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Abstract

The current study is regarding the development and characterization of Darifenacin-loaded self-assembled liquid crystal cubic
nanoparticles (LCCN). An anhydrous approach was used for the preparation of these cubic nanoparticles using a hydrotropic
agent (propylene glycol), with minimal energy input. Upon dispersion in aqueous medium, the system was successfully
transformed to cubosomal nanoparticles counterpart as depicted by transmission electron micrographs. A Box-Behnken
design was used to optimize formulation variables, namely A: amount of GMO, B: amount of Pluronic F127, C: amount of
PG, and D: amount of HPMC. The design has generated 29 formulae which were tested regarding drug content uniform-
ity, dispersibility in water, particle size, zeta potential, polydispersity index, and in vitro release behavior. The numerical
optimization algorithms have generated an optimized formula with high desirability ~ 1. The optimized formula displayed
small particle size, good homogeneity, and zeta potential along with controlled in vitro release profile and ex vivo permeation
through rabbit intestine. Thus, self-assembled LCCN might offer an alternative anhydrous approach for the preparation of
cubosomal nanoparticles with controlled release profile for a possibly better control of overactive bladder syndrome which

tremendously affect the overall life quality.

Keywords cubic nanoparticles - Darifenacin - ex vivo permeation - liquid crystal - self-assembled

Introduction

An overactive bladder (OAB), according to the International
Continence Society (ICS), is defined as urinary urgency, that
is may or may not accompanied with incontinence urges,
alongside nocturia and frequent urination, usually with the
absence of an underlying metabolic or pathologic causes [1,
2]. OAB is distinguished by involuntary urodynamic contrac-
tions of bladder’s smooth muscles. Consequently, the patient
is unable to subdue such contractions which are prevalent
during bladder filling [3]. OAB is a major cause of patient
discomfort, with undisputed need for chronic symptomatic
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treatment. Although OAB has a non-specific age targeting
segment, it tends to prevail with elder subjects. Roughly, at
least 17 million Americans are likely affected by OAB [4].
It was commonly perceived that women are more likely
affected by bladder control problems and its related urinary
urgency. This concept was opposed by the National Over-
active Bladder Evaluation (NOBLE) Program, which has
done an extensive study including over 5000 participants as
a representative sample of the US population and the study
concluded that the overall prevalence of such condition is
likely similar regarding different sex while the severity of
symptoms may differ. Nonetheless, OAB disregarding sex
difference was found to have a tremendous impact on mental
health, sleep quality, and overall life quality. According to the
NOBLE program, OAB, with or without urge incontinence,
was associated with clinically significant higher Center for
Epidemiological Studies Depression Scale “CES-D” scores,
poor sleep quality, and overall lower life quality Short Form
Health Survey “SF-36" scores among the participants [3].
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The muscarinic receptors in human bladder are M, (80%)
and M; (20%). The M, receptor, despite being less prevalent,
has been denoted as the main receptor, following choliner-
gic activation, responsible for the contraction of bladder’s
smooth muscles [5, 6]. Therefore, antimuscarinic agents
are considered the drug of choice for OAB symptomatic
treatment. Their mechanism of action is simply blockade of
muscarinic receptors resulting in significantly reduced invol-
untary bladder contractions, leading to better bladder filling
and reduced urinary incontinence [7]. Darifenacin hydro-
bromide (DRF) is a selective potent M, antagonist, a poten-
tially effective antimuscarinic with enhanced tolerability and
reduced safety problems caused by blockade of other non-
related muscarinic receptor subtypes [8]. Darifenacin, being
very lipophilic, had slow dissolution rate and consequently
poor oral bioavailability [9]. Darifenacin was formulated
as liposome [10], nanostructured lipid carrier [11], self-
emulsifying drug delivery system [12], and p-cyclodextrin
inclusion complex buccal films [13] in order to enhance its
bioavailability. Best to our knowledge it was not prepared as
self-assembled liquid crystal cubic nanoparticles.

