbed or surface drug in the release medium, owing to its hydrophilic nature [62], while
the second phase of drug release was believed to be regulated by release through the
swollen vesicle bilayers [63]. The biphasic release profiles of the drug from all the inves-
tigated bilosomes are expected to be of great benefit. Being an anti-migraine drug, the
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initial amount released would offer rapid onset of pain relief, while the slower subse-
quent release would keep the patient under prophylaxis from migraine over 8 h.

To compare zolmitriptan release from different drug-loaded bilosomes, two release
parameters were applied: Q0.5 h and RE% from zero time to 8 h (Table 4). Q0.5 h per-
centage ranged from 15.5 * 0.68% to 42.4 + 0.75% for formulations F12 and F6, respec-
tively. Furthermore, the lowest RE% result was recorded for F9 (46.5 + 3.02%), while the
highest was for F4 (77.3 + 1.09%).

ANOVA analysis of Q0.5 h results showed a non-significant effect (p > 0.05) of so-
dium deoxycholate amount (Xi1) and significant effects of both cholesterol/Span®40 mix-
ture amount (X2) and the molar ratio (X3) between components (p = 0.0109 and 0.0202,
respectively), with no interaction between effective factors. The effect of the investigated
formulation variables on Q0.5 h is represented graphically in Figure 4.
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Figure 4. (A) Line plots of the effects of cholesterol/Span® 40 mixture amount (1) and cholesterol: Span® 40 molar ratio (2)
on total percentage of zolmitriptan released after 0.5 h. (B) Line plots for the effect of the amount of cholesterol: Span® 40
mixture (1) and the interaction between it and cholesterol: Span® 40 molar ratio (2) on release efficiency % of the drug up

to 8 h.

Regarding the effect of the amount of cholesterol/Span®40 mixture on Q0.5 h of the
prepared bilosomes, it was evident that formulations containing larger amounts of cho-
lesterol/Span®40 mixture (for example, formulations F3, F4, and F10) possessed higher
Q0.5 h values than those for the corresponding formulations containing smaller amounts
(F1, F2 and F9), as illustrated in Figure 4(A1). This can be credited to the significant ele-
vation in EE% of the prepared bilosomes by increasing the amount of incorporated cho-
lesterol/Span®40 mixture (as previously discussed), which was associated with increased
driving force for the drug to be released, in line with Fick’s first law [64].

Figure 4(A2) shows that increasing cholesterol proportion from 10% to 50% in the
cholesterol: Span®40 molar ratio 1:9 and 1:1 in formulations F7, F8, F11 and F12 compared
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to the corresponding formulations F5, F6, F9 and F10 led to a significant increase in the
Q0.5 h values. This finding might be explained by the ability of cholesterol to disrupt the
bilosomal membrane linear structure, as previously discussed [51,52]. This logically led
to drug leakage, and hence enhanced drug release and higher Q0.5 h values.

It is obvious that using Q0.5 h as a release parameter involves comparison of single
release points in order to evaluate the ability of the investigated formulations to release a
fast initial dose of the loaded drug. On the other hand, the concept of RE% has some
advantages over the single point parameter, the most important being that it can be the-
oretically related to in vivo data [65].

Concerning RE%, ANOVA results showed a non-significant effect (p > 0.05) of both
the amount of sodium deoxycholate (X1) and cholesterol/Span®40 molar ratio (Xs), and a
significant effect of the amount of cholesterol/Span®40 mixture (Xz) (p = 0.0021). The effect
of the variable X: is illustrated in Figure 4B. From Figure 4(B1) and Table 4, it is clear that
increasing the amount of cholesterol/Span®40 mixture from 100 mg to 300 mg caused a
statistically significant increase in RE%, as revealed by comparing the results obtained
from formulations F1, F2 and F9 with those obtained from the corresponding formula-
tions F3, F4 and F10. The increase can be attributed to the enhancement in terms of EE%
of these bilosomes (as previously discussed), leading to the increase in drug concentra-
tion gradient and consequently to the enhancement of drug release. Statistical analysis
also revealed a significant interaction between the amount of cholesterol/Span®0 mix-
ture and the molar ratio between them (p = 0.0026). The line plot of the interaction pre-
sented in Figure 4(B2) shows that at a cholesterol: Span®40 molar ratio of 1:1, when the
amount of this mixture was increased from 100 mg to 300 mg, the calculated value of
RE% increased.

The drug release data presented best fit with the Korsmeyer-Peppas model, with
correlation coefficient values (r) above 0.96.

3.1.3. Selection of the Optimized Zolmitriptan-Loaded Bilosomes

The target of the optimization process is to specify the optimum levels of any varia-
ble required for the preparation of a pharmaceutical product with high quality. In this
work, Design-Expert® software was used to employ a numerical optimization approach,
using the desirability function to overcome the multiple and opposing responses [66].
When applied, this numerical analysis developed suggested zolmitriptan-loaded bilo-
somes with an overall desirability of 0.758. This formulation was suggested to be pre-
pared using 5 mg sodium deoxycholate (X:1) and 255 mg of cholesterol/Span®40 mixture
(X2) with a cholesterol:Span®40 molar ratio of 1:7.7 (Xs). To evaluate the optimization
capability of the model generated according to the Box-Behnken design, the suggested
zolmitriptan-loaded bilosomes were prepared and characterized as was done for the
previously prepared bilosomes. For each response, the observed value of the suggested
bilosomes was collected with the expected one as well as the residual values which rep-
resented the difference between the expected and observed values of each response (Ta-
ble 5). The residual values of all responses were small (not exceeding 2.1), signifying the
reasonability of the optimization process. Thus, the suggested zolmitriptan-loaded bilo-
somes could be nominated as the optimal one, and it was used for further investigation.
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Table 5. Optimal levels of factors of the suggested zolmitriptan-loaded bilosomes with the ex-
pected, observed and residual values of each response.

Factor Optimal Level
Xi: Sodium deoxycholate amount (mg) 5
X2: Cholesterol/Span® 40 amount (mg) 255
X3: Cholesterol: Span® 40 molar ratio (w/w) 1:7.7
Response Expected value = Observed value Residual value 2
Y1: Entrapment efficiency (%) 71.70 70.34£0.10 1.36
Y2: Particle size (nm) 399.27 399.80 +4.95 -0.53
Ys: Polydispersity index 0.33 0.33£0.05 -0.004
Ya: Zeta potential (mv) -42.50 -41.90 +0.19 -0.60
Y5: Q0.5 h (%) @ 31.87 32.20+1.09 -0.33
Ye: Release Efficiency (%) 73.86 71.76 £ 0.34 2.10

2 Residual value = expected value—observed value.

3.2. Mucoadhesive In Situ Gelling System
3.2.1. Characterization of the Prepared Mucoadhesive In Situ Gelling System

The loaded bilosomes in the prepared mucoadhesive in situ gelling system had an
EE of 73.63 + 1.12%, PS of 417.56 + 16.52 nm, PDI of 0.32 + 0.01 and ZP of —41.6 + 0.66.
These values were found to be non-significantly different from those previously obtained
by free bilosomal dispersion, and p values were calculated to be 0.061, 0.059, 0.072 and
0.081, respectively.

