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Abstract

Verapamil hydrochloride (VRP), an antihypertensive calcium channel blocker drug has limited bioavailability and short
half-life when taken orally. The present study was aimed at developing cubosomes containing VRP for enhancing its bio-
availability and targeting to brain for cluster headache (CH) treatment as an off-label use. Factorial design was conducted
to analyze the impact of different components on entrapment efficiency (EE%), particle size (PS), zeta potential (ZP), and
percent drug release. Various in-vitro characterizations were performed followed by pharmacokinetic and brain target-
ing studies. The results revealed the significant impact of glyceryl monooleate (GMO) on increasing EE%, PS, and ZP of
cubosomes with a negative influence on VRP release. The remarkable effect of Poloxamer 407 (P407) on decreasing EE%,
PS, and ZP of cubosomes was observed besides its influence on accelerating VRP release%. The DSC thermograms indi-
cated the successful entrapment of the amorphous state of VRP inside the cubosomes. The design suggested an optimized
formulation containing GMO (50% w/w) and P407 (5.5% w/w). Such formulation showed a significant increase in drug
permeation through nasal mucosa with high E, value (2.26) when compared to VRP solution. Also, the histopathological
study revealed the safety of the utilized components used in the cubosomes preparation. There was a significant enhance-
ment in the VRP bioavailability when loaded in cubosomes owing to its sustained release favored by its direct transport to
brain. The I.N optimized formulation had greater BTE% and DTP% at 183.53% and 90.19%, respectively in comparison of
41.80% and 59% for the LN VRP solution.
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Introduction

Verapamil hydrochloride (VRP) is classified as calcium
channel blocker prescribed for hypertension, cardiac
arrhythmia, angina, etc. [1]. It is also reported as a con-
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comitant therapy for the management of cluster headache
(CH) as an off-label use [2, 3]. As reported, it significantly
reduced cluster attack frequency and decreased the require-
ment for ineffective treatments [4]. CH is an extremely
severe unilateral headache which strikes many times a day
and is associated with ipsilateral autonomic symptoms. Its
daily attacks may continue for hours and present as a series
(cluster cycle) that may remain for months. This cycle may
be followed by a remission period with no apparent symp-
toms for months or years [5]. Therefore, VRP is prescribed
as a first-line prophylactic treatment to decrease the CH
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severity and reduce the episodes’ frequency during the clus-
ter period [2, 6, 7].

VRP is reported to have poor oral bioavailability
(20-35%) related to its hepatic first pass metabolism [8].
Regarding the high solubility and short half-life of VRP, it
is a good opportunity to formulate VRP in sustained release
preparations for enhancing its bioavailability and extending
its pharmacological effect [9].

The intranasal (I.N) route has been elicited as a safe
pathway for the effective and rapid management of the CH
attacks which are frequently accompanied with severe nau-
sea or vomiting, since the oral administration of drugs may
be accompanied by poor gastrointestinal absorption [10].
Consequently, the I.N route, by transporting the drugs along
the olfactory sensory neurons, can offer an appealing alter-
native to oral route [11]. Being non-invasive and painless
with no requirements of sterility regulations and physician
interventions makes the I.N route promising for drug deliv-
ery, especially when targeting the central nervous system.
The limitations concerned with the rapid mucociliary clear-
ance can be solved by using mucoadhesive delivery systems
for prolonging the contact time with the nasal mucosa [12].
Several nano-colloidal systems proved their efficiency to
deliver drugs from the nose directly to the brain, for exam-
ples, liposomes [13], niosomes [14], polymeric micelles
[15], cubosomes [16], etc. They can physically shield drugs
from degradation resulting in boosting their penetration
through the nasal mucosa and prolonging their residence at
the absorption site [17].

Cubosomes are exceptional nano-colloidal delivery
systems whose attractive assembly with a considerable
size (10-500 nm) allows them to highly encapsulate many
hydrophilic, lipophilic, or amphiphilic drugs [18]. Moreo-
ver, biocompatibility, low toxicity, thermodynamic stability,
and bioadhesiveness of cubosomes with controlled release
properties promote the nasal drug delivery [16]. Glyceryl
monooleate (GMO) is an amphiphilic non-toxic and non-
irritant polar lipid which can be self-assembled as a honey-
comb-like network forming three-dimensional (3D) cubic
nano-structures capable for encapsulating the drug candi-
dates [19, 20]. In addition, the presence of non-ionic block
copolymers, such as Poloxamer 407 (P407) can enhance the
cubosomal stability by preserving the bi-continuous internal
structure of cubosomes [21]. Corresponding to the bioadhe-
sion features of cubosomes and their structure resembling
the human biomembranes [22], they were selected in our
study to examine their capability to encapsulate VRP and
the possibility of drug targeting to the brain via the I.N route.

The organized Design of experiments (DoE) system
is used to study the relation between various factors and
their influence on the experimental outputs [23]. One of its
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distinctive tools is the factorial design which is more pre-
ferred for prediction of responses owing to its flexibility
concerning the studied factors and the experimental runs
[24]. The optimization technique can be offered leading to
producing an innovative product having eligible character-
istics [25, 26]. Therefore, three-levels factorial design was
followed in this study to differentiate between the factors
that can influence the studied responses and the appropri-
ate level of each factor that can exhibit a better optimized
output.

