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Background: Low bioavailability and poor permeability of the blood—brain barrier are
problematic when delivering therapeutic agents and particularly anti-human immunodefi-
ciency virus therapy to the central nervous system. The intranasal route offers an alternative
for central nervous system delivery. Cubosomes have been reported as helpful vehicles for
intranasal delivery of therapeutics to enable brain targeting.

Objective: In this study, we aimed to develop the intranasal cubosomal thermogelling
dispersion of saquinavir mesylate for central nervous system delivery.

Methods: The Box—Behnken design was applied to study the effect of monoolein, Poloxamer
407, and polyvinyl alcohol as independent factors and the particle size, entrapment efficiency,
gelation temperature, and stability index as responses. The optimized cubosomes were evaluated
using transmission electron microscopy, ex vivo permeation, and in vivo pharmacokinetics.
Results: The optimized formula consisting of monoolein (8.96%), Poloxamer 407 (17.45%),
and polyvinyl alcohol (7.5%) was prepared and evaluated. Higher values for the steady-state
flux, permeability coefficient, and enhancement factor were observed for the cubosomal
thermogelling dispersion of saquinavir during ex vivo permeation in comparison with an
aqueous suspension of saquinavir. From the pharmacokinetic profile, the relative bioavail-
ability for the intranasal optimized formula was approximately 12-fold higher when com-
pared with oral aqueous suspension and 2.5-fold greater when compared to the intranasal
aqueous suspension of saquinavir.

Conclusion: Overall, the saquinavir-loaded cubosomal thermogelling formulation is pro-
mising for central nervous system delivery by intranasal administration.

Keywords: cubosomes, central nervous system, CNS, nose to brain delivery, human
immunodeficiency virus, HIV, intranasal, saquinavir, thermogelling

Introduction
Delivering drugs to the central nervous system (CNS) is problematic due to
physiological and anatomical barriers. Many promising drug candidates fail to
reach therapeutic concentrations in the CNS because of the blood-brain barrier
(BBB). Because of the difficulty of delivering adequate drug dosages to the CNS,
diseases and disorders of the CNS remain difficult to treat.

Infection of the CNS due to the human immunodeficiency virus (HIV) can lead to
various complications including HIV-1-associated neurological disorders.'” Thus,
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CNS delivery of anti-HIV agents is of great importance. The
low bioavailability and poor permeability of the BBB are
problematic when delivering anti-HIV agents to the CNS but
to compound the situation, HIV-infected cells can act as
reservoirs in the CNS and can be reactivated later. This can
occur even when the plasma concentration of HIV is lowered
by the use of antiviral agents.®

The problem of drug dosing in the CNS is often com-
pounded by conventional delivery routes with oral drug admin-
istration considered the preferred route for systemic delivery of
therapeutics. After oral administration, drugs are delivered to
the CNS from the systemic circulation. Unfortunately, in many
cases, high doses are required to achieve the required concen-
tration within the CNS which can lead to side effects. To
overcome the problem of low CNS bioavailability, both inva-
sive and noninvasive drug delivery systems have been devel-
oped and extensively studied. In addition, alternate routes of
drug delivery are proposed.*

The intranasal route is one of the alternative options
and is considered a noninvasive route with various advan-
tages and an enhanced efficiency. The olfactory epithelium
of the CNS provides direct contact with the external envir-
onment and so direct nose-to-brain delivery is the hallmark
feature of the intranasal route. The possibility of achieving
systemic delivery of therapeutic agents by the intranasal
route has been reported.” The route’s advantages extend to
enhanced absorption of lipophilic drugs and avoidance of
the hepatic first-pass metabolism. Besides these tremen-
dous advantages, the nose-to-brain targeting for the CNS
delivery of drugs has dose limitations.® Thus, the nose-to-
brain route is better suited for low-dose drugs.

Intranasally administered drugs can reach the CNS by
a neuronal pathway or by the systemic circulation. If
a drug reaches the CNS by the systemic circulation, it
must still cross the BBB however in the neuronal pathway,
drugs reach the CNS via trigeminal neurons.”® These
features of intranasal route make it useful for the CNS
delivery of anti-viral agents.* Providing enhanced reten-
tion of drug at the site of intranasal administration would
further enhance their therapeutic efficacy. Thus, mucoad-
hesive and thermosensitive formulations are considered
ideal for administration by the intranasal route.*’

Saquinavir mesylate (SQ) is an antiviral agent acting by
the mechanism of protease inhibition. SQ has low water
solubility and shows poor permeation into the brain. In addi-
tion, P-glycoprotein—mediated efflux and metabolism in the

liver and intestine further contribute to its bioavailability.” '