3.2.2. Assessment of Release Parameters of Zolmitriptan from the Prepared Mucoad-
hesive In Situ Gelling System

The drug release profiles of the prepared in situ gelling system as well as of the free
optimal bilosomes are given in Figure 5a. The release best fitted the Korsmeyer-Peppas
model, with an r value equal to 0.98. As shown in the figure, drug release from the pre-
pared mucoadhesive in situ gelling system retained the biphasic profile given before
from the prepared bilosomes, with an obvious reduction in the initial amount released.
The Q0.5 h value of the drug released from the optimal bilosomes loaded in the gelling
system decreased by around 50% compared to the free ones (p = 0.002). This might be due
to the increased viscosity and density of the gelling system compared to free bilosomes,
resulting in the slowing of drug diffusion and release [67-69]. Regarding the RE%, it was
found that the difference between both the gelling system and free bilosomes was statis-
tically non-significant (p > 0.05). It is worth to noting that in spite of the significant de-
crease in Q0.5 h of zolmitriptan from bilosomes when incorporated into the mucoad-
hesive in situ gelling system, the overall amount of drug released in a defined time
(representing drug RE) did not display any significant change. In other words, the in-
corporation of drug-loaded bilosomes in the mucoadhesive in situ gelling system re-
sulted in delayed drug release onset, with no effect on the total amount of drug released.
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Figure 5. (a) Release profiles of zolmitriptan dispersion from the optimal bilosomes and the pre-
pared mucoadhesive in situ gelling system containing them in phosphate buffer saline, pH 7.4; (b)
Relation between viscosity and rate of shear for the prepared mucoadhesive in situ gelling system.

3.2.3. Assessment of Sol to Gel Transition Temperature and Time

The sol to gel transition temperature of the prepared mucoadhesive in situ gelling
system was 34.03 + 0.45 °C. This transition temperature is close to the acceptable range for
nasal administration, which has been stated by other researchers to be between 25 and 33
°C [30]. The sol to gel transition time was recorded to be 20.00 + 1.00 s.

3.2.4. Assessment of Rheological Constants

The rheological behavior of the mucoadhesive in situ gelling system loaded with
optimal bilosomes was assessed using two indices, consistency and flow. Consistency
index (m) represents the consistency or the thickness of the investigated fluid, which is
more or less equivalent to the viscosity. On the other hand, flow index () represents the
flow behavior of the fluid. When the value of n equals unity, this indicates Newtonian
flow, while when it is bigger than one, the fluid shows dilatant flow (i.e., shear thicken-
ing). Values of n between zero and one indicate that the flow of the fluid is of a pseu-
do-plastic type, exhibiting shear thinning behavior [70-72].

For the prepared gelling system, the values of its viscosity at different shear rate
values were reported at 35 °C, which represents the average temperature of nasal cavity.
The calculated values of indices m and 1 were found to be 17717.40 and 0.39, respectively.
The relatively large value of m indicated that the system is somewhat viscous, which
could be explained by the plate temperature (35 °C) exceeding the sol to gel transition
temperature of the investigated gelling system, leading to system gelation and an in-
crease in its viscosity. As the value of n was less than unity, the investigated system ex-
hibited shear-thinning flow. This flow is confirmed by the relation between viscosity and
shear stress (Figure 5b). Such shear thinning behavior can be accredited to the decrease in
viscosity by increasing shear rate [58,73]. The externally applied shear rate, responsible
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for the shear thinning behavior, could be achieved in vivo by the physiological ciliary
movement, which is about 1000 beats per min [74]. This shear thinning behavior would
allow for gradual release of the drug from the gel over time.

3.2.5. Transmission Electron Microscopy (TEM)

Micrographs of all the examined samples showed that all samples were
non-aggregating, almost spherical vesicles with well-defined walls and a smooth surface
(Figure S1). This indicated that incorporation of the optimal zolmitriptan-loaded bilo-
somes in the mucoadhesive in situ gelling system used did not significantly affect their
shape.

3.2.6. Differential Scanning Calorimetry (DSC)

The lyophilized samples showed complete dispersion, with a reconstitution time of
16.67 +1.52 and 19.00 + 1.00 sec for the optimal bilosomal formulation and mucoadhesive
in situ gelling system containing the bilosomal formulation, respectively. The thermal
behavior of the pure drug, the lyophilized optimal bilosomes and the physical mixture of
its components are demonstrated in Figure S2. A DSC thermogram of zolmitriptan ex-
hibited a characteristic melting endothermic peak at 137.6 °C, signifying its crystalline
nature. This peak could be observed in the physical mixture thermogram as well. How-
ever, this characteristic peak was not detected in the thermogram of the lyophilized op-
timal bilosomes, indicating the transformation of zolmitriptan to the amorphous form
[75,76]. Additionally, the DSC thermograms of the prepared mucoadhesive in situ gelling
system and the physical mixture of its components are presented in Figure S2. The char-
acteristic drug peak can be noticed in the physical mixture thermogram but is not de-
tected in the thermogram of the lyophilized mucoadhesive in situ gelling system, indi-
cating the preservation of the drug-loaded bilosomal structure after being loaded inside
the gelling system.

3.2.7. Determination of Nasal Mucociliary Transit Time

Mucociliary clearance is the defense mechanism of the respiratory tract body against
inhaled foreign substances. Hence, it is responsible for the quick clearance of nasally
administered drugs to the nasopharynx, resulting in a significant decrease in their ab-
sorption [77]. In this study, nasal mucociliary transit time was assessed by measuring the
time required by the applied system to reach the nasopalatine canal and the pharynx. The
measured time expresses the time period during which the system can stay in the nasal
cavity and thus available for drug absorption.

To avoid the difficulty of analyzing the drug in swabs taken from the nasopalatine
canal and pharynx every minute, a blue dye (methylene blue) was mixed with the inves-
tigated samples to act as an indicator of the site it reached. In this study, the control so-
lution (methylene blue in saline) appeared in swabs taken within the first minute of its
application to the nasal cavity, indicating the successful administration of the dye solu-
tion to the laboratory animals.

The nasal mucociliary transit time of the optimal bilosomes was also determined
and compared to results obtained from the prepared mucoadhesive in situ gelling system
containing them in order to investigate the effect of incorporation in gelling system on
their nasal mucociliary clearance. The nasal mucociliary transit time for dispersion of the
optimal bilosomes was found to be 2.5 + 0.71, versus 22.36 + 0.41 min for the mucoad-
hesive in situ gelling system (p < 0.05). This is logical, as the prepared system is converted
in the nasal cavity to a gel with higher viscosity and less clearance and, in addition, the
incorporated mucoadhesive polymers increase the residence time of the prepared in situ
gelling system in the nasal cavity by adhering to nasal mucosa [30].
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3.3. In Vivo Animals

All the participating animals tolerated the drug, the examined preparations and the
applied study design well, as they all remained alive and showed normal behavior and
vitality until the final last sampling time. The applied LC/MS-MS method showed a
lower limit of quantification (LLOQ) of 0.03 ng/mL in both plasma and brain tissues and

showed good linearity, from 0.03 to 100 ng/mL (R? of the corresponding lines were 0.9993
and 0.9990, respectively).