Self-assembled liquid crystal cubic nanoparticles (LCCN)
introduce a shifted paradigm regarding the newly emerg-
ing bi-continuous liquid crystalline nanoparticles known
as “cubosomes” which tend to embrace an infinite peri-
odic minimal surfaces contortion distinguished with its
zero curvature [14, 15]. Cubic nanoparticles are commonly
prepared using glyceryl monooleate (GMO) and Pluronic
F127 using homogenizers or ultrasonication to provide high
energy input [16—18]. Conventional techniques are difficult
to scale up and posing risk of disrupting the cubic arrange-
ment due to excessive energy input [19]. LCCN are consid-
ered the anhydrous precursor formulated using a hydrotrope
which upon mixing with aqueous medium transform to their
counterpart cubosomes with minimal energy input, thus
presenting a more stable and versatile alternative technique
of preparation [20]. Drugs loaded in cubosomes displayed
a sustained release pattern due to the composite diffusion
pathway caused by the offered large interfacial area. Also,
the lipid backbone monoolein is biocompatible, bioadhesive,
and digestible as it is subjected to lipolysis [21, 22].

Self-assembled LCCN provide an excellent oral deliv-
ery carrier for hydrophobic drugs. As a lyotropic system,
they can accommodate hydrophobic drugs in a solubilized
state within their lipid bilayers [23]. Additionally, they
can retain such solubilized state without drug precipita-
tion even after their digestion by intestinal lipases since the
cubic phase is isotropic. Also, they enhance drug absorp-
tion by prolonging the drug contact time with intestinal
membrane as they are bioadhesive. Moreover, cubic nano-
particles provided enhanced transdermal and transmucosal
delivery which could be expected to be mimicked in oral
delivery as well [24].

@ Springer

Based upon the abovementioned data, the self-assembled
liquid crystal cubic nanoparticles were chosen to enhance
DRF bioavailability as well as to confer a controlled release
pattern by adopting a new anhydrous approach with the
aim of enhancing the system’s physical stability through
using minimal energy input during the preparation to avoid
the disruption of cubosomal arrangement. A Box-Behnken
design was adopted in the preparation of DRF-LCCN to
scrutinize the effect of formulation variables on drug
content uniformity, dispersibility in water, particle size,
zeta potential, polydispersity index, and in vitro release
behavior. Moreover, numerical optimization algorithms
were used to suggest an optimized formula, which was
consequently prepared and inspected using transmission
electron microscopy to visualize the system morphology
after reconstitution with water and finally, tested for its ex
vivo permeation performance through rabbit intestine as a
measure for bioavailability enhancement.

Materials and Methods
Materials

Darifenacin hydrobromide (DRF) was received as a kind gift
from Marcyrl Pharmaceutical Industries, Egypt. Hydroxy-
propyl Methylcellulose E5 (HPMC ES5, average molecular
weight is 10,000 Daltons) was purchased from Dow Chem-
ical Company Midland, USA. Propylene glycol (PG) and
absolute ethanol were obtained from Elnasr Chemicals,
Egypt. Glyceryl monooleate (monoolein, GMO) was a gift
from Danisco Cultor, Grindsted, Denmark. Pluronic F127
was procured from Sigma-Aldrich Co., St. Louis, USA.
Spectra/Por® dialysis membrane (12,000—14,000 Daltons
cut-off) was brought from Spectrum Laboratories Inc.
(USA). All other reagents and chemicals used were of ana-
lytical reagent grade.

Preparation of DRF-LCCN

For the preparation of DRF-LCCN, Chung et al. [20]
technique was adopted with some modifications; accurate
weights of GMO and Pluronic F127 were mixed in a beaker
containing 20 ml of absolute ethanol and placed in an oven
set at 50°C till complete dissolution. Then, an accurate
weight of DRF (100 mg) was added to the solution and
returned to the oven till it is completely dissolved. After
that, an accurate weight of HPMC was sprinkled and mixed
with the lipid solution.

Consequently, the mixture was evaporated under vac-
uum (Hei-VAP Expert Heidolph Instruments GmbH & Co.,
Schwabach, Germany) till complete evaporation of ethanol.
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A viscous liquid was formed, which was diluted with a
specified volume of absolute ethanol either with or without
PG to be mixed together in the rotavap for 15 min to form
a homogenous DRF-LCCN liquid dispersion.