Nanomedicine has provided some promising solutions
for anti-HIV drug delivery to the CNS.**!? Interestingly,
nano-sized colloidal drug carriers such as nanoparticles and
nanoemulsions have been reported for intranasal delivery of
anti-HIV agents.'>'* These nanostructures are known to
enhance solubility and bioavailability of drugs including
SQ."*' In particular, intranasal delivery of SQ in the form
of a nanoemulsion has shown promise for enhanced drug
delivery to the CNS."* Among these nanoparticles, the cubic
phase nanoparticle, commonly known as a cubosome, is the
most advanced form of the lipoidal carrier. Cubosomes are
formed from lipid cubic phases and have gained much atten-
tion for drug delivery purposes.'” ' For structure, monoo-
lein and phytantriol are commonly employed as lipids in
cubosomes.?’ Cubosomes have been reported to enhance
the solubility and bioavailability of drugs by various routes
of administration including intranasal deliver to target the
brain.?' These cubosomes are known to have better stability
than liposomes, and owing to their liquid crystalline, mem-
brane architecture possesses a greater ability to envelop and
encapsulate hydrophobic chemotherapeutic agents.* Studies
by Chen et al have shown that these delivery systems can be
used to deliver multiple drugs with an extremely high encap-
sulation efficiency and an enhanced apoptotic efficacy was
seen against A549 lung cancer cell lines in case of these
multi-drug delivery nanosystems.”> These nanosystems have
been found to possess suitable characteristics such as bypass-
ing the blood-brain barrier and targeted distribution in pre-
ferable areas in the brain. One of the promising examples for
this was the targeted delivery of neurotrophin to the central
nervous system, as explained by Angelova et al.>*

Thus, we hypothesized that administering SQ by the intra-
nasal route would enhance its delivery to the brain. Moreover,
presenting the drug in the form of a cubosomal formulation
would result in better transnasal permeation. Further, we
hypothesized that dispersing the SQ-loaded cubosomes in
a thermogelling formulation would facilitate enhanced
mucoadhesion, as well as better formulation characteristics
for optimum performance. Based on these rationales, the pre-
sent study aimed to develop and optimize a cubosomal ther-
mogelling dispersion of SQ for better brain delivery.

Materials and Methods

Materials

Saquinavir mesylate (SQ) was obtained as a kind gift from
SAJA (Jeddah, Saudi Arabia). Polyvinyl alcohol (PVA) and
phosphate buffer pH 7.4 were obtained from Sigma-Aldrich

submit your manuscript

5114

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Hosny

(St. Louis, MO, USA). Monoolein was procured from
Avanti Polar Lipids (Alabaster, AL, USA). Poloxamer 407
with an average molar mass of 12,600 Da was obtained
from BASF (Ludwigshafen, Germany). Methanol was
purchased from Sigma-Aldrich and acetonitrile (high-
performance liquid chromatography [HPLC] grade) was
procured from Fisher Scientific UK (Loughborough,
Leicestershire, United Kingdom).

Experimental Design
A Box—Behnken design (BBD) was used for the 3-factor
17-run BBD with the help of Design Expert® 12.03.0
(Stat-Ease, Inc., Minneapolis, MN, USA) to design the
optimal formulation. The studied variables in this work
were the monoolein percentage with respect to dispersed
materials (Factor A), the Poloxamer 407 percentage with
respect to the dispersion media (Factor B), and the PVA
percentage with respect to the dispersion media (Factor C).
The percentage range for each variable was selected
according to previously not mentioned preliminary tests
which were performed in order to select the suitable range
for each variable which produces a cubosomal dispersion.
The responses were the particle size (Response 1),
entrapment efficiency (Response 2), gelation temperature
(Response 3), and stability index (Response 4). Each for-
mula contained 5% SQ. The formulation compositions of

the 17 runs suggested by the software are listed in Table 1.
Among the suggested 17 runs, one of the formulations was
replicated several times. The replicate experiments were
generated and suggested by the software. And the results
of these replicate experiments were analyzed by the soft-
ware in order to validate the design model.

Cubosome Preparation

SQ-loaded cubosomal formulations described in the 17 runs
in Table 1 were prepared by the top-down method, in which
an accurate amount of monoolein was weighed in a glass
vial and heated to 45°C until it was free flowing. Ten
milliliters of a phosphate buffer at pH 7.4, 500 mg of SQ
and a determined amount of Poloxamer 407, according to
the design, were added to the vial containing the monoolein.
Then, 5% PVA dissolved in 2 mL distilled water at 80°C
was added dropwise to the molten mixture and thoroughly
mixed at 1500 rpm with a magnetic stirrer. The resulting
dispersion was sonicated using the ultrasonic T 25 digital
ULTRA-TURRAX®™, (IKA-Werke GmbH & Co. KG,
Staufen, Germany) at 15,000 rpm for 2 min at 45°C.