In Vivo Brain and Systemic—Kinetic Studies

For each of the three applied treatments, zolmitriptan concentration in both plasma

and homogenized brain was plotted versus time; the resulting curves are given in Figure
6.
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Figure 6. Zolmitriptan concentration versus time curves for plasma (a) and brain tissues (b) after
administration of intranasal optimal bilosomes (Treatment A), intranasal mucoadhesive in situ
gelling system (Treatment B), and intravenous zolmitriptan solution (Treatment C).

It can be seen that the shapes of the zolmitriptan plasma concentration—time curves
(Figure 6a) for bilosomes after IN administration either in the form of free bilosomes (Treat-
ment A) or bilosomes contained in mucoadhesive in situ gel (Treatment B) obviously differed
from that obtained for the IV drug solution (Treatment C). The former two treatments
showed lower Cux values and longer tma values. This indicates a difference in drug bioa-
vailability between the IN treatments and the IV solution. The pharmacokinetic parameters
of the drug from the three applied treatments are collected in Table 6. Zolmitriptan reached
Comax of 535.59 + 9.04 ng/mL (after 0.25 h) when applied as an IV solution. The values of Cnax of
the drug from the optimal bilosomes and the mucoadhesive in situ gel after IN administra-
tion were significantly lower (p <0.05) than that for IV solution, being 108.58 + 1.94 and 86.66
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+ 4.13 ng/mL, respectively (both were reached after 0.5 h). Concerning the AUCo-12 » values
under the plasma/time curve, it was found that the calculated values for Treatments A and B
(361.86 + 6.89 and 340.64 + 36.48 ng.h/mL; respectively) were significantly smaller (p < 0.05)
than that calculated for Treatment C (1579.32 + 33.48 ng.h/mL). However, the difference in
AUCo-12 n between Treatments A and B was statistically non-significant (p = 0.082). The same
effect was obtained when AUCoc was calculated, as revealed in Table 6. The obtained values
with Treatments A and B might explain the availability of the drug in the brain tissues, which
will be indicated by investigating brain kinetics. In addition, statistically non-significant dif-
ferences (p > 0.05) were found between the three treatments concerning the time required to
eliminate half the administered dose (t12) as well as in the elimination rate constant (k). The
obtained values of drug ti2 and k ranged from 2.5 to 3 h and from 0.231+ 0.006 to 0.277 +0.003
h, respectively. These values were in agreement with those stated for zolmitriptan in the
Electronic Medicines Compendium (EMC, Datapharm Ltd.) [78]. Regarding the MRT values,
it was found that both Treatments A and B (4.08 and 4.80 h, respectively) possessed signifi-
cantly larger values (p <0.05) compared to Treatment C (3.33 h). Additionally, no significant
difference in MRT values was detected between both Treatments A and B (p > 0.05). This
could be due to the enhanced ability of the lipid nanovesicles like bilosomes to enhance nasal
permeation of zolmitriptan through disrupting the mucosal membrane of the nose. Hence,
due to the absorption process, the MRT of both Treatments A and B was found to be longer
than that obtained after IV administration of the drug solution [11,79].

Table 6. Pharmacokinetic parameters of zolmitriptan in plasma and brain after administration of
intranasal optimal bilosomes (Treatment A), intranasal mucoadhesive in situ gelling system
(Treatment B) and intravenous solution (Treatment C).

In Plasma
Parameter Treatment A Treatment B Treatment C
Cumax (ng/mL) 2 108.58 + 1.94 86.66+4.13 535.59+9.04
tmax (h) P 0.5 0.5 0.25
AUCo-12 1 (ng.h/mL) ¢ 361.86 + 6.89 340.64+ 36.48 1579.32+ 33.48
AUCo~ (ng.h/mL) d 388.62+4.77 370.43+ 31.26 1643.89+ 35.43
K (h) 0.251 +0.010 0.231 + 0.006 0.277 £ 0.003
t12 (h) 2.76 +0.15 3.00+0.24 25+0.38
MRT e 4.08 4.80 3.33
Absolute bioavailability (%) * 23.65 22.78 ---
In Brain
Parameter Treatment A Treatment B Treatment C
Cumax (ng/mL) f 260.43 + 6.90 360.30+ 7.78 21.13+2.09
tmax () & 0.5 1 0.5
AUCo-12 1 (ng.h/mL) h 768.24 + 43.69 1081.88+43.37 91.92+12.20
AUCo- (ng.h/mL) i 801.15 +46.94 1147.08+51.79 97.73+13.86
K (h?) 0.275+0.011 0.25 +0.003 0.256 + 0.003
ti2 (h) 252 +0.18 2.77 +0.16 2.70 +0.31
MRT (h) i 3.36 3.87 3.31
Brain bioavailability (%) ** 819.75 1173.64 ----

Results are mean values + SD, in plasma data and compared to Treatment C; 2 p < 0.05 (0.0015 and
0.0012 for Treatments A and B, respectively), ® p <0.05 (0.0072 for both Treatments A and B), <p
<0.05 (0.0014 and 0.0011 for Treatments A and B, respectively). No significant difference was de-
tected between Treatments A and B, ¢ p <0.05 (0.00138 and 0.00114 for Treatments A and B, respec-
tively). No significant difference was detected between Treatments A and B, ¢ p <0.05 (0.0017 and
0.00109 for Treatments A and B, respectively). No significant difference was detected between
Treatments A and B. * p <0. 05 (0.278 between Treatments A and B), In brain data and compared to
Treatment C; fp <0.05 (0.0021 and 0.0017 for Treatments A and B, respectively), 8 p <0.05 (0.0074 for
Treatment B), M p <0.05 (0.0023 and 0.0013 for Treatments A and B, respectively). No significant
difference was detected between Treatments A and B, ! p< 0.05 (0.0022 and 0.0014 for Treatments A
and B, respectively). No significant difference was detected between Treatments A and B, i p < 0.05
(0.0023 and 0.0014 for Treatments A and B, respectively). No significant difference was detected
between Treatments A and B. ** p <0.05 (0.004 between Treatments A and B).
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As revealed by the above plasma data, the values of absolute bioavailability of
zolmitriptan in plasma from the optimal bilosomes (Treatment A) and from the muco-
adhesive in situ gelling system (Treatment B) were 23.65 and 22.78%, respectively, with a
statistically non-significant difference between them (p > 0.05). The small values of ab-
solute bioavailability of the drug in plasma after administration of nasal bilosome treat-
ments might be due to brain targeting of the drug. To confirm the brain targeting poten-
tial of the prepared bilosomes when applied IN, and to exclude any other factor that may
result in poor plasma bioavailability of the drug, zolmitriptan concentration in homoge-
nized brain tissues was estimated.