Our study aimed at developing nano-structured
cubosomes containing VRP using factorial design to study
the impact of changing the components’ concentrations on
the properties of cubosomes. Various in-vitro characteriza-
tions of optimized formulation were conducted. In compari-
son to the pure VRP solution, the ex-vivo drug permeation
through nasal sheep mucosa was studied for the optimized
formulation to examine the VRP diffusion through the nasal
membrane. Additionally, the optimized formulation was
evaluated for its safety, efficacy, and suitability for the IL.N
administration with assessment of the VRP bioavailability
in the rat plasma and its biodistribution into brain.

Materials and Methods
Materials

VRP was kindly supplied by Arabian Drug Co., Cairo,
Egypt. GMO was gifted by Gattefossé, Saint-Priest, France.
P407 was purchased from Sigma Chemical Co., St. Louis,
MO, USA. Other solvents and chemicals were of high ana-
lytical grade.

Experimental Design

A factorial design of two-factors and three-levels (3%) was
set aiming to statistically analyze different factors for nine
cubosomal formulations (Design Expert®, Stat-Ease Inc,
Minneapolis, MN, USA). The levels were fitted as low,
medium, and high. The independent factors were GMO con-
centration (factor A; 25-50% w/w) and P407 concentration
(factor B; 2.5-10% w/w). The dependent responses were
entrapment efficiency (EE%) (Y,), particle size (PS) (Y5),
zeta potential (ZP) (Y3), and drug release percent after 5 h
(Y,). The analysis of variance (ANOVA) at a probability
level (p <0.05) was used to analyze the experimental results
and determine the significance of studied terms. The one
factor and interaction plots were studied to observe the rela-
tionship between the factors and responses.
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Preparation of VRP-loaded Cubosomes

Different VRP-loaded cubosomes were prepared by the melt
dispersion emulsification method [20]. The concentrations
of GMO and P407 given by the design software were fol-
lowed. In a glass vial, GMO as the lipid phase was melted
together with P407 as a surfactant in a hot water bath at
70°C. The melted preparations were injected dropwise into
an aqueous solution (4 g) containing 50 mg VRP at 70°C
with continuous vortexing at high speed (3,300 rpm) till
obtaining homogenous dispersions. After equilibration
for 48 h at ambient temperature, they were dispersed with
distilled water by vortexing to get a final weight of 10 g
containing 5 mg/g of VRP (0.5% w/w). Afterwards, some
formulations showed gel appearance and were termed as
cubosomal gels (cubo-gels), while others remained as cubo-
somal dispersions. The formulations were stored overnight
at the ambient temperature for further studies.

In-vitro Characterization and Optimization
of Cubosomes

EE% Measurement

The VRP amounts successfully entrapped in cubosomes
were indirectly measured. The non-entrapped VRP was
separated by diluting each cubosomal formulation (1 mL)
with 1 mL distilled water followed by centrifugation for 2 h
at4°C and 21,380 % g [27]. The free drug in the supernatant
was estimated spectrophotometrically at 275 nm. The EE%
was calculated by this equation:

Total drug content — Free drug content

EE% = x 100

Total drug content

PS, polydispersity Index (PDI), and ZP Measurement

The PS and PDI parameters were determined by a Zetasizer
instrument (Nano-ZS90, Malvern Instruments Ltd., Mal-
vern, UK) using dynamic light scattering (DLS) technique.
The formulations were diluted in a ratio of 1:10 in distilled
water (refractive index =1.33), carefully mixed to pre-
vent multi-scattering, and then placed in disposable sizing
cuvettes. To measure ZP, the diluted samples were placed in
a clear disposable zeta cuvettes and the measurements were
conducted at 25°C [28].

In-vitro VRP Release Study

The study was performed using dialysis membranes (cut-off
12,000-14,000 Da) loaded with cubosomes equivalent to 5

mg of VRP. The bags were immersed in 15 mL of phosphate
buffer saline (PBS) of pH 7.4 [29], as a receiver medium, in
a shaking water bath at 37°C and 50 rpm. At different time
intervals, aliquots were withdrawn and replaced with fresh
buffer solutions. The released VRP amounts were deter-
mined spectrophotometrically at 275 nm in comparison to
pure VRP solution in order to highlight the effect of using
cubosomes on the drug release [30].

Optimized Formulation Selection

The software optimized a suitable formulation according to
the required goal criteria (maximized Y, and Y3 and mini-
mized Y, and Y,). The relation between the experimental
Y,-Y, values of optimized formulation and those predicted
by the design was studied.

In-vitro Characterization of Optimized Cubo-Gel
Transmission Electron Microscopy (TEM)

The morphology of optimized formulation was performed
using a transmission electron microscope. The sample was
diluted and placed on a 200-mesh carbon-coated copper
grid and the excess fluid was removed using a filter paper. It
was stained with 1% sodium phosphotungstate solution and
examined under the microscope operating at 80 kV [31].

Drug Release Kinetics

The drug release data of the optimized formulation were ana-
lyzed according to zero order, first order, Higuchi, Hixson-
Crowell, and Korsmeyer-Peppas models to describe the pattern
of drug release based on the correlation coefficient (R?) values.

Stability Study

To monitor the optimized formulation during storage, it was
stored at 4°C and 25°C for 3 months. The four responses
were compared with those of fresh formulation by Student’s
t test using GraphPad Prism® software.