Determination of Particle Size of Saquinavir
Cubosomes

The particle size of the prepared SQ-loaded cubosomes was
evaluated using a Microtrac® zetatrack particle size analyzer
(Microtrac, Inc., Montgomeryville, PA, USA) which uses the

Table | Formulation Runs with Codes and Values for Independent Factors

Run Factor Codes Factor Values
Factor A Factor B Factor C Factor A Factor B Factor C
Monoolein Poloxamer 407 PVA Monoolein (%) Poloxamer 407 (%) PVA (%)

| 0 0 10 17.5 5

2 | =1 10 20 2.5

3 0 0 10 17.5 5

4 =1 =1 0 5 15 5

5 | | 0 15 20 5

6 | 0 =1 15 17.5 2.5

7 =1 | 0 5 20 5

8 0 =1 | 10 15 7.5

9 | 0 | 15 17.5 7.5

10 | | 10 20 7.5

I 0 0 10 17.5 5

12 =1 0 | 5 17.5 7.5

13 0 0 10 17.5 5

14 =1 =1 10 15 2.5

15 =1 0 =1 5 17.5 2.5

16 | =1 0 15 15 5

17 0 0 0 10 17.5 5
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dynamic light scattering technique to detect the size of the
particles. One milliliter of cubosomal dispersion was diluted
with 10 mL of distilled water with continuous stirring then
0.25 mL of the dispersion was subjected to particle size
determination.

Determination of Saquinavir Entrapment Efficiency
(EE)

The encapsulation efficiency of the cubosomes was deter-
mined by following a reported method.”> %" A free SQ was
removed by dialysis using a dialysis bag membrane with
a molecular weight cut off 12,000-14,000 Daltons and pore
size: 2.4 nm. The dialysis bag was placed in distilled water for
1 hr at room temperature under stirring. A drug suspension
was used as a control to validate the method. The drug con-
centration was determined by high-performance liquid chro-
matography (HPLC), in which saquinavir was separated on
a Keystone BetaBasic C4 column (250 x 3 mm i.d.) at 40°C
with a mobile phase of acetonitrile-50 mmol/L: ammonium
formate buffer, pH 4.1 (52:48, by volume) at a flow rate of
0.5 mL/min., and saquinavir was detected at 235 nm. The
entrapment efficiency was then calculated using the following

Equation (1)
Entrapment efficiency(%) = Cmmlmg t_[ Creccone 10
'otalconc
Entrapment efficiency(%) = Cmmzmg t_[ Cireeconc 100
'otaiconc
1)

Determination of Stability Index

The stability of the cubosomal dispersions was evaluated
by three freeze-thaw cycles (heating and cooling cycles).
Freezing at —25°C for 12 h was followed by thawing at
+25°C for 12 h. The resultant formulations were checked
for a change in particle size to ensure the stability of the
cubosomes. The stability index was determined from the
following Equation (2).

Initial si _Ch . .
nial S1z¢€ C ange 1n S1ze % 100

(@)

Stability index =

Initial size

Determination of Gelation Temperature

The rheological studies of the cubosomal thermogelling for-
mulations were carried out with a Brookfield viscometer (RV
model). The viscosity was measured at 15°C. Then, the
temperature of the viscometer was increased gradually and
recorded. The point at which the storage modulus exceeds the
loss modulus is defined as the gelation point, and the

viscosity was measured again at this temperature to ensure
the thermogelling behavior of the in situ gel base at this
temperature.

Optimized Formulation

The SQ-loaded cubosomal formulation suggested by the
optimization step using the software was prepared with the
values suggested for monoolein, Poloxamer, and PVA. The
optimized formulation was evaluated for particle size,
entrapment efficiency, stability index, and gelation tem-
perature as previously described for the 17 formulations.

Morphological Examination

TEM was used to analyze the morphological and structural
characteristics of the SQ-loaded cubosomes (TEM H7500,
Hitachi, Japan). Samples were processed after 200 fold
dilution with double-distilled water. Samples were placed
on the electron microscopy copper grids supported by
Formvar films and the excess drawn off with filter paper.
Samples were stained in 0.5% phosphotungstic acid solu-
tion for 30 s and observed after drying. The TEM operated
at 80 kV enabling point-to-point resolutions.

Ex vivo Permeation Study
An ex vivo permeation study was performed to determine the
cumulative amount permeated, cumulative percentage per-
meated, steady-state flux, permeability coefficient, diffusion
coefficient, and enhancement factor for the optimized 5%
SQ-loaded cubosomal thermogelling dispersion with respect
to a 5% SQ aqueous suspension.

The experiment was carried out for 6 h at 37°C with
a Franz diffusion cell apparatus (MicroettePlus, Hanson
Research, Chatsworth, CA, USA). A 1.73-cm” cell area
was loaded with 1 mL of the optimized 5% SQ-loaded
cubosomal thermogelling dispersion which contains 50 mg
of SQ as a donor phase. The receptor compartment was filled
with 7 mL of phosphate buffer pH 7.4 stirred at 400 rpm and
maintained at 37+£0.5°C. The experiment was performed with
the mucosal membrane from the nostrils of sheep. Finally,
the SQ concentration of the sample was estimated by HPLC
in which saquinavir was separated on a C4 column (250
x 3 mm i.d.) at 40°C with a mobile phase of acetonitrile-50
mmol/L: ammonium formate buffer, pH 4.1 (52:48, by
volume) at a flow rate of 0.5 mL/min and detected at 235 nm.