Zolmitriptan concentration in the homogenized brain samples was calculated and
plotted versus time for the three treatments, as shown in Figure 6b. The curves of the
three treatments are obviously different in shape. It is evident that Treatment B (IN mu-
coadhesive in situ gelling system containing the bilosomal formulation) showed the
highest Ciax, followed by Treatment A (IN free bilosomal formulation), while Treatment
C possessed the lowest Cumax. It is also obvious that the tm from Treatment B is the longest
among the applied treatments. Table 6 shows the brain kinetic parameters of the applied
treatments; the values of Cuax were 260.43 + 6.90, 360.30 + 7.78 and 21.13 + 2.09 ng/mL for
Treatments A, B and C, respectively, with significant differences between all of them (p <
0.05). Treatment B showed the longest tmx (1 h) (p <0.05) when compared to Treatments A
and C (tmar = 0.5 h). Table 6 also shows that the largest value of AUCo-12 » in brain was
obtained by Treatment B (1081.88 + 43.37 ng.h/mL), followed by Treatment A (768.24 +
43.69 ng.h/mL), then Treatment C (91.92 + 12.20 ng.h/mL), with significant differences (p <
0.05). The same effect between the three investigated treatments was obtained when
comparing AUCo-c values. The ti2 and k values of zolmitriptan from the three treatments
showed non-significant differences (p-values < 0.05). By comparing the MRT values, it
was found that the three treatments differed significantly from each other (p < 0.05), with
Treatment B showing the highest MRT value (3.87 h) and Treatment C giving the least
value (3.31 h). This extended MRT obtained with Treatment B compared to Treatment A
might be attributed to the extended mucociliary transit time of the gelling system, which
led to less clearance and hence better drug delivery to the brain through the olfactory
duct [21].

As revealed from the brain data in Table 6, the brain bioavailability of the drug from
IN optimal bilosomes (Treatment A) relative to IV solution (Treatment C) is 819.75% and
that from IN mucoadhesive in situ gelling system (Treatment B) is 1173.64%. These re-
sults indicated that nasal application of the prepared bilosomes (either as dispersion or
contained in mucoadhesive in situ gel) resulted in brain targeting of the incorporated
zolmitriptan. The relative brain bioavailability of the drug from Treatment B was calcu-
lated to be 1.4-fold more than from Treatment A which might be accredited to the rela-
tively long nasal mucociliary transit time of the mucoadhesive in situ gelling system
(22.36 + 0.41 min) as mentioned before. This long transit time enhanced the residence of
the gelling system onto the nasal mucosa offering the time required for the drug to dif-
fuse through the in situ formed viscous gel, hence better drug absorption [22,80]. This
finding can explain the delayed tma of the drug in brain on administration of Treatment B.

In addition, the obtained values of AUCo-12 1 (total drug amount) in both plasma and
brain were compared using two parameters, drug targeting efficiency (DTE %) and direct
transport percentage (DTP %), which were calculated. DTE expresses the result of di-
viding the ratio of total drug amount in brain to that in plasma for the IN treatment by
the same ratio for the IV one. Thus, a 100% value of DTE represents an equal proportion
of drug concentration in the brain for both the IN and IV routes of administration. If the
value of the calculated DTE exceeds 100%, this represents preferential brain targeting of
the drug from the IN route; if this value is less than 100%, it indicates preferential brain
targeting from the IV route [30]. The DTE values for the applied IN Treatments (A and B)
were calculated to be 3652.2 % and 5451.8% for Treatments A and B, respectively. Need-
less to say, the higher value of DTE calculated for Treatment B is due to the nature of its
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dosage form, as the prepared mucoadhesive in situ gelling system stayed at the site of
application for longer time than bilosomal dispersion, leading to a higher AUCo-12 » and,
consequently, a higher value of DTE. The calculated values of DTE (in addition to the
obtained pharmacokinetic parameters) confirmed that the administered Treatments A
and B resulted in favored zolmitriptan delivery to the brain compared to Treatment C. In
other words, IN administration of the prepared zolmitriptan-loaded bilosomes resulted
in boosted brain targeting with higher drug availability in the brain obtained by the
prepared bilosome-containing mucoadhesive in situ gel.

To understand the possible pathways that the drug molecules go through to reach
the brain, a brief overview of the anatomy of the nose should first be highlighted. The
nasal cavity is divided into two main areas, respiratory and olfactory. The former is
highly vascularized, while the latter is stimulated by the olfactory nerve [81].

Previous researchers have explained that there are two pathways for a drug to reach
the brain when applied IN. The drug may be absorbed from the respiratory area of the
nasal cavity into the general circulation through the nasal mucosa; it then permeates
through the BBB to reach the brain. In the other pathway, the drug may be transported
from the olfactory area of the nasal cavity to the olfactory bulb and then directly to the
brain [82]. Although the olfactory epithelium constitutes only about 5% of the total area
of the nasal cavity in humans [83], it is of significant interest when delivering drugs di-
rectly to the brain (bypassing the BBB) is required [84]. This unique feature of the olfac-
tory epithelium is due to the existence of the olfactory neurons which are the receptors of
the olfactory nerve. The olfactory nerve originates from the olfactory bulb, then reaches
the olfactory area where olfactory neurons are embedded within its mucosa [85]. Addi-
tionally, there are two different mechanisms by which drug molecules can be transported
from the olfactory area to olfactory bulb and then finally to different parts of the brain.
These mechanisms are the intracellular and extracellular routes. Regarding the intracel-
lular mechanism, the olfactory neurons internalize the drug molecule to be released later
by exocytosis from neuron’s projection area. In the extracellular pathway, the drug ini-
tially crosses the epithelial membrane of the nose to the lamina propria area containing
the neurons, located in the olfactory area of the nasal cavity [82].

To assess the relative contribution of the direct nose to brain pathway (i.e., olfactory
pathway) in the overall brain delivery of zolmitriptan from the applied IN Treatments,
the values of DTP % of the drug from Treatments A and B were calculated. A negative
DTP value designates efficient drug delivery to the brain through the BBB, while a posi-
tive one designates a major contribution of the direct nose to brain pathway [30]. The
calculated values of DTP were found to be 97.2 and 98.1% for Treatments A and B, re-
spectively. The positive values of the calculated DTP indicated predominance of direct
olfactory delivery of zolmitriptan to the brain for both bilosome treatments when applied
in the nasal cavity. Enhanced DTE values as well as positive DTP values indicated the
successful delivery of the drug to the brain tissues. These findings can be credited to the
small particle size of the formed bilosomes, along with their elasticity. These properties
promote both intracellular and extracellular drug transport to the brain, as previously
mentioned. Their small size enabled the zolmitriptan-loaded bilosomes to be engulfed by
the neurons of the olfactory nerve (i.e., intracellular drug transport), and the elasticity of
the prepared bilosomes enabled them to squeeze and pass through the narrow extracel-
lular route directly to the brain [86]. Enhancement of brain targeting of drugs when in-
corporated in nanocarriers for IN application has been reported by many researchers
[11,87-89]. Moreover, it has been reported elsewhere that the presence of poloxamer 407
in the used in situ gel might lead to entanglement with the glycoprotein chains of the
nasal mucosa, hence permitting better residence, absorption and penetration [90,91].
Additionally, the literature includes several examples showing the safety of the used
components for intranasal applications, namely, cholesterol, Span® 40 [92], sodium de-
oxycholate, and poloxamer 407 [93], and HPMC [94].
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4. Conclusions