Differential Scanning Calorimetry (DSC)

To detect any changes in the VRP physical state when
entrapped within the optimized formulation, the DSC study
was performed on VRP powder, GMO, P407, plain formu-
lation (cubosome with no added drug), and VRP-loaded
optimized formulation. Samples were heated at 10°C/min
in an aluminum pan under a nitrogen atmosphere using a
DSC instrument.
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Physical Evaluation

The pH of optimized formulation was measured to ensure
its safety and absence of any possible irritation after I.N
application. The formulation (1 g) was diluted by 10 mL dis-
tilled water and the pH was measured using a pH meter. The
gel strength of optimized formulation was measured. The
time required for a specific weight (3.5 g) to penetrate the
gel sample (5 g) for 3 cm was recorded. The time would be
acceptable within 25-50 s [32]. The mucoadhesive strength
was also determined using a modified physical balance. The
force required to detach the formulation from a nasal mem-
brane was recorded. As described by Abdulla ef al. [11],
the left part of balance consisted of two vials attached from
their bases. Each base was attached with a nasal mucosa.
The optimized formulation was placed on the lower base
and then the glass vials were held together. The right part of
balance was replaced with an empty cup filled slowly with
water at a constant rate until the vials were detached. The
mucoadhesive strength (dyne/cm?) was calculated by this
equation:

mxg
A

Mucoadhesive strength =

where, m was the added water weight in grams, g was the
gravity acceleration (980 cm/s?), and A was the mucosa area
(cm?).

Ex-vivo Permeation Study

The permeation of VRP through nasal mucosa compared to
the VRP solution was conducted through separation of nasal
mucosa from its connective tissue and was immersed in PBS
(pH 7.4) containing 0.02% sodium azide as a preservative
overnight for equilibration [11]. Nasal membranes of suit-
able sizes were fixed to locally fabricated diffusion cells with
15 cm length and internal diameter of 2.9 cm and filled with
the optimized formulation or VRP solution, both equivalent
to 5 mg drug. The receptor compartment was 15 mL PBS
(pH 7.4) that was transferred to a shaking water bath stirred
at 50 rpm and 37°C +0.5°C. At various time intervals, 2
ml aliquots were removed for 24 h and the amounts of drug
permeated were determined spectrophotometrically at 275
nm. A plot was made from the average cumulative amount
of drug permeated per unit surface area of the nasal mucosa
versus time, then the steady state flux (J,) values were esti-
mated from slope of the linear portion of the plots. The J
values were divided by the total amount of drug to get the
permeability coefficient (K)). The enhancement ratio (E,)
was calculated by dividing the formulation K, by the control
K, [33]. The results were analyzed using Student’s t test by
GraphPad Prism® software.
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Histopathological Evaluation

The mucosal sample was taken after completion of the ex-
vivo study after 24 h to examine the biocompatibility of
the optimized formulation with the nasal tissues. For com-
parison, a normal mucosal piece treated with normal saline
(negative control), an excised piece immersed in PBS (pH
7.4) containing 0.02% sodium azide overnight for equilibra-
tion, and other mucosal piece treated with isopropyl alcohol
(positive control), were used. The mucosal samples were
washed with saline after 1 h and retained in formalin over-
night. They were cut and dehydrated using an ethanol gradi-
ent. They were solidified in paraffin blocks and small sec-
tions were cut and examined microscopically (X 100) after
applying hematoxylin and eosin stain [11, 12].

In-vivo Characterization of Optimized Cubo-Gel
Ethical approval

The animal experiments were performed according to the
guidelines of Institutional Animal Care and Use Committee
(IACUC) of Faculty of Pharmacy, Zagazig University, Egypt
(ZU-IACUC/3/F/49/2022).

In-vivo Biodistribution Analysis Three groups of adult
albino rats (200-250 g) were used (n=6). Group A received
1 mL of VRP intravenous (I.V) solution containing a drug
dose calculated as 10 mg of drug per Kg of rat weight [34].
By using a micropipette, Group B received I.N optimized
VRP-loaded formulation (10 mg/Kg) and group C received
LN VRP solution (10 mg/Kg). The rats were firmly held
from their back during the I.N administration after sedat-
ing by diethyl ether inhalation to avoid sneezing during
the LN instillation [16, 35]. The three groups were divided
into seven time-based subgroups and sacrificed at different
time intervals (10, 15, 30, 60, 120, 240, and 480 min). The
blood was collected using a cardiac puncture and stored in
heparinized tubes for further studies. Blood samples were
centrifuged at 4,180 X g for 10 min and the plasma was sepa-
rated and kept in -20°C for further analysis using high per-
formance liquid chromatography (HPLC) using a reversed
phase RP-C18 column (Kinetix® 5 um, 150 X 4.6 mm) from
Phenomenex (CA, USA).

The brain tissues were separated, rinsed with 0.9% NaCl,
and cleared from the adhering tissues [36]. They were
homogenized with normal saline (4 mL for 1 g tissue) and
the homogenates were centrifuged at 4,180 % g for 15 min
at 4°C. The supernatants were stored at -20°C until the drug
analysis by HPLC.

Samples Preparation and Parameters Calculation The method
described by Mouez et al. [37] was followed with little modi-
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fications for quantifying VRP using HPLC. Exactly, 1 mL of
brain homogenate and 0.5 mL of plasma samples were indi-
vidually mixed with nicardipine HCI as an internal standard.
Each sample was mixed with 1 mL acetonitrile, vortexed for
2 min, and centrifuged at 10,413 x g for 15 min. The super-
natants were filtered through membrane filters (0.45 um) and
injected into the HPLC system for analysis. The mobile phase
consisted of acetonitrile:methanol:0.01 M disodium hydrogen
phosphate (55%:15%:30%) and was adjusted to pH 5.2 with
50% phosphoric acid. The flow rate was set at 1 mL/min and
the detection wavelength was 235 nm.