The various permeation parameters were determined
according to a reported method.>® The cumulative amount
permeated per unit area (Q) was directly determined from
the concentration of drug in the receptor compartment of

submit your manuscript

5116

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Hosny

the Franz diffusion cell apparatus. The steady-state flux
(Jss) was determined from the slope of the steady-state
portion of a plot of Q versus time.

The permeability coefficient was determined from the
steady-state flux and initial drug concentration in the delivery

system (Co) according to the following Equation (3)
Permeability coefficient = jss/Co 3)

The diffusion coefficient used the values for thickness of
the skin (h) and the lag time (tlag) determined from the
plot of Q wversus time according to the following
Equation (4)

Diffusion coefficient =h*/6tj,, “)

The enhancement factor was determined by comparing the
flux from the optimized formulation to the aqueous

suspension’' according to the following Equation (5)

Enhancement factor = jSStest/jSSaqueous suspension ~ (5)

In vivo Evaluation

The in vivo drug absorption study was approved by the
experimental Animal Ethical Committee (AEC), Beni Suef
Clinical laboratory Center, Egypt (Ethical Approval no.
3-003-2020). And ensured that the care and use of animals
conformed to the guidelines in the Declaration of Helsinki,
the Guiding Principle in Care and Use of Animals (DHEW
publication NIH 80-23), and the Principles of Laboratory
Animal Care (NIH publication #85-23, revised in 1985).
Eighteen albino male rabbits were used in the in vivo study.
The weight of the selected rabbits was in the range of 2 to
2.5 kg. The rabbits were placed in Groups 1, 2, and 3, with six
rabbits in each group. Group 1 ingested the SQ aqueous
suspension (15 mg/kg) orally. Group 2 was given the SQ
aqueous suspension (15 mg/kg) intranasal, and Group 3 was
given the optimized SQ-cubosomal thermogelling formula
15 mg/km intranasally. Blood collection was performed as
per the protocol, and serum SQ concentrations were used to
calculate the pharmacokinetic parameters. An earlier
reported HPLC method was used to determine the plasma
SQR concentrations. Specifically, saquinavir was extracted
from plasma (250 microL) with methyl-t-butyl ether at basic
pH and separated on a Keystone BetaBasic C4 column (250
x 3 mm i.d.) at 40°C with a mobile phase of acetonitrile-50
mmol/L: ammonium formate buffer, pH 4.1 (52:48, by
volume) at a flow rate of 0.5 mL/min., and saquinavir was

detected at 235 nm. Pharmacokinetic analysis was carried

out, and various parameters (Tmax, Cmax, AUCO-1, t1/2, t1/
2, and relative bioavailability) were calculated.

Results and Discussion

Experimental Design

Box—Behnken Experimental Design Statistical
Analysis

The data obtained for the particle size, enhanced effi-
ciency, stability index, and gelation temperature for the
chosen 17 formulations are given in Table 2.

The statistical parameters obtained for various responses
are listed in Table 3. The responses recorded are for the
quadratic model. Using the Model F values, the quadratic
models suggested for all of the four responses are significant.
The observed F values indicated significantly reduced chance
that an F-value this large could occur due to noise. The
F value can be used to determine whether the test is statisti-
cally significant. Lack of fit value explains the inability of the
data to fit in the selected model. Thus, a significant lack of fit
implies that the model is not suitable or appropriate for the
data. In other words, we can consider a model significant
only if the lack of fit is not significant. Except for the particle
size, the lack of fit for the F-values was not significant, this
indicates the validity of the model. In the case of the particle
size, the lack of fit was significant, and this was not desirable.
A rule of thumb for a model to have good acceptance is that
the predicted and adjusted R2 values should be nearly the
same and more precisely, within 0.2 of each other. For all of
the responses, the predicted and adjusted R* values were
found to be in good agreement with each other. Adequate
precision is a measure of the signal-to-noise ratio, with
a value above 4 being desirable. For all of the responses,
the value for adequate precision was higher than 4.

In the case of polymeric nanoparticles, methods like sol-
vent evaporation and solvent diffusion are quite impressive.>'
Unfortunately, these could not be readily extended and applied
in the preparation of cubosomes. Unlike polymeric nanopar-
ticles, cubosomes are prepared by several functional and
structural components and thus a standard preparation method
would not be appropriate for their production. The compo-
nents for cubosomes are different in their nature. Nevertheless,
cubosomes could be prepared by methods similar to the pre-
paration of conventional nanoparticles. Sonication is one of
the two most common methods for the preparation of cubo-
somes. Homogenization is another alternative method
although prolonged homogenization could lead to the destruc-
tion of cubosomes.*> Meanwhile, sonication method in the
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Table 2 The Responses Obtained for Various Formulation Trials