In the present study, zolmitriptan-loaded bilosomes were constructed using the thin
film hydration technique, applying a Box-Behnken design after preliminary selection of
the best non-ionic surfactant (Span®40). Sodium deoxycholate amount (5, 10 and 15 mg),
cholesterol/Span®40 mixture amount (100, 200 and 300 mg) and the molar ratio between
the mixture components (1:1, 1:5 and 1:9 w/w) were selected as independent factors. The
optimum bilosomal formulation was suggested, after statistical analysis, to be made up
of sodium deoxycholate (5 mg) and a cholesterol/Span®40 mixture of 255 mg at a molar
ratio of 1:7.7 w/w. The selection was based on entrapment efficiency percentage, particle
size, zeta potential and in vitro drug release. The optimum bilosomal formulation was
loaded into a mucoadhesive in situ gel formed from a mixture of poloxamer 407 and
HPMC. The mucoadhesive gel containing the bilosomal formulation possessed a sol-gel
temperature of 34.03 °C and prolonged nasal mucociliary transit time of 22.36 min.
Higher Cuw and AUCo—~ coupled with longer tmax values in homogenized brain tissues
revealed the superiority of the gel compared to free bilosomal dispersion (both adminis-
tered intranasally), as well as the IV solution, in rats. Furthermore, the fabricated gelling
system revealed successful brain targeting, which was confirmed by higher DTE and
positive DTP values.

In conclusion, the developed formulation offered a promising intranasal substitute
with boosted therapeutic effect for treating migraine suffering patients.

Supplementary Materials: The following are available online at
www.mdpi.com/1999-4923/13/11/1828/s1, Table S1: Composition and characterization of the mu-
coadhesive in situ gelling formulations prepared according to 33 general factorial design using De-
sign-Expert® software. Table S2: Main output data of the Box-Behnken (3°%) design for the analysis
of zolmitriptan-loaded bilosomes F1-F152. Figure S1: Transmission electron micrographs of the
optimal zolmitriptan-loaded bilosomes (a) and the mucoadhesive in situ gelling system containing
them (b). Figure S2: Differential scanning calorimetry thermograms of zolmitriptan (a), physical
mixture of components of optimal zolmitriptan-loaded bilosomes (b), lyophilized powder of the
optimal bilosomes (c), physical mixture of components of the prepared mucoadhesive in situ gel-
ling system loaded with optimal bilosomes (d) and lyophilized mucoadhesive in situ gelling sys-
tem loaded with optimal bilosomes (e). Supplementary Material S1: Effect of storage.

Author Contributions: Conceptualization, M.M.E.T.,, M.H.A.-E., M.A K. and N.A.E.; methodology,
M.T, M.H.A.-E. and M.AK,; software, M.M.E.T.; investigation, M.M.E.T.,, M.H.A-E., M. A K. and
N.A.E.; resources, M\MMLE.T.; statistical analysis, M.M.E.T.; writing—original draft preparation,
MM.E.T., M.H.A-E. and N.A.E.; writing—review and editing, M.M.E.T.,, M.H.A.-E. and N.A.E,;
supervision, M.H.A-E.,, M.A K. and N.A.E. All authors have read and agreed to the published
version of the manuscript.

Funding: This research has not received any sort of funding from any organization, in the public or
private sectors.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article and Sup-
plementary Material.

Conflicts of Interest: The authors report no conflicts of interest in this work.

1. Jensen, R, Stovner, L.J. Epidemiology and Comorbidity of Headache. Lancet Neurol. 2008, 7, 354-361.
2. Peterlin, B.L.; Rapoport, A.M. Clinical pharmacology of the serotonin receptor agonist, zolmitriptan. Expert Opin. Drug Metab.

Toxicol. 2007, 3, 899-911.

3.  Feigin, V.L.; Abajobir, A.A.; Abate, K.H.; Abd-Allah, F.; Abdulle, AM.; Abera, S.F.; ;Abyu, G.Y.; Ahmed, M.B.; Aichour, A.N;
Aichour, I; et al. Global, regional, and national burden of neurological disorders during 1990-2015: A systematic analysis for
the Global Burden of Disease Study 2015. Lancet Neurol. 2017, 16, 877-897.

4. Weatherall, M.W. The diagnosis and treatment of chronic migraine. Ther. Adv. Chronic Dis. 2015, 6, 115-123.



Pharmaceutics 2021, 13, 1828 27 of 30

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

Russell, M.; Rasmussen, B.K.; Fenger, K.; Olesen, J. Migraine without aura and migraine with aura are distinct clinical entities:
A study of four hundred and eighty-four male and female migraineurs from the general population. Cephalalgia 1996, 16, 239—
245.

Kurth, T.; Slomke, M. A ; Kase, C.S.; Cook, N.R.; Lee, LM.; Gaziano, ].M.; Diener, H.C.; Buring, ].E. Migraine, headache, and the
risk of stroke in women: A prospective study. Neurology 2005, 64, 1020-1026,.

Prajapati, S.T.; Patel, M.V.; Patel, C.N. Preparation and evaluation of sublingual tablets of zolmitriptan. Int. ]. Pharm. Investig.
2014, 4, 27 -31.

Mahmoud, A.A; Salah, S. Fast relief from migraine attacks using fast-disintegrating sublingual zolmitriptan tablets. Drug Dev.
Ind. Pharm. 2012, 38, 762-769.

Spencer, C.M.; Gunasekara, N.S.; Hills, C. Zolmitriptan. Drugs 1999, 58, 347-374.

Gizurarson, S. Anatomical and histological factors affecting intranasal drug and vaccine delivery. Curr. Drug Deliv. 2012, 9,
566-582.

Abd-Elal, R.M.; Shamma, R.N.; Rashed, H.M.; Bendas, E.R. Trans-nasal zolmitriptan novasomes: In-vitro preparation, opti-
mization and in-vivo evaluation of brain targeting efficiency. Drug Deliv. 2016, 23, 3374-3386,.

Mann, J.F.; Scales, H.E.; Shakir, E.; Alexander, J.; Carter, K.C.; Mullen, A.B.; Ferro, V.A.. Oral delivery of tetanus toxoid using
vesicles containing bile salts (bilosomes) induces significant systemic and mucosal immunity. Methods 2006, 38, 90-95.
Aburahma, M.H. Bile salts-containing vesicles: Promising pharmaceutical carriers for oral delivery of poorly water-soluble
drugs and peptide/protein-based therapeutics or vaccines. Drug Deliv. 2016, 23, 1847-1867,.

Shukla, A.; Singh, B.; Katare, O. Significant systemic and mucosal immune response induced on oral delivery of diphtheria
toxoid using nano-bilosomes. Br. ]. Pharmacol. 2011, 164, 820-827.

Shukla, A.; Khatri, K.; Gupta, P.N.; Goyal, A.K.; Mehta, A.; Vyas, S.P. Oral immunization against hepatitis B using bile salt
stabilized vesicles (bilosomes). ]. Pharm. Pharm. Sci. 2008, 11, 59-66.