Different pharmacokinetic parameters namely maximum
plasma concentration (C,,,,), time required to reach the
Ciax (Thay), area under the curve (AUC,, ,, ), area under
the curve from time zero to infinity (AUC,_), and half-life
(t,,) were calculated. The brain targeting efficiency (BTE%)
and the drug transport percentage (DTP%) were calculated
[36]. The BTE% was the ratio of the drug level in the brain
acquired with the [.N administration versus the I.V adminis-
tration. The BTE% was calculated by this equation:

BTE% = [(Brain; 5/ Plasmay y) /(Brain, \, / Plasmay; )] X 100

The Brain;  is the AUC,_, in the brain homogenate and
Plasma  is the AUC,_,, in the plasma after the I.N appli-
cation of optimized formulation and drug solution. The
Brain, y and Plasma; y are the AUC,,_, in the brain homoge-
nate and plasma after the 1.V administration, respectively.
The values of BTE% above 100% indicated an efficient brain
targeting after LN administration.

The DTP% is the proportion of the I.N dose that is trans-
ported directly from the nose to the brain compared to the
total quantity of drug reaching the brain following the I.N
administration. It was calculated by these equations:

Brain; y — Brain,

DTP% = (————) x 100
Brain;
) Brain, y,
Brain, = (————) X Plasma;
Plasma, y, :

where, Brain, is the brain AUC fraction participated by the
systemic circulation through the blood brain barrier (BBB)
after the I.N administration.

The differences between the groups were tested using one
way ANOVA by GraphPad Prism® software.

Results
Preparation of VRP-Loaded Cubosomes

The cubosomes loaded with VRP were prepared through dis-
rupting GMO and P407 as a stabilizer by using a mechanical

stirrer. After equilibration and dilution with distilled water,
5 mg/mL of VRP was maintained constant for the prepared
formulations. The cubosomes showed uniform opaque mix-
tures with white colors and no aggregation signs. Some for-
mulations having high GMO concentrations demonstrated
gel appearance, such as F1, F3, F5, F7, and F9, whereas the
others appeared as cubosomal dispersions. The cubosomes
were prepared at a temperature above the GMO melting
point resulting in emulsification of GMO with water without
using gelling agents [38].

Experimental Design and Optimization

The ANOVA results showed the significance of models due
to their high F-values (71.33, 76.84, 61.91, and 66.46 for
the Y, Y,, Y3, and Y, models, respectively) having p val-
ues < 0.05 indicating the low chance of the error present.
The terms having p values < 0.05 were considered significant
(Table I).

Besides, the R? could measure the variation around the
mean explained by the model. The closeness of the R? values
to 1 could indicate the good relationship between the experi-
mental and predicted values for each model [39]. The low
difference between adjusted and predicted R? values (less
than 0.2) would be acceptable by the design. Moreover, the
higher adequate precision values (greater than 4) could indi-
cate an adequate signal/noise ratio (Table I).

The polynomial equations for the models were also deter-
mined (Table I). The synergistic effects could be indicated
from the positive signs of the coefficients, while the antago-
nistic effects could be indicated from those of negative signs
[40].

EE% Analysis

The EE% values of cubosomes ranged from 24.13% to
80.18% indicating that various EE% values could be
obtained by different changes in the concentrations of
cubosomes’ components (Table II). The EE% increased
significantly by increasing the amount of incorporated lipid
(Fig. 1a). While, increasing P407 concentration showed a
significant decrease in the VRP entrapment in the cubosomal
formulations (Fig. 1b).

The 3D response surface graphs were plotted for study-
ing the interactions of independent factors by observing the
effect of changing the levels of them on the response. Paral-
lelism of each two opposite lines could indicate the absence
of interaction between the factors. The interaction between
the two studied independent factors was absent (Fig. 1c).
Additionally, the quadratic term of factor A showed a signifi-
cant negative impact on the Y, response as supported by its
low p value (0.0075) and its negative sign in the polynomial
equation (Table I).

@ Springer
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Table| Statistical Analysis of Four Responses by ANOVA

Source Y, response Y, response Y; response Y, response
p values
A 0.0005* 0.0018%* 0.0009* 0.0005%*
B 0.0156* 0.0006* 0.0001* 0.0054*
AB 0.1724 0.0119* 0.0114* 0.0444*
A? 0.0075%* 0.3218 0.6240 0.1399
B? 0.4910 0.4365 0.4027 0.9533
Fit statistics
R? 0.9917 0.9923 0.9964 0.9911
Adjusted R* 0.9778 0.9793 0.9905 0.9761
Predicted R? 0.9038 0.9288 0.9582 0.8909
Adequate precision 21.8865 26.0649 38.3441 23.5186

Coded equations

Y= 66.86+23.34 A - 6.86 B
—3.02 AB-15.49 A? - 18.88 AB —5.75 A2+4.35
1.87 B2 B?

160.50+29.65 A -43.45B - 28.39+1.80 A-3.90

84.35-17.96 A+8.01
B+4.51 AB-3.82 A>—
0.1217 B2

B - 1.27 AB - 0.3067
A%+0.0833 B?