Run Factor A Factor B Factor C Response | Response 2 Response 3 Response 4
Monoolein (%) Poloxamer 407 (%) PVA (%) Particle Size (nm) EE (%) Gelation Temp. (°C) Stability Index (%)
| 10 17.5 5 140 69 k]| 85
2 10 20 25 110 6l 23 82
3 10 17.5 5 142 70 32 84
4 5 15 5 94 58 46 82
5 15 20 5 213 82 20 86
6 15 17.5 25 287 77 34 79
7 5 20 5 6l 56 19 88
8 10 15 75 181 75 44 90
9 15 17.5 7.5 256 92 27 92
10 10 20 75 97 73 17 95
I 10 17.5 5 137 68 30 86
12 5 17.5 75 72 60 28 94
13 10 17.5 5 144 70 31 84
14 10 15 25 209 63 51 77
15 5 17.5 25 83 51 36 8l
16 15 15 5 305 88 48 8l
17 10 17.5 5 141 69 30 86

Table 3 Statistical Parameters Obtained for Various Responses for the Quadratic Model

Response Model F-value Significant Terms* Lack of Fit F value Predicted R? Adjusted R? Adequate Precision
Particle size 129.54 A B, C, AB, A? 24.81 0.9089 0.9864 39.838
Entrapment efficiency 288.06 A B, C, AC, AZ, c? 1.19 0.9775 0.9938 60.686
Stability index 163.40 B, C, B2 2.38 0.9488 0.9892 42.613
Gelation temperature 75.37 A B, C, c? 0.08 0.9754 0.9767 30.538

Notes: *A is the monoolein concentration, B is the Poloxamer 407 concentration,

preparation of cubosomes has the major specific advantages of
reproducibility of the preparation method and high stability
(zeta potential about —38 mV) of the formed cubosomes with-
out the use of additional solvents.*

Particle Size
The quadratic model resulted in the following polynomial
equation for particle size in terms of coded factors.

Response 1 = 140.80 + 93.88A — 38.50B — 10.38C
—14.75AB — 5.00AC + 3.75BC
+26.35A24+1.10B>+7.35C

where Response 1 is the particle size, A is the concen-
tration of monoolein used, B is the concentration of
Poloxamer 407 used, and C is the concentration of PVA
used. From the equation for particle size, the concentration
of monoolein is seen to have the highest influence on
particle size. It had a positive effect on the particle size,
which means that a higher level of monoolein increases
the particle size. Poloxamer 407 and PVA had negative

, and C is the PVA concentration.

effects and, thus, reduce the particle size at their higher
concentrations. The magnitude determines the extent of
the effect and, thus, Poloxamer 407 had a more intense
effect on the particle size than PVA.

A plot of the predicted and actual values for particle
size is shown in Figure 1A. The figure shows a good
correlation between the predicted and actual results. This
is a recognition of the validity of the design model. Most
of the points lie on the line itself, which indicates a good
correlation between the actual and predicted values.

The individual effect of independent factors on the parti-
cle size is shown in Figure 1B-D. It should be noted that the
final response will be affected by the interaction between the
independent factors, which are better predicted using contour
and response surface plots. From the figure it is quite clear
that at selected concentrations, the influence of individual
factors was in the order monoolein > Poloxamer 407 > PVA.
A drastic increase in particle size resulted from an increase in
the monoolein concentration. On the contrary, increasing the
concentration of Poloxamer 407 decreased the particle size.
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Figure | Predicted versus actual diagram, Main effect diagram, Contour, and 3-D response surface plots representing the effect of the studied variables on particle size (Y1).
(A) Predicted versus actual diagram. (B) Main effect diagram of monoolein (%); (C) Main effect diagram of Poloxamer 407 (%); (D) Main effect diagram of PVA (%); (E)
Contour Plot showing the effect of monoolein % and poloxamer %; (F) 3-D Surface plot representing the effects of the monoolein % and poloxamer % on particle size.

The effect of PVA in the selected concentration range was
quite a bit less, but there was a slight decrease in particle size
when its concentration was increased.

The contour and response surface plots are shown in
Figure 1E and F. A distinct effect of the monoolein on
particle size can be identified in the contour and response
surface plots. From the iso-value curves, it can be seen that
the particle size ranged from 100 to 250 nm when the

concentration of monoolein was changed. In this case, the
iso-value curves were almost parallel to the PVA concen-
tration, which implies a lesser effect of PVA on particle
size. Nevertheless, a slight decrease in particle size with
a higher concentration of PVA may be noted. In the con-
tour and response surface plots, Poloxamer 407 is shown
to have a moderate effect on particle size. The particle size
was found to decrease moderately with an increase in the
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Poloxamer 407 concentration. One of the main goals of the
research is to prepare a nanosized cubosomes by decreas-
ing the particle size. So, during optimization, the software
was set to the goal of minimizing the particle size in order
to obtain an optimum formula with small particle size.

Entrapment Efficiency

The quadratic model resulted in the following polynomial
equation for entrapment efficiency in terms of coded
factors.