Experimental Design

Design Expert® software (Version 10, Stat-Ease Inc., MN,
USA) was used for the statistical optimization of formula-
tion variables, implementing a Box-Behnken design gen-
erating 29 runs listed in standard order (Table I). Four
factors were studied as independent variables, namely, A:
amount of GMO, B: amount of Pluronic F127, C: amount
of PG, and D: amount of HPMC (Table II). The particle
size (Y1), quantity released at 1 h (Y2), quantity released

at 4 h (Y3), quantity released at 8 h (Y4), and quantity
released at 24 h (Y5) were the target responses (Table II).
The desirability function was applied to seek an optimal
formula by applying constraints for the optimization of
determinants using the fitted polynomial equations gener-
ated by the software.

DRF-LCCN Characterization

Drug Content Uniformity

DRF was measured using a modified RP-HPLC reported
technique [25]. The method was validated regarding its

accuracy, precision, selectivity, and linearity. The HPLC
system was composed of a ZORBAX SB-C18 column

Tablel Composition of Darifenacin Self-assembled LCCN Adopting Box-Behnken Design

Number of A: GMO B: Pluronic C: PG D: HPMC Drug content Particle size Polydispersity Zeta potential ~ Dispersibility
runs F127 uniformity index test
mg mg mL mg % nm mV s

LCCN1 300 27.5 0 50 97.93+£1.07 208.68+15.55 0.32+0.01 -7.45+041 10x1
LCCN2 300 27.5 0.125 75 90.83+£2.11 398.83+13.18 0.26+0.03 —18.90+235 11+2
LCCN3 100 27.5 0.125 50 97.02+£3.22 295.43+21.56 0.32+0.07 -9.69+1.02 6=+1
LCCN4 100 27.5 0 75 104.33+0.89 251.91+9.85 0.29+0.02 —-8.77+043 1243
LCCNS 300 27.5 0.125 75 95.54+£2.37 426.52+32.71 0.30+0.05 —-1495+1.78 8=+1
LCCN6 500 50 0.125 75 97.79+£3.01 229.25+16.58 0.23+0.06 -8.10+0.56 7+0.5
LCCN7 500 5 0.125 75 91.66+2.66 620.05+41.88 0.25+0.08 -6.68+042 9x1
LCCNS 300 27.5 025 50 93.58+1.38 210.14+17.82 0.22+0.03 —-725+038 6+0.5
LCCN9 100 50 0.125 75 99.82+0.94 219.03+11.14 0.18+0.01 -8.29+0.39 10+2
LCCNI10 300 50 0.125 50 96.61+£3.47 218.15+19.25 0.26+0.02 -7.66+035 8x1
LCCNI11 100 275 0.125 100 90.99+0.75 280.87+24.15 0.18+0.01 -9.86+0.42 25+4
LCCNI12 300 275 0.125 75 97.54+£2.47 259.26+16.54 0.29+0.04 —-17.10+2.87 6=+0.5
LCCNI13 300 275 0.125 75 92.55+£3.62 266.36+15.69 0.14+0.03 —-11.80+198 5+0.5
LCCN14 300 275 0.125 75 90.21£1.03 246.77+12.67 0.17+0.02 -9.68+0.46 6+0.5
LCCNI15 500 27.5 0 75 107.46£2.38 266.75+18.84 0.19+0.05 -6.96+0.31 65+9
LCCN16 500 27.5 025 75 109.87+£2.07 243.41+8.74 0.27+0.06 -9.49+0.29 68+12
LCCN17 300 5 0.125 100 90.39+£0.94 810.62+54.87 0.18+0.02 —-20.21+3.14 16+3
LCCN18 300 5 0 75 98.23+4.07 348.47+29.26 0.20+0.01 —-1642+2.77 15+5
LCCN19 300 5 0.125 50 95.39+£3.58 762.23+47.25 0.25+0.01 —-1241+1.82 8=+1
LCCN20 100 27.5 025 75 102.18+2.14 252.36+17.48 0.22+0.03 —-1490+£2.09 4+0.5
LCCN21 500 27.5 0.125 50 90.11+£1.18 249.28+13.65 0.19+0.06 —-9.04+0.67 5+0.5
LCCN22 300 5 025 75 104.94+1.88 687.85+51.89 0.23+0.08 —-13.63+2.17 8%+1
LCCN23 300 50 0.125 100 96.08 £3.01 688.46+37.89 0.12+0.04 —-17.80+£3.02 7x1
LCCN24 300 50 025 75 90.58 £1.06 524.73+40.08 0.19+0.02 —13.40+1.46 102
LCCN25 500 27.5 0.125 100 94.82+2.46 580.69+50.11 0.29+0.03 —-7.80+£0.54 8+0.5
LCCN26 100 5 0.125 75 94.79+1.64 643.36+47.01 0.29+0.04 —21.25+3.16 15+23
LCCN27 300 27.5 025 100 97.17+3.12 481.24+39.16 0.15+0.03 —-14.85+243 6+0.5
LCCN28 300 27.5 0 100 95.79+£2.27 543.49+42.82 0.19+0.04 —12.50+1.68 22+6
LCCN29 300 50 0 75 9421+1.47 515.27+£39.99 0.21+0.02 —-11.70+149 5+0.5
Optimized 441.69  45.88 012 937 98.79+2.01 324.08+24.68 0.31+0.02 —18.70+£1.89 11+1