A, GMO concentration; B, P407 concentration; Y, entrapment efficiency (EE%); Y,, particle size (PS), Y, zeta potential (ZP); Y, drug release

percent after 5 h; R?, multiple correlation coefficient; *, significant

Table Il Composition of Prepared Cubosomes and Observed Values of Tested Parameters

Formula A (% wiw) B (% wiw) Y, response (%) Y, response (nm) Y; response (mV) Y, response (%)
F1 50 2.5 80.18+2.1 253.20+18.2 -35.12+1.3 51.79+1.1
F2 25 6.25 27.02+0.9 125.40+14.2 -26.06+1.8 99.96+2.3
F3 37.5 10 56.25+1.9 115.90+10.2 -25.16+1.2 94.52+0.5
F4 25 10 24.13+0.8 105.90+12.9 -23.63+1.1 99.99+2.1
F5 50 6.25 77.18+2.1 177.80+16.5 -30.36+0.9 61.12+0.9
F6 25 2.5 29.21+1.1 152.70+19.5 -29.35+0.8 95.28+1.2
F7 37.5 6.25 65.41+1.7 166.80+11.9 -28.15+0.8 84.33+1.7
F8 50 10 63.04+1.9 130.90+12.8 -25.34+0.9 74.56+1.1
F9 37.5 2.5 75.19+2.1 207.50+14.1 -32.04+1.1 73.95+0.8

A, GMO concentration; B, P407 concentration; Y, entrapment efficiency (EE%); Y,, particle size (PS), Y3, zeta potential (ZP); Y, drug release

percent after 5 h

PS Analysis

The PS values of cubosomes were in the range of 105.9 nm
to 253.20 nm (Table II). Increasing the GMO concentra-
tion increased the PS of cubosomes in a significant manner
(Fig. 1d). On the other hand, increasing the P407 concentra-
tions was accompanied by a significant decrease in the parti-
cle size (Fig. 1e). Concerning studying the interaction effects
(AB factor), a clear interaction effect was observed between
the A and B factors on the Y, response as represented by the
non-parallelism of each two opposite lines (Fig. 1f).

Furthermore, the PDI values of cubosomes were meas-
ured. The values were ranged from 0.31 to 0.47 (Table S1
supplementary material) which were lower than 0.5 recom-
mending the homogeneous distribution of the cubosomal
formulations [41].

@ Springer

ZP Analysis

The ZP is an indicator revealing the physical stability of
cubosomes. The ZP values ranged between -23.63 mV and
-35.12 mV (Table II). Increasing the GMO concentration
showed a remarkable increase in the absolute ZP values
(Fig. 2a). While P407 showed a significant negative effect
on the ZP values (Fig. 2b). Furthermore, a significant inter-
action effect between the two factors on the Y; response was
observed where each two opposite lines were non-parallel
to each other (Fig. 2c).

In-vitro VRP Release Analysis

Figure 3 illustrates the release pattern of VRP from differ-
ent cubosomal formulations. The F1 showed the highest
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sustained release with 65.96% at the end of 24 h. This
could be attributed to the higher EE% of F1 formulation.
The release was faster when the EE% decreased in the
cubosomes. Some formulations with lower EE% showed
less sustained release till 5 h only, such as F4 and F2
having EE% values of 24.13% and 27.02%, respectively.
Others showed more sustained release for 6 h, such as F3
and F6 having EE% values of 56.25% and 29.21%, respec-
tively. The more sustained release was observed in F1, F5,
F7, F8, and F9 formulations and this might be related to
the higher EE% of these formulations (80.18%, 77.18%,
65.41%, 63.04%, and 75.19%, respectively).

Figure 2d-e display that VRP could show a significant
changeable release profile corresponding to the altera-
tions in the GMO and P407 concentrations. The effect
of the AB interactive factor on the Y, response was also
significant (Fig. 2f) where each of the two opposite lines
showed a non-parallelism.

B: P407 concentration (%ow/w) 30 A: GMO concentration (%w/w)

25 25

B: P407 concentration (% w/w)

9.1 One factor and 3D response surface graph showing the effectofa Aon Y, bBonY, cABonY,dAonY,eBonY,fABonY,

Optimized Formulation Selection

Corresponding to the required goals, the software sug-
gested an optimized formulation comprising of GMO (50%
w/w) and P407 (5.5% w/w) with a visual gel appearance.
The predicted values by the design were 76.61%, 197.02
nm, -31.07 mV, and 60.06% for the four responses, respec-
tively. In comparison, the experimental values of responses
were 77.24%, 210.49 nm, -30.34 mV, and 61.91%, respec-
tively. The feasible consistence between the experimen-
tal and predicted values could reflect the validity of the
models.

The optimized formulation showed a slight initial burst
release followed by a sustained release over the time of
the experiment (Fig. 4a). It showed about 69.87% of drug
released after 24 h, while the pure drug solution showed
99.58% of drug released after 2 h only.
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Fig. 3 In-vitro release of VRP from different cubosomal formulations
(F1-F9) in comparison to pure VRP solution

Characterization of Optimized VRP Cubo-Gel
TEM Imaging

The optimized formulation showed cubic shape to a major
extent with no aggregation (Fig. 4b). The presence of P407
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could transform the spherical shape of nano-colloidal vesi-
cles to a cubic shape [42]. By TEM study, the optimized for-
mulation exhibited particle size lower than the DLS method.
The water molecules around the vesicles might increase the
particle size values while following the DLS method in
contrast to the TEM method performed at dried state [41].
Suitable particles size lower than 300 nm were reported to
favor the passage of drugs through the BBB and achieve the
brain targeting [35].