Response 2 = 69.20 + 14.25A — 1.50B + 6.00C
—1.00AB + 1.50AC + 0.00BC

+1.90A%2—0.10B>*—1.10C?

where Response 2 is the entrapment efficiency, A is the
concentration of monoolein used, B is the concentration of
Poloxamer 407 used, and C is the concentration of PVA
used. From the equation, it can be seen that monoolein and
PVA had a positive effect on the entrapment efficiency,
whereas Poloxamer 407 had a negative effect. The effect
was most pronounced for the concentration of monoolein.
The concentration of Poloxamer 407 had the least effect on
entrapment efficiency.

A plot of the predicted and actual values for entrap-
ment efficiency is shown in Figure 2A. The predicted
versus actual plot was indicative of a good correlation
between the predicted and actual results.

The individual effect of independent factors on the
entrapment efficiency is shown in Figure 2B-D. In the
case of the entrapment efficiency, higher concentrations
of monoolein were found to favor drug entrapment. The
effect was much higher when compared with the indivi-
dual effects of Poloxamer 407 and PVA. A higher concen-
407
entrapment efficiency, but higher concentrations of PVA

tration of Poloxamer slightly decreased the
increased the entrapment of the drug in the cubosomes.
The contour and response surface plots for entrapment
efficiency are shown in Figure 2E and F. From the plots, it
can be seen that monoolein caused a drastic increase in the
entrapment efficiency. The iso-value curves are almost
perpendicular to the monoolein axis and thus indicate
a significant effect. As shown in the contour plot and
response surface plots, the value of the entrapment effi-
ciency changed from around 55% to 85% when changing
the monoolein concentration in the selected concentration
range. The iso-value curves were almost parallel to the
axis of Poloxamer 407. This indicated that the selected
concentration range of Poloxamer 407 had no significant

influence on the entrapment efficiency of SQ; however,
a slight decrease in the entrapment efficiency was noted
with higher concentrations of Poloxamer 407. In the case
of PVA, a moderate positive effect was noted in the
entrapment efficiency with increasing the concentration.

Gelation Temperature

The quadratic model resulted in the following polynomial
equation for gelation temperature in terms of coded
factors.

Response 3 = 30.80 + 0.00A — 13.75B — 3.50C
—0.25AB + 0.25AC + 0.25BC
—0.025A42.48B%+0.475C

where Response 3 is the gelation temperature, A is the
concentration of monoolein used, B is the concentration of
Poloxamer 407 used, and C is the concentration of PVA
used. The concentration of monoolein was found to not
affect the gelation temperature, as indicated by a zero
value for the coefficient of A. Both the Poloxamer 407
and PVA concentrations had a negative effect on the gela-
tion temperature. The concentration of Poloxamer 407 had
a greater effect than PVA.

A plot of the predicted and actual values for gelation
temperature is shown in Figure 3A. As in the case of the
particle size and entrapment efficiency, the predicted ver-
sus actual plot for the gelation temperature was linear,
which was indicative of a good correlation between the
predicted and actual results.

The individual effect of the independent variables on
gelation temperature is shown in Figure 3B-D. It can be
seen that the gelation temperature was almost unaffected
by the monoolein concentration. This indicated the
absence of any thermogelling property of monoolein. At
the same time, higher concentrations of Poloxamer 407
caused a significant reduction in the gelation temperature.
This response was expected based on previously reported
studies with Poloxamer 407.2%° The effect of PVA on the
gelation temperature was less compared with that of
Poloxamer 407 in the selected concentration range.
Polymer blends of PVA and its derivatives are also
reported to have thermosensitive behavior.**>>

The contour and response surface plots for gelation
temperature are shown in Figure 3E and F. The iso-value
curves for gelation temperature were more or less parallel
to the axis of monoolein. At the same time, the iso-value
curves for gelation temperature were more or less perpen-
dicular to the axis of Poloxamer 407. PVA had a moderate
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effect when compared with that of Poloxamer 407. In the
contour plot of monoolein versus PVA, the iso-value
curves were perpendicular to the axis of the PVA concen-
tration. The variation in gelation temperature from 28 to
34°C could be observed.

Stability Index
The quadratic model resulted in the following polynomial
equation for the stability index in terms of coded factors.

Response 4 = 85.00 — 0.875A + 2.62B + 6.50C
—0.25AB + 0.00AC + 0.00BC
—0.125A%-0.625B%+1.62C?

where Response 4 is the stability index, A is the con-
centration of monoolein used, B is the concentration of
Poloxamer 407 used, and C is the concentration of PVA
used. From the equation, it is clear that the PVA concen-
tration had the highest effect on the stability index com-
pared with other factors. Also, the effect was positive with
a higher concentration of PVA, resulting in higher stability.
A similar positive effect was noted for Poloxamer 407.
The concentration of monoolein had a negative effect on
the stability index.