formula
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Table Il Levels of the Investigated Independent Variables in the Box-
Behnken Design and the Constraints Applied for Optimization

Variables Levels

=1 0 +D
A: Amount of GMO (mg) 100 300 500
B: Amount of Pluronic F127 (mg) 5 27.5 50
C: Volume of PG (mL) 0 0.125 0.25
D: Amount of HPMC (mg) 50 75 100
Responses Constraints
Y, =Particle size <500 nm
Y, =% Drug released after 1 h Less than 25%
Y;="% Drug released after 4 h Less than 50%
Y, =% Drug released after 8 h Not more than 70%
Ys="% Drug released after 24h ~ More than 70%

150 X 4.6 mm, particle size: 5 pm kept at ambient tem-
perature (Agilent technologies, Santa Clara, CA), LaChrom
D7000 integrator, L-7110 pump, and UV-VIS L-7420
detector (Hitachi, Tokyo, Japan). The mobile phase con-
sisted of acetonitrile: acetate buffer (100 g of ammonium
acetate +4.1 ml of glacial acetic acid in 0.5 1 deionized
water) containing 2 ml triethylamine (50:50% v/v) and the
pH was adjusted to 6 using acetic acid. The analysis was
done using an isocratic flow rate of 1 ml/min; chromato-
grams were recorded at A.,,, =230 nm.

An accurate weight of each formula equivalent to 10 mg
DRF was dissolved in 10 ml methanol for 10 min. Then, the
solution was filtered through 0.22-pym nylon filter membrane
and subsequently injected into the abovementioned HPLC
system for quantification.

Actual yield

Drug content uniformity = Theoretical vield x 100
eoretical yie

Dispersibility Test

The dispersibility test was carried out to determine the abil-
ity of self-assembled LCCN to form cubosomal homog-
enous dispersion upon dispersion in water. The test was
performed by placing a beaker containing 20 ml distilled
water on a magnetic stirrer at 37 +0.5°C to which a known
volume (0.1 ml) of each formula was added and stirred
at 500 rpm. The ease of dispersion criterion was visually
assessed via observing the dispersion medium and calcu-
lating the time for complete dispersibility for all formulae.
The formula was considered easily dispersed or able to form
self-assembled cubosomal homogenous dispersion if com-
pletely dispersed in less than 30 min forming clear disper-
sion without oily globules on surface and no particles were
deposited at the bottom [26].
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Particle Size, Zeta Potential, and Polydispersity Index (PDI)
Determination

An amount of DRF-LCCN equivalent to 5 mg drug was
dispersed in 10 ml of distilled water, vortexed for 5 min then
diluted in a ratio of 1:10, and subjected to light scattering at
173° in order to measure the vesicles size (z-average) and the
polydispersity index (PDI) which are based on the particles’
Brownian motion that caused fluctuation of the scattered
light. The zeta potential () was also measured adopting
electrophoresis principle. All results were measured using
Zetasizer Nano ZS (model MAM 5000, Malvern instrument
limited, Worcestershire, UK) [27].