Drug Release Kinetics

The VRP release from the optimized formulation followed
the Korsmeyer-Peppas mechanism as indicated from its
highest R? (0.9286). The n value of Korsmeyer-Peppas
model could explain one of the following mechanisms; Fick-
ian (diffusion-controlled) release mechanism (n<0.43), non-
Fickian (anomalous) release mechanism (n=0.43-0.85),
or case II transport (relaxation-controlled) release mecha-
nism (n>0.85) [41]. Our results showed that the n value
was < 0.43, hence the optimized formulation followed the
Fickian release mechanism.
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Fig.4 Characterization of ()
optimized formulation a in-vitro
release in comparison to pure
VRP solution b TEM micrograph
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Stability Study

The optimized formulation demonstrated no alteration in
the visual appearance and no significant changes in the four
responses tested (p>0.05). This could confirm the accept-
able homogeneity and stability of optimized formulation
after storage for long time periods.

DSC Study

As shown in Fig. 5, the DSC thermogram of crystalline VRP
demonstrated an endothermic peak at 146.35°C correspond-
ing to its melting point [1]. The thermal profiles of GMO and
P407 displayed endothermic peaks at 47.03°C and 56.19°C.
In the case of blank cubosome, GMO and P407 peaks did
not appear. In addition, the thermal behavior of optimized
formulation showed absence of the characteristic VRP peak.

Physical Evaluation

The pH of optimized formulation was 6.44 +0.2. Besides,
the gel strength value was measured as 31.46+0.7 s and
the mucoadhesive strength was calculated as 4217.72 +68.9
dyne/cm?. These results would be acceptable for I.N
administration.

Ex-vivo Permeation Study

The optimized formulation showed a significantly higher
Ji (482225 ug.cm™h") and K, (0.00964 +0.002 cm™>.
h™!) values than those of VRP solution (21.37 +1.8 ug.cm™>.
h~'and 0.00427 +0.001 cm~2h~!, respectively) (p <0.05).
In addition, a significant increase in the VRP permeation
rate from the optimized formulation was monitored (Fig. 6).
It showed a high E_ value (2.26) indicating the enhance-
ment in the permeation of VRP amount per unit area through
the sheep nasal membrane from the optimized cubosomes
when compared to the drug solution. Ensuring tissue viabil-
ity throughout experiments is crucial in all cases, and it was

(b

FA

Optimized formulation

—+—Pure drug
é 1‘0 1; 1;1 1?: I-S 26 2 24

@ \
(b) V

g 47.03°C

]

S ()
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\l, 56.19°C
(d) ~—

(e) v

100 150 200

Temperature (°C)

Fig.5 DSC study of a pure VRP powder b GMO ¢ P407 d plain for-
mulation e VRP-loaded optimized formulation

evaluated by conducting histological assessment to assess
their structural integrity and cellular morphology at the end
of permeability experiment [43].

Histopathological Evaluation

The epithelial layers of the negative control sample and the
sample immersed in PBS overnight for equilibration dis-
played their entire morphology without damage or inflam-
mation (Fig. 7a, b). The positive control piece exhibited
various destructions in the epithelium (Fig. 7c) owing to
the action of isopropyl alcohol as a strong mucociliary toxin
[11]. In contrast, the epithelial layers of that treated with
optimized formulation were kept intact with well-maintained
structure and no indications of toxicity (Fig. 7d). These find-
ings could signalize the nasal biocompatibility and safety of

@ Springer
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Fig.6 Ex-vivo permeation study of optimized formulation in com-
parison to pure VRP solution

the utilized components used in the cubosomes preparation
[20, 44, 45].

In-vivo Biodistribution Study

The pharmacokinetic parameters of VRP were studied in the
brain and plasma of rats (Table III and Fig. S1 supplemen-
tary material) after the I.N administration of both optimized
formulation and VRP solution, and the 1.V administration of
VRP solution. The highest peak of VRP level in the plasma
was reached after 30 min consequent to the administration

Fig.7 Histopathological evalua-
tion of nasal sheep mucosal
membranes a treated with saline
b immersed in PBS (pH 7.4)
containing 0.02% sodium azide
overnight for equilibration

¢ treated with isopropyl alcohol
d treated with optimized for-
mulation

@ Springer

of the I.N optimized formulation and the I.LN VRP solution.
VRP was expected to be found in the plasma after the I.N
administration because the I.N administration could lead to
systemic drug absorption. The short T, might be attributed
to the fast absorption of VRP through the I.N route [46].
On the other hand, the T, of the drug solution was 10
min after its [.V administration and then declined rapidly.
The drug reached its peak in the brain after 30, 60, and 60
min upon administration of 1.V VRP solution, I.N optimized
formulation, and LN VRP solution, respectively. The plasma
C,.ax values of the LN optimized formulation and the I.N
VRP solution were 560.80 +23.9 ng/mL and 410.52 + 15.2
ng/mL, respectively. Whilst, in the brain tissue, the C_,, val-
ues of the I.N optimized formulation and the I.N VRP solu-
tion were 600.82 +10.9 ng/mL and 460.51 +27.5 ng/mL,
respectively. The C,, was greater in the brain and plasma
for the optimized formulation (I.N) in comparison to the
VRP drug solution (I.N).