Duangjit, S.; Opanasopit, P.; Rojanarata, T.; Ngawhirunpat, T. Evaluation of meloxicam-loaded cationic transfersomes as
transdermal drug delivery carriers. Aaps Pharmscitech 2013, 14, 133-140.

Saifi, Z.; Rizwanullah, M.; Mir, S.R.; Amin, S. Bilosomes nanocarriers for improved oral bioavailability of acyclovir: A complete
characterization through in vitro, ex-vivo and in vivo assessment. . Drug Deliv. Sci. Technol. 2020, 57, 101634.

Pavlovié, N.; Golocorbin-Kon, S.; Danié, M.; Stanimirov, B.; Al-Salami, H.; Stankov, K.; Mikov, M. Bile acids and their deriva-
tives as potential modifiers of drug release and pharmacokinetic profiles. Front. Pharmacol. 2018, 9, 1283.

Abdelalim, L.R.; Abdallah, O.Y; Elnaggar, Y.S. High efficacy, rapid onset nanobiolosomes of sildenafil as a topical therapy for
erectile dysfunction in aged rats. Int. . Pharm. 2020, 591, 119978.

Janga, K.Y.; Tatke, A.; Balguri, S.P.; Lamichanne, S.P.; Ibrahim, M.M.; Maria, D.N.; Jablonski, M.M.; Majumdar, S. Ion-sensitive
in situ hydrogels of natamycin bilosomes for enhanced and prolonged ocular pharmacotherapy: In vitro permeability, cyto-
toxicity and in vivo evaluation. Artif. Cells Nanomed. Biotechnol. Int. . 2018, 46, 1039-1050.

Shang, Y.; Inthavong, K.; Qiu, D.; Singh, N.; He, F.; Tu, ]J. Prediction of nasal spray drug absorption influenced by mucociliary
clearance. PLoS ONE 2021, 16, e0246007.

Aderibigbe, B.A. In situ-based gels for nose to brain delivery for the treatment of neurological diseases. Pharmaceutics 2018, 10,
40.

Yaghoobian, M.; Haeri, A.; Bolourchian, N.; Shahhosseni, S.; Dadashzadeh, S. The impact of surfactant composition and sur-
face charge of niosomes on the oral absorption of repaglinide as a BCS Il model drug. Int. ]. Nanomed. 2020, 15, 8767- 8781.
Tawfik, M.A.; Tadros, M.I; Mohamed, M.L; El-Helaly, S.N. Low-frequency versus high-frequency ultrasound-mediated
transdermal delivery of agomelatine-loaded invasomes: Development, optimization and in-vivo pharmacokinetic assessment.
Int. J. Nanomed. 2020, 15, 8893- 8910.

Mahmoud, A.A.; Elkasabgy, N.A.; Abdelkhalek, A.A. Design and characterization of emulsified spray dried alginate micro-
particles as a carrier for the dually acting drug roflumilast. Eur. J. Pharm. Sci. 2018, 122, 64-76.

Khan, K.; Ka, K.; CT, R. Effect of compaction pressure on the dissolution efficiency of some direct compression systems. Phar-
maceutica. Acta Helv. 1972, 47, 594-607.

Peppas, N. Analysis of Fickian and non-Fickian drug release from polymers. Pharm. Acta Helv. 1985, 60, 110-111.

Korsmeyer, R.; Gurny, R.; Doelker, E.; Buri, P.; Peppas, N.A.. Mechanisms of potassium chloride release from compressed,
hydrophilic, polymeric matrices: Effect of entrapped air. J. Pharm. Sci. 1983, 72, 1189-1191,.

Zaki, N.M.; Awad, G.A.; Mortada, N.D.; Abd ElHady, S.S. Enhanced bioavailability of metoclopramide HCI by intranasal
administration of a mucoadhesive in situ gel with modulated rheological and mucociliary transport properties. Eur. J. Pharm.
Sci. 2007, 32, 296-307.

Fatouh, A.M.; Elshafeey, A.H.; Abdelbary, A. Agomelatine-based in situ gels for brain targeting via the nasal route: Statistical
optimization, in vitro, and in vivo evaluation. Drug Deliv. 2017, 24, 1077-1085,.

Liu, L.; Tang, X.; Wang, Y.; Guo, S. Smart gelation of chitosan solution in the presence of NaHCO3 for injectable drug delivery
system. Int. J. Pharm. 2011, 414, 6-15.

Simdes, A.; Miranda, M.; Cardoso, C.; Veiga, F.; Vitorino, C. Rheology by design: A regulatory tutorial for analytical method
validation. Pharmaceutics 2020, 12, 820.

Tung, I.-C. Rheological behavior of poloxamer 407 aqueous solutions during sol-gel and dehydration processes. Int. ]. Pharm.
1994, 107, 85-90.



Pharmaceutics 2021, 13, 1828 28 of 30

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Ohshima, H.; Miyagishima, A.; Kurita, T.; Makino, Y.; Iwao, Y.; Sonobe, T ; Itai, S. Freeze-dried nifedipine-lipid nanoparticles
with long-term nano-dispersion stability after reconstitution. Int. J. Pharm. 2009, 377, 180-184.

Lale, A.; Mason, J.; Jones, N. Mucociliary transport and its assessment: A review. Clin. Otolaryngol. Allied Sci. 1998, 23, 388-396.
El-Nabarawy, N.A.; Teaima, M.H.; Helal, D.A. Assessment of spanlastic vesicles of zolmitriptan for treating migraine in rats.
Drug Des. Dev. Ther. 2019, 13, 3929- 3937.

Dalpiaz, A.; Marchetti, N.; Cavazzini, A.; Pasti, L.; Velaga, S.; Gavini, E.; Beggiato,S.; Ferraro, L. Quantitative determination of
zolmitriptan in rat blood and cerebrospinal fluid by reversed phase HPLC-ESI-MS/MS analysis: Application to in vivo pre-
clinical pharmacokinetic study. ]. Chromatogr. B 2012, 901, 72-78.

Chen, X.; Liu, D.; Luan, Y,; Jin, F.; Zhong, D. Determination of zolmitriptan in human plasma by liquid chromatography-
tandem mass spectrometry method: Application to a pharmacokinetic study. . Chromatogr. B 2006, 832, 30-35.

Vyas, T.K,; Babbar, A.K.; Sharma, RK.; Misra, A. Intranasal mucoadhesive microemulsions of zolmitriptan: Preliminary stud-
ies on brain-targeting. |. Drug Target. 2005, 13, 317-324.

Mohamed, D.F.; Abdel-Mageed, A.; Abdel-Hamid, F.; Ahmed, M. In-vitro and in-vivo evaluation of niosomal gel containing
aceclofenac for sustained drug delivery. Int. |. Pharm. Sci. Res. 2014, 1, 1.

Dinarvand, R.; Moghadam, S.H.; Sheikhi, A.; Atyabi, F. Effect of surfactant HLB and different formulation variables on the
properties of poly-D, L-lactide microspheres of naltrexone prepared by double emulsion technique. J. Microencapsul. 2005, 22,
139-151.