A plot of the predicted and actual values for the stabi-
lity index is shown in Figure 4A. As in the case of the
other three responses described earlier, the predicted ver-
sus actual plot for the stability was linear, which was
indicative of a good correlation between the predicted
and actual results.

Figure 4B-D shows the one-factor interactions for the
response stability index. It can be seen that the PVA concen-
tration had a more pronounced effect on the stability index
than any other factor. The effect of monoolein was much less
than that of the PVA. The stability index value, and thus the
stability of the cubosomes, was found to decrease slightly
when the monoolein concentration was increased from 5% to
15%. In the case of Poloxamer 407, a slightly more pro-
nounced, but positive, effect was observed for the stability
index. Thus, higher Poloxamer concentrations favored the
stability of cubosomes when they were used in the studied
concentration range. The effect was noted even with a slight
change in the concentration of the Poloxamer (15% to 20%).
Thus, a careful selection of the Poloxamer concentration is
required for stable cubosomes. The concentration of PVA
had a drastic effect on the stability index even when used at
low concentrations of 2.5% to 7.5%. The concentration of
PVA had a positive effect on the stability index, meaning that
a high concentration of PVA resulted in the enhanced

cubosome stability. The stability index varied from 81% to
95%. Nevertheless, it may be noted that the overall effect of
the individual factors is influenced by and subjected to inter-
action effects between the independent factors.

The contour and response surface plots for the stability
index are shown in Figures 4E and F. From the contour
plots, it can be seen that the iso-value curves of the stability
index are more or less perpendicular to the PVA axis. Here,
the value of the stability index varied from 80% to 90%.
A similar observation was made in the case of the response
surface plots. As expected from the individual effects, the
response surface and contour plots also indicated a lesser
effect for monoolein. Poloxamer 407 was found to have
a moderate effect.

Optimized Formulation

The optimized formula provided by the software consisted of
monoolein (8.96%), Poloxamer (17.45%), and PVA (7.5%).
The optimized cubosomal formulation was prepared and
evaluated. The predicted and observed values for the opti-
mized formulation are shown in Table 4. The values were
well in agreement, providing proof for a successful design
validity and optimization.

Morphological Examination

The TEM image (Figure 5) revealed that the optimized cubo-
somes had similar morphology to the reported cubosomes.*®
They had an irregular polyangular structure. The individual
particle size was between 100 and 150 nm in the TEM image
and was in agreement with the results of particle size analysis
by dynamic light scattering, which indicated that the average
particle size for the optimum formula is 120 nm.

Ex vivo Permeation Studies

Ex vivo evaluation was carried out to study the permeation
characteristics of the optimized SQ-loaded cubosomal ther-
mogelling dispersions with the aqueous suspension of SQ.
The results of the ex vivo evaluation are provided in Table 5.
From the value of the steady-state flux, permeability coeffi-
cient, and enhancement factor, it is quite evident that the
cubosomal thermogelling dispersion of SQ had superior drug

Table 4 Responses for the Optimized Formulation

Response Predicted Value Observed Value
Particle size (nm) 121.05 120 £ 2

EE (%) 70.92 72%1

Gelation temp. (°C) 28 29%1.5

Stability index (%) 93.24 92+2.5
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Figure 5 TEM image of SQ-loaded cubosomes.

permeability which favors better drug bioavailability. The
cumulative amount of drug permeated can be used for
a direct comparison of drug permeation when normalized
for the area. This value directly gives the amount of drug that
crosses the barrier, which here is the mucosal membrane
from the sheep nostril. Thus, about 51% of the SQ permeated
from the cubosomal thermogelling dispersion compared to
only 14.5% from the aqueous dispersion. From the value of
the steady-state flux of SQ, a rapid transport of SQ across the
membrane by the cubosomal thermogelling dispersion was
indicated by a flux value of 42.93 pg/cm’min. The flux of
the SQ aqueous dispersion was 11.29 pg/cm®min only.
Recently, the permeation enhancement factor has gained
attention in the prediction of the permeability of a drug. In
the present study, the enhancement factor was nearly equal to
3.5 times for the SQ-loaded cubosomal thermogelling dis-
persion when compared with the aqueous dispersion of SQ.
The permeation profile of the SQ formulations is given
in Figure 6A. The cumulative amount of SQ permeated per
unit area is distinctly more for the SQ-loaded cubosomal
thermogelling dispersion. When plotted with the square

Table 5 Permeation Parameters from ex vivo Studies

root of time (Figure 6B), the permeation shows a more
or less linear profile which indicates that the Higuchian
matrix diffusion mechanism is in effect for the permeation

of the SQ from the cubosomes.®’

In vivo Evaluation

The in vivo evaluation of the developed cubosomes was
carried out in albino rabbits with reference to oral and intra-
nasal aqueous suspensions. The pharmacokinetic parameters
for the drug when administered as intranasal cubosomes and
oral and intranasal aqueous dispersion are provided in
Table 6. The plasma SQ concentration—time profile for the
formulations is shown in Figure 7.