The AUC,,_,, of the LN optimized formulation showed the
highest value (128,151.39 + 137.5 ng/mL.min) in compari-
son to the I.N and I.V VRP solutions. This could prove that
there was a significant enhancement in the bioavailability
of the drug loaded in the optimized formulation in accord-
ance with the sustained release and the good mucoadhesive
strength of the optimized formulation [47]. Moreover, the
optimized formulation revealed much better bioavailability
in the brain than the drug solution (I.V) and this might be
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Table lll In-vivo Biodistribtion Study of VRP in Plasma and Brain

Parameter Plasma Brain homogenate
Optimized cubo-gel  Drug solution (ILN) Drug solution (I.V) Optimized cubo-gel Drug solution (ILN) Drug solution (I.V)
(ILN) (ILN)
Cpax (ng/mL) 560.80+23.9 410.52+15.2 793.56+£20.8 600.82+10.9 460.51+27.5 370.58+15.9
ty/, (min) 183.48+2.2 148.43+6.2 201.68+5.1 315.39+9.2 200.32+£7.2 131.44+2.1
T pax (Min) 30 30 10 60 60 30
AUCj 41, 107,480.55+220.6  68,118.25+1353 100,531.32+98.6  201,961.85+180.5 101,995.58+150.1 77,468.00+92.4
(ng/mL.min)
AUC o, 128,151.39+137.5  75,658.28 +66.2 119,908.40+180.5 333,132.00+162.7  126,690.95+132.6 84,936.58+106.2
(ng/mL.min)
BTE% (%) - - - 183.53 41.80 -
DTP% (%) - - - 90.19 59.00 -

LN, intranasal; L.V, intravenous; C,.,

maximum plasma concentration; t,,, half-life; T

max time required to reach the C,; AUC, ,,, area under

the curve; AUC, ., area under the curve from time zero to infinity; BTE%, brain targeting efficiency; DTP%, drug transport percentage

related to bypassing the BBB with direct olfactory transport
to the brain.

The I.N optimized formulation had greater BTE% at
183.53% when compared to I.LN VRP solution (41.80%).
This could suggest the improved brain targeting for the
LN optimized formulation. Additionally, the DTP% of the
LN optimized formulation was 90.19%, but that of the I.N
VRP solution was 59.00%. The higher DTP% indicated that
the direct olfactory pathway was responsible for the high
absorption of VRP in the brain and considered an exclusive
access gate to the brain [16, 48].

Discussion

The cubosomal formulations were successfully prepared
using the melt dispersion emulsification method. The
impacts of changing the concentrations of GMO and P407
on the dependent responses were significantly observed. For
illustration, the significant increase in the EE% of cubos-
mes by increasing GMO concentration could be owing to
the nature of the GMO as an amphiphilic polar lipid which
could be self-assembled into the bicontinuous cubic struc-
tures in water [19]. Raising the GMO amounts could result
in increased concentrations of mono-, di-, and triglycerides
possessing more space to accommodate excessive drug
amounts [49]. Also, this effect might be observed due to the
increased viscosity of the medium because increasing the
lipid amount resulted in faster solidification of the cuboso-
mal nanoparticles which would prevent the drug diffusion
to the external phase of the medium [50]. In contrast, the
low encapsulation power of cubosmes as a result of increas-
ing P407 concentration might be due to the escape of VRP
into the outer aqueous media. This would be because of the

hydrophilic nature of the cubic structure with increasing the
P407 levels [51].

The increase in GMO level led to increasing the viscosity
of the cubosomal dispersions and thereby their particle size
values [16]. On the other hand, the reduction in the parti-
cles size with increasing the P407 levels could be related to
lowering the interfacial tension between the two immiscible
lipid and aqueous phases induced by P407 [52]. Also, P407
as a polymeric surfactant not only could produce a steric
stabilization to the system, but also could greatly affect the
cubosomal crystalline structure distribution by the stabiliz-
ing activity of P407 [53]. Moreover, the range of PDI values
less than 0.5 shown by the cubosomal preparations could
express their possession of homogeneous distribution and
considerable stability. However, nanoparticles of PDI greater
than 0.5 could exhibit irregularities in their pharmacokinetic
performance and subsequent therapeutic outcomes [41].

Concerning the measurement of ZP of cubosomal for-
mulations, the high surface charge values may aid in the
protection of the nanoparticles from aggregating due to the
repulsion forces exhibited between the surfaces [54]. Our
results indicated that the formulations would have accept-
able stability. The marked increase in the ZP of cubosomes
by increment of GMO concentration might be due to the
ionization of free oleic acid obtained from the GMO, con-
sequently increasing the negative charge on the cubosomes
[16]. Whereas, the low ZP values caused by using high con-
centrations of P407 might be as a result of the non-ionic
nature of P407 [29].

By altering the concentrations of GMO and P407, the
drug could represent more sustained cumulative release by
increasing the concentration of the former component. In
contrast, a faster release profile by increasing the concen-
tration of the latter component was exhibited. These results
could be attributed to the GMO role as a viscosity enhancer
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in delaying the drug partitioning from the oily medium to the
aqueous medium, hence decreasing the VRP release [45].
Moreover, the direct relation between increasing the lipid
concentration and the increased EE% and PS of the prepared
cubosomes could negatively impact on the drug release by
decreasing the surface area available for release and length-
ening the way through which the drug could diffuse [52].
On the contrary, the rapid release of VRP occurred by the
influence of increasing the P407 concentration could be
ascribed to the capability of such surfactant for facilitating
the solubilization and partitioning of VRP into the external
release medium [55]. In addition, P407 could participate
in formation of small sized nanoparticles possessing large
surface area for drug release [52].