In Vitro Release Study of DRF-LCCN

In order to study the drug release from the prepared LCCN,
a dialysis method was applied using Spectra/Por® dialy-
sis membrane (12,000-14,000 molecular weight cut-off).
The membrane was soaked for 1 h in distilled water to
remove any preservative traces before use [28]. The mem-
brane was tied with a thread from both ends like a sac to
be filled with DRF-LCCN dispersion. A known volume
(equivalent to 5 mg DRF) was dispersed in 2 ml of dis-
tilled water, vortexed, and then filled in the dialysis mem-
brane sac. The release was done in 100 ml phosphate buffer
saline (PBS, pH=7.4), in a glass bottle placed in a thermo-
statically controlled water bath (Model 1083; GLF Corp.,
Burgwedel, Germany) set at 37°C and 50 strokes per min.
At predetermined time intervals (1, 2, 4, 6, 8§, and 24 h),
3 ml of the release medium was withdrawn for analysis and
replenished with equal volume of release medium to main-
tain constant volume. Then, aliquots were filtered through
0.22-um nylon filter membrane and subsequently injected
into the abovementioned HPLC system for quantification.
Results are the mean values of three in vitro release experi-
ments [18].

Transmission Electron Microscopy (TEM)

The optimized DRF-LCCN formula equivalent to 5 mg
drug was dispersed in 5 ml distilled water to envision the
morphological shape of the cubosomal vesicles using TEM
(Joel JEM 1400, Tokyo, Japan). The dispersion was fur-
therly diluted in a ratio of 1:10 with distilled water and
filtered through Whatman qualitative filter paper (pore size
11 um) to remove any aggregates. Consequently, known
amount of 1% phosphotungstic acid was added and mixed.
Then, the carbon-coated copper grid was impregnated with
one drop of the dispersion, allowing drainage of excess
sample and the grid was left to dry at ambient temperature
till examination [29, 30].
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Ex Vivo Permeation Study of DRF-LCCN

The ex vivo permeation study, approved by Research Ethics
Committee (REC), Faculty of Pharmacy, Cairo University
(approval number PI 1166), was done to test the ability of
the prepared DRF-LCCN to penetrate through the intestinal
barrier. Adult male Albino rabbit’s intestine was used for
this test. The excised rabbit intestine was thoroughly washed
with saline before use, cleaned from intestinal residues, and
divided into segments (8 cm long). The intestinal segments
were tied at both ends and known volumes of the optimized
DRF-LCCN or drug suspension equivalent to 5 mg DRF
were filled inside different segments. Then, the segments
were immersed in closed glass bottles containing 100 ml
PBS (pH=7.4). The glass bottles were placed in a thermo-
statically controlled (37 +0.5°C) shaking water bath (Model
1083; GLF Corp., Burgwedel, Germany). Aliquots (1 ml)
were withdrawn at predetermined time intervals (0.5, 1, 2,
4, 6, 8, and 24 h) and were replenished with fresh medium.
The aliquots were filtered through 0.22-um nylon filter mem-
brane and subsequently injected into the abovementioned
HPLC system for quantification. The ex vivo permeation
experiment was done in triplicates [31].

Results and Discussion
DRF-LCCN Characterization
Drug Content Uniformity

Regarding the uniformity of drug content of the prepared
self-assembled DRF-LCCN, it was ranged from 90.11 +1.18
to 109.87+2.07% as shown in Table I indicating the uni-
formity of preparation technique.