Kazi, KM.; Mandal, A.S.; Biswas, N.; Guha, A.; Chatterjee, S.; Behera, M.; Kuotsu, K. Niosome: A future of targeted drug de-
livery systems. J. Adv. Pharm. Technol. Res. 2010, 1, 374- 380.

Fouda, N.H.; Abdelrehim, R.T.; Hegazy, D.A.; Habib, B.A. Sustained ocular delivery of Dorzolamide-HCl via proniosomal gel
formulation: In-vitro characterization, statistical optimization, and in-vivo pharmacodynamic evaluation in rabbits. Drug Deliv.
2018, 25, 1340-1349,.

Yoshioka, T.; Sternberg, B.; Florence, A.T. Preparation and properties of vesicles (niosomes) of sorbitan monoesters (Span 20,
40, 60 and 80) and a sorbitan triester (Span 85). Int. |. Pharm. 1994, 105, 1-6.

ElShagea, H.N.; ElKasabgy, N.A.; Fahmy, R.H.; Basalious, E.B. Freeze-dried self-nanoemulsifying self-nanosuspension
(snesns): A new approach for the preparation of a highly drug-loaded dosage form. AAPS PharmSciTech 2019, 20, 258.

Mason, R.L.; Gunst, R.F.; Hess, J.L. Statistical Design and Analysis of Experiments: With Applications to Engineering and Science; John
Wiley & Sons: Hoboken, NJ, USA, 2003; Volume 474, pp. 24- 28.

Annadurai, G.; Ling, L.Y.; Lee, ].F. Statistical optimization of medium components and growth conditions by response surface
methodology to enhance phenol degradation by Pseudomonas putida. J. Hazard. Mater. 2008, 151, 171-178.

Chauhan, B.; Gupta .R. Application of statistical experimental design for optimization of alkaline protease production from
Bacillus sp. RGR-14. Process. Biochem. 2004, 39, 2115-2122.

Thomas, L.; Viswanad, V. Formulation and optimization of clotrimazole-loaded proniosomal gel using 32 factorial design. Sci.
Pharm. 2012, 80, 731-748.

Mokhtar, M.; Sammour, O.A.; Hammad, M.A.; Megrab, N.A. Effect of some formulation parameters on flurbiprofen encapsu-
lation and release rates of niosomes prepared from proniosomes. Int. J. Pharm. 2008, 361, 104-111.

Moribe, K.; Maruyama, K.; Iwatsuru, M. Encapsulation characteristics of nystatin in liposomes: Effects of cholesterol and pol-
yethylene glycol derivatives. Int. |. Pharm. 1999, 188, 193-202.

Khalil, R.M.; Abdelbary, G.A.; Basha, M.; Awad, G.E.; El-Hashemy, H.A. Enhancement of lomefloxacin Hcl ocular efficacy via
niosomal encapsulation: In vitro characterization and in vivo evaluation. J. Liposome Res. 2017, 27, 312-323.

Adel, LM.; EIMeligy, M.E.; Abdelrahim, M.E.; Maged, A.; Abdelkhalek, A.A.; Abdelmoteleb, A.M.; Elkasabgy, N.A. Design and
Characterization of Spray-Dried Proliposomes for the Pulmonary Delivery of Curcumin. Int. ]. Nanomed. 2021, 16, 2667-2687.
Uchegbu, LF.; Florence, A.-T. Non-ionic surfactant vesicles (niosomes): Physical and pharmaceutical chemistry. Adv. Colloid
Interface Sci. 1995, 58, 1-55.

Abdelkader, H.; Ismail, S.; Kamal, A.; Alany, R.G. Preparation of niosomes as an ocular delivery system for naltrexone hy-
drochloride: Physicochemical characterization. Die Pharm. -Int. |. Pharm. Sci. 2010, 65, 811-817.

Salama, A.H.; Abdelkhalek, A.A.; Elkasabgy, N.A. Etoricoxib-loaded bio-adhesive hybridized polylactic acid-based nanopar-
ticles as an intra-articular injection for the treatment of osteoarthritis. Int. . Pharm. 2020, 578, 119081.

Abd-Elsalam, W.H.; ElKasabgy, N.A. Mucoadhesive olaminosomes: A novel prolonged release nanocarrier of agomelatine for
the treatment of ocular hypertension. Int. |. Pharm. 2019, 560, 235-245.

Kamel, R.; EI-Wakil, N.A.; Abdelkhalek, A.A.; Elkasabgy, N.A. Topical cellulose nanocrystals-stabilized nanoemulgel loaded
with ciprofloxacin HCI with enhanced antibacterial activity and tissue regenerative properties. ]. Drug Deliv. Sci. Technol. 2021,
64, 102553.

Gagliardi, A.; Paolino, D.; Ilannone, M.; Palma, E.; Fresta, M.,; Cosco, D. Sodium deoxycholate-decorated zein nanoparticles for
a stable colloidal drug delivery system. Int. ]. Nanomed. 2018, 13, 601- 614.

Lupo, N.; Steinbring, C.; Friedl, ].D.; Le-Vinh, B.; Bernkop-Schniirch, A. Impact of bile salts and a medium chain fatty acid on
the physical properties of self-emulsifying drug delivery systems. Drug Dev. Ind. Pharm. 2021, 47, 22-35.

Huang, Y.-B.; Tsai, M.].; Wu, P.C; Tsai, Y.H.; Wu, Y.H.; Fang, ].Y. Elastic liposomes as carriers for oral delivery and the brain
distribution of (+)-catechin. J. Drug Target. 2011, 19, 709-718.



Pharmaceutics 2021, 13, 1828 29 of 30

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

Govender, T.; Stolnik, S.; Garnett, M.C.; [llum, L.; Davis, 5.S. PLGA nanoparticles prepared by nanoprecipitation: Drug loading
and release studies of a water soluble drug. ]. Control. Release 1999, 57, 171-185.

Pardakhty, A.; Varshosaz, J.; Rouholamini, A. In vitro study of polyoxyethylene alkyl ether niosomes for delivery of insulin.
Int. J. Pharm. 2007, 328, 130-141.

Williams, M. The Mathematics of Diffusion: By ]. Crank; Clarendon Pres: Oxford, UK, 1975; p. 414.

Serra, CH.d.R.; Chang, K.H.; Dezani, T.M.; Porta, V.; Storpirtis, S. Dissolution efficiency and bioequivalence study using urine
data from healthy volunteers: A comparison between two tablet formulations of cephalexin. Braz. J. Pharm. Sci. 2015, 51, 383
392.

Malakar, J.; Nayak, A.K.; Goswami, S. Use of response surface methodology in the formulation and optimization of bisoprolol
fumarate matrix tablets for sustained drug release. ISRN Pharm. 2012, 2012, 35-38.

Kassem, M.A.; Aboul-Einien, M.H.; El Taweel, M.M. Dry gel containing optimized felodipine-loaded transferosomes: A
promising transdermal delivery system to enhance drug bioavailability. AAPS PharmSciTech 2018, 19, 2155-2173.