The fast release of drug solution after only 2 h could be
due to the high aqueous solubility of the drug and its rapid
dissolution in the release medium [37]. On the other hand,
the slight initial drug release from the optimized formula-
tion could be explained on the basis of the fast dissolution
of the adsorbed drug found at or just below the cubosomal
surface. Subsequently, the followed VRP slow release after
24 h might be attributed to the presence of GMO, the most
common component of the cubosomes, which delayed the
partitioning of VRP from the oily medium to the aqueous
medium in addition to the limited diffusion of VRP mol-
ecules incorporated in the aqueous channels [20]. In accord-
ance with El Taweel et al. [56], the VRP release profile
should be beneficial where the initial release of VRP could
provide quick relief from pain, while the slower cumulative
release shall maintain the patient under prophylaxis over
24 h. In case of stability study, the enhanced stability of
optimized formulation could be owing to the amphiphilic
nature of P407 [29].

Regarding the DSC study, GMO and P407 peaks dis-
appeared in the thermographs of blank and drug-loaded
optimized formulation because both components melted
together at close temperatures. This might be due to the plas-
ticizing action of GMO within the polymeric chains which
resulted from the bicontinuous structures formed between
GMO and aqueous phase in the presence of P407 [57, 58]. In
addition, the optimized formulation showed absence of the
characteristic VRP peak clarifying its transformation from
the crystalline state to the amorphous state and confirming
its incorporation inside the formed bicontinuous cubosomal
structure between GMO and water [59].

Measuring the pH of an LN product is mandatory to over-
come the irritation of the nasal mucosal. The pH value of
optimized cubo-gel was acceptable for the I.N administra-
tion with no possible irritancy [60]. Besides, the gel strength
value was in the range of 25-50 s which was optimal for
the I.N application. Values less than 25 s could indicate
the weak gel consistency and the easy gel leakage from the
application site. However, values higher than 50 s could
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indicate the gel hardness and rigidity [32]. Furthermore, the
mucoadhesive strength of optimized formulation was ranged
between 4,000-6,000 dyne/cm2 and this could be desirable
for nasal gels and help provide a suitable contact time for
the gel with the nasal mucosa, hence enhancing the drug
absorption afterwards [61].

In comparison to pure VRP solution, the optimized
formulation demonstrated an improved VRP permeation
through the nasal mucosa. This could be attributed to the
nano size of the cubosomal nanoparticles which could
penetrate easily into the aqueous pores found in the mucin
network [62]. Also, the PS of cubosomes has a significant
impact on the cellular uptake and the internalization of the
prepared cubosomes. Another explanation might be related
to the composition of the optimized formulation. The polar
lipid (GMO) could improve the permeation of cubosomes
by promoting a structural disorder in the intercellular lipid
through an interaction between its hydroxyl group and the
anionic oxygen in the phospholipids membrane [29]. In
addition, P407 could enhance the permeation ability, there-
fore improving the mucosal penetration [63].

The improved bioavailability with enhanced brain tar-
geting of the LN VRP-loaded optimized formulation com-
pared to the I.N drug solution might be attributed to the
gel-based formulation which displayed satisfactory sustained
VRP release, and reasonable mucoadhesive strength value
as shown by the in-vitro studies. This was helpful to over-
come the challenge of rapid mucociliary clearance when
concerning the I.N route [64]. Furthermore, the lipophilic
nature of cubosomes could allow efficient penetration with
more drug absorption through the mucosal membrane and
the BBB. Besides, P407 would participate in enhancing the
VRP absorption through its permeation enhancing activity
[35]. Higher DTP % and BTE % values indicated that the
VRP-loaded optimized formulation could induce a superior
brain targeting of the drug.

Conclusion

The present study examined the efficacy of cubosomes to
encapsulate hydrophilic VRP of low oral bioavailability as a
promising strategy for I.N delivery of VRP for management
of episodes of cluster headache. The independent factors of
the study were namely, GMO concentration (25-50% w/w)
and P407 concentration (2.5-10% w/w). As per the study
data, VRP showed more sustained cumulative release by
increasing the GMO concentration, however an opposite
trend was exhibited by increasing the P407 concentration.
There was a direct relation between increasing the GMO
concentration and the increased EE%, PS, ZP values of
cubosomes. On the other hand, P407 demonstrated its action
on decreasing the EE%, PS, and ZP values of cubosomes.
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The suggested optimized formulation consisted of GMO
(50% w/w) and P407 (5.5% w/w). The optimized cubo-gel
formulation showed acceptable physical properties in terms
of pH, gel strength, and mucoadhesive strength in addition
to nasal permeation properties. The I.N optimized formu-
lation exhibited significant enhancement of bioavailability
and higher DTP% and BTE% in comparison to the I.N and
L.V VRP solution which confirmed the high nasal mucoad-
hesion with bypassing the first pass effect. Consequently,
the optimal cubosomal formulation may be an outstanding
biocompatible dosage form for brain targeting of VRP via
the I.N route.
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