From the pharmacokinetic profile of the SQ from the
formulations, it can be seen that improvement in the pharma-
cokinetic parameters is possible with the administration of SQ
as cubosomes. A clear C,,,, was obtained for the cubosomal
thermogelling dispersion with a value of 120.44+13 pg/mL.
At the same time, technically a C,,.x value of 37.43+£5 pg/mL
was obtained for the oral aqueous suspension of SQ and 78.5
49 ug/mL for intranasal SQ aqueous suspension. A higher

SQ-Optimized Cubosomal Thermogelling Dispersion

SQ-Aqueous Suspension

Parameters of Permeation

Cumulative amount permeated per unit area (ug/cm?) 14,324+1182
Cumulative Percentage Permeated 51%
Steady-state flux (ug/cm?.min) 42.93
Permeability coefficient (cm/min) 8.58x10*
Diffusion coefficient (cm?/min) 3231%10°°
Enhancement factor 3.41

41942612
14.5%
11.29
2.25%107*
2.22x107°
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value of C,x is a clear indication of higher bioavailability.
The C,,4 is also a pharmacokinetic parameter for the assess-
ment of bioavailability and this value is beneficial in assessing
the drug with more availability to its site of action. This
enhancement could be due to the fact that the absorption of
nanoparticulate formulation depends on the physicochemical
properties of the nanosized vesicles rather than the drug itself,
and the nano range size of these particles enhances their
absorption.’® Moreover, the plasma half-life of the SQ
increased in the case of the intranasal administration either
for SQ-loaded cubosomal thermogelling dispersion or for SQ-

aqueous suspension. As a result, the elimination rate constant
was less for the intranasal formulations compared to the oral
formulation. A lower value for the elimination rate constant
means that the drug is slowly eliminated from the body. This
could be due to the presence of Poloxamer 188 surfactant in
the formulation which causes steric hindrance that helps in
reducing the tissue uptake by evading the reticuloendothelial
system, which increased the residence time of the NPs in the
blood circulation®*** Thus, the favorable pharmacokinetic
parameters for the SQ-loaded cubosomal thermogelling dis-
persion could help in dose reduction and dosing frequency.

Table 6 Pharmacokinetic Parameters of SQ from the Formulations

PK Parameters Oral SQ-Aqueous Intranasal SQ-Aqueous Intranasal SQ-Optimized Cubosomal
Suspension Suspension Thermogelling Dispersion

Crnax (Hg/mL) 37.43£5 78.5+9 12044 = 13

Tinax (h) 6.0 £0.0 6.0+0.0 6.0 £ 0.0

ti (h) 201 051 3.23+0.32 3.95 + 0.56

AUC i (u/mL h) 41.43+17.3 213.43+44 49678

Ka (W) 0.31 £ 0.05 0.22+0.04 0.182 £ 0.03

Relative BA (%) - 5-folds compared to oral 12-fold compared to oral suspension
suspension 2.5-fold compared to intranasal suspension
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This is a very important aspect of therapeutic compliance and
efficacy. Further modification in the formulation parameters
could even facilitate the development of prolonged-release
cubosomal thermogelling dispersions of SQ.

As expected, the AUC_j,r value of SQ-loaded cubosomal
thermogelling dispersion was much higher than for the aqu-
eous suspension of either oral or intranasal SQ. A notable
increase in bioavailability was observed when the cubosomal
thermogelling dispersion was administered by the intranasal
route. The relative bioavailability was about 12-fold greater
when compared with the oral aqueous suspension and more
than 2.5-fold greater compared to the intranasal aqueous
suspension.

Conclusion

The present study reports the optimization and evaluation of
an SQ-loaded cubosomal thermogelling dispersion. A Box—
Behnken design was used to study the effect of monoolein,
Poloxamer 407, and PVA as independent factors. The particle
size, entrapment efficiency, gelation temperature, and stability
index were evaluated as responses. The quadratic response
model used to evaluate the responses. The optimized formula-
tion suggested by the software was prepared and evaluated.
TEM revealed the typical irregular polyangular structure for
cubosomes. The steady-state flux, permeability coefficient,
and enhancement factor were higher for the cubosomal ther-
mogelling dispersion of SQ during ex vivo permeation in
comparison with an aqueous suspension of SQ. From the
in vivo studies in albino rabbits, a superior pharmacokinetic
profile was observed for the SQ-loaded cubosomal thermo-
gelling dispersion. The relative bioavailability was about 12-
fold higher when compared with the oral aqueous suspension
and about 2.5-fold higher when compared to intranasal

«=g=|ntranasal SQ- Optimized Cubosomal
thermogelling dispersion

=== Intranasal SQ-Aqueous Suspension

«=m=Oral SQ- Aqueous Suspension

10 12 14 16 18 20 22 24
Time (hr)

aqueous suspension. Thus, the SQ-loaded cubosomal thermo-
gelling formulation is considered effective for the CNS deliv-
ery of SQ by intranasal administration.
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