Elela, M.M.A.; ElKasabgy, N.A.; Basalious, E.B. Bio-shielding in situ forming gels (BSIFG) loaded with lipospheres for depot
injection of quetiapine fumarate: In vitro and in vivo evaluation. AAPS PharmSciTech 2017, 18, 2999-3010.

Adel, S.; ElKasabgy, N.A. Design of innovated lipid-based floating beads loaded with an antispasmodic drug: In-vitro and
in-vivo evaluation. ]. Liposome Res. 2014, 24, 136-149.

Copetti, G.; Grassi, M.; Lapasin, R.; Pricl, S. Synergistic gelation of xanthan gum with locust bean gum: A rheological investi-
gation. Glycoconj. J. 1997, 14, 951-961.

Owen, D.H,; Peters, ].].; Katz, D.F. Rheological properties of contraceptive gels. Contraception 2000, 62, 321-326.

Chang, ].Y.; Oh, Y.K,; Choi, H.G.; Kim, Y.B.; Kim, C.K. Rheological evaluation of thermosensitive and mucoadhesive vaginal
gels in physiological conditions. Int. J. Pharm. 2002, 241, 155-163.

Abdel-Salam, F.S.; Elkheshen, S.A.; Mahmoud, A.A.; Basalious, E.B.; Amer, M.S.; Mostafa, A.A.; Elkasabgy, N.A. In-situ
forming chitosan implant-loaded with raloxifene hydrochloride and bioactive glass nanoparticles for treatment of bone inju-
ries: Formulation and biological evaluation in animal model. Int. ]. Pharm. 2020, 580, 119213.

Gizurarson, S. The effect of cilia and the mucociliary clearance on successful drug delivery. Biol. Pharm. Bull. 2015, 38, 497-506.
El-Mahrouk, G.; Aboul-Einien, M.H.; Elkasabgy, N.A. Formulation and evaluation of meloxicam orally dispersible capsules.
Asian | Pharm Sci. 2009, 4, 8-22.

Adel, LM.; EIMeligy, M.F.; Abdelkhalek, A.A ; Elkasabgy, N.A. Design and characterization of highly porous curcumin loaded
freeze-dried wafers for wound healing. Eur. J. Pharm. Sci. 2021, 164, 105888.

Schipper, N.G.; Verhoef, ].C.; Mercus, F.W. The nasal mucocilliary clearance relevance to nasal drug delivery. Pharm Res. 1991,
8, 807-814.

EMC, Zomig Tablets 2.5mg. Available from: https://www.medicines.org.uk/emc/product/1372/smpc#gref (accessed on 26 Oc-
tober 2021).

Salama, H.A.; Mahmoud, A.A.; Kamel, A.O.; Abdel Hady, M.; Awad, G.A. Brain delivery of olanzapine by intranasal admin-
istration of transfersomal vesicles. J. Liposome Res. 2012, 22, 336-345.

Fahmy, U.A,; Badr-Eldin, S.M.; Ahmed, O.A.; Aldawsari, HM.; Tima, S.; Asfour, H.Z.; Al-Rabia, M.W.; Negm, A.A_; Sultan.
M.H.; Madkhali, O.A.; et al. Intranasal niosomal in situ gel as a promising approach for enhancing flibanserin bioavailability
and brain delivery: In vitro optimization and ex vivo/in vivo evaluation. Pharmaceutics 2020, 12, 485.

Kapoor, M.; Cloyd, J.C.; Siegel, R.A. A review of intranasal formulations for the treatment of seizure emergencies. |. Control.
Release 2016, 237, 147-159.

Crowe, T.P.; Greenlee, M.H.; Kanthasamy, A.G.; Hsu, W.H. Mechanism of intranasal drug delivery directly to the brain. Life
Sci. 2018, 195, 44-52.

Soane, R.; Hinchcliffe, M.; Davis, S.S.; Illum, L. Clearance characteristics of chitosan based formulations in the sheep nasal
cavity. Int. J. Pharm. 2001, 217, 183-191.

Alsarra, L A.; Hamed, A.Y.; Alanazi, F.K,; El Maghraby, G.M. Vesicular Systems for Intranasal Drug Delivery, in Drug Delivery to the
Central Nervous System; Springer: Berlin/Heidelberg, Germany, 2010; pp. 175-203.

Shepherd, G. Responses of mitral cells to olfactory nerve volleys in the rabbit. ]. Physiol. 1963, 168, 89100.

Seju, U.; Kumar, A.; Sawant, K.K. Development and evaluation of olanzapine-loaded PLGA nanoparticles for nose-to-brain
delivery: In vitro and in vivo studies. Acta Biomater. 2011, 12, 4169-4176.

Yu, C; Gu, P; Zhang, W.; Cai, C.; He, H,; Tang, X. Evaluation of submicron emulsion as vehicles for rapid-onset intranasal
delivery and improvement in brain targeting of zolmitriptan. Drug Deliv. 2011, 18, 578-585.

Yu, C,; Gu, P.; Zhang, W.; Qi, N.; Cai, C.; He, H.; Tang, X. Preparation and evaluation of zolmitriptan submicron emulsion for
rapid and effective nasal absorption in beagle dogs. Drug Dev. Ind. Pharm. 2011, 37, 1509-1516.

Khezri, F.A.N.Z.; Lakshmi, C.S.R.; Bukka, R.; Nidhi, M.; Nargund, S.L. Pharmacokinetic study and brain tissue analysis of
Zolmitriptan loaded chitosan nanoparticles in rats by LC-MS method. Int. ]. Biol. Macromol. 2020, 142, 52-62.

Al Khateb, K.; Ozhmukhametova, E.K.; Mussin, M.N.; Seilkhanov, S.K.; Rakhypbekov, T.K.; Lau, W.M.; Khutoryanskiy, V.V.
In situ gelling systems based on Pluronic F127/Pluronic F68 formulations for ocular drug delivery. Int. ]. Pharm. 2016, 502, 70—
79.

Chatterjee, B.; Amalina, N.; Sengupta, P., Mandal, U.K. Mucoadhesive polymers and their mode of action: A recent update. J.
Appl. Pharm. Sci. 2017, 7, 195-203.



Pharmaceutics 2021, 13, 1828 30 of 30

92. Abou-Taleb, H.A; Khallaf, R.A.; Abdel-Aleem, ]J.A. Intranasal niosomes of nefopam with improved bioavailability: Prepara-
tion, optimization, and in-vivo evaluation. Drug Des. Dev. Ther. 2018, 12, 3501- 3516.

93. Salem, H.F.; Kharshoum, R.M.; Abou-Taleb, H.A.; Naguib, D.M. Nanosized transferosome-based intranasal in situ gel for brain
targeting of resveratrol: Formulation, optimization, in vitro evaluation, and in vivo pharmacokinetic study. AAPS
PharmSciTech 2019, 20, 1-14.

94. Sherje, A.P.; Londhe, V. Development and evaluation of pH-responsive cyclodextrin-based in situ gel of paliperidone for in-
tranasal delivery. AAPS PharmSciTech 2018, 19, 384-394.