Dispersibility Test

The dispersibility test was conducted to test the ease of dis-
persion of the prepared self-assembled DRF-LCCN upon
dispersion in water to form a homogenous isotropic mixture.
As shown in Table I, the time for dispersion of the prepared
self-assembled DRF-LCCN ranged from 4 +0.5to 68+ 12 s
which indicated the spontaneity and ease of dispersion of the
prepared formulae as they required very short time (less than
2 min) for complete dispersion. All formulae produced trans-
parent dispersion and few of them were slightly gelatinous in
nature. It was noticed that formulae containing high GMO
(LCCN 15 and 16) exhibited long dispersibility time (65 and
68 s respectively) which could be due to lipophilic nature of
GMO which hindered dispersibility. Meanwhile, formulae
containing high HPMC (LCCN 11) exhibited moderate dis-
persibility time around 25 s which could be attributed to the

imparted viscosity which slightly prolonged dispersibility
time. On the other hand, formulae containing high GMO and
HPMC with high pluronic and PG displayed short dispers-
ibility time (LCCN 6) 7 s. This is probably due to the good
emulsifying and stabilizing property of pluronic which is a
water soluble amphiphilic surfactant with high HLB along
with the cosolvent role of propylene glycol both exerted a
synergistic effect on emulsifying, stabilizing, and solubiliz-
ing GMO when dispersed in water [30, 32].

Particle Size, Zeta Potential, and Polydispersity Index
Determination

Particle size is a crucial parameter directly affecting drug
absorption and bioavailability; thus, nanosized particles
will greatly enhance the oral bioavailability of poorly
absorbed drug [33]. The average particle size of the dis-
persed self-assembled LCCN ranged from 208.68 + 15.55
to 810.62 +54.87 nm as shown in Table I which confirmed
the nanosize of all prepared systems upon dispersion in dis-
tilled water as shown in Table I. Statistical analysis revealed
that the quadratic model is fitted; both amount of Pluronic
F127 (B) and amount of HPMC (D) have significant effect
(P=0.0022 and 0.0027 respectively) on particle size. Plu-
ronic F127 had negative effect on particle size as shown
in Fig. 1a which means that increasing the added amount
of pluronic from 5 to 27.5 mg will reduce the particle size
while further increase from 27.5 to 50 mg will slightly
increase the particle size. These findings are compatible with
results obtained by Nadia ef al. [18], Esposito et al. [34],
and Adam et al. [35]. This is probably due to the ability of
hydrophilic copolymer to break large aggregates into smaller
particles owing to their surface activity and stabilizing effect
of polyethylene oxide (PEO) moiety while increasing their
concentration may exceed their critical micelle concentra-
tion (CMC) resulting in micellar configuration which has
no surface activity resulting in larger particle size [36].
Regarding HPMC, it has a positive effect on the particle
size as shown in Fig. 1a; this means that increasing HPMC
amount increases the particle size possibly due to its abil-
ity to impart viscosity, which is directly proportional to its
molecular weight, resulting in the formation of larger parti-
cles [37]. Also, HPMC could form intermolecular complexes
with pluronic through formation of inter molecular hydrogen
bond and hydrophobic associations between the polyoxyeth-
ylene moiety of pluronic and cellulose backbone of HPMC
resulting in larger particle size [38].

The prepared self-assembled LCCN exhibited sat-
isfactory zeta potential ranging from —6.68 +0.42
to —21.25+3.16 mV as shown in Table I. The negative
charge is probably due to the carboxylic groups of free
fatty acids associated with GMO [39, 40]. Moreover, most
formulae demonstrated good homogeneity (PDI value less
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Fig.1 a 3D plot showing the effect of Pluronic F127 and HPMC
on the particle size of the self-assembled liquid crystal cubic nan-
oparticles. b Interaction plot showing the antagonistic interaction
between GMO and PG on the percentage released after 1 h. ¢ Inter-

than 0.5) reflected through their low PDI ranging from
0.12+0.04 to 0.32+0.07 as presented in Table I indicating
the homogeneity of the prepared systems [41, 42].

In Vitro Release Study of DRF-LCCN

The in vitro release profiles of the prepared self-assembled
LCCN are illustrated in Fig. 2. The release profiles were
statistically analyzed at 4 different time points Q1, Q4, Q8,
and Q24 respectively in order to determine and optimize the
formulation variables to achieve a controlled release profile.
ANOVA study revealed that linear model was fitted in Q4 and
Q24 while two factor interactions model was fitted in Q1 and
quadratic model was fitted in Q8. Statistical analysis indicated
that PG had a significant positive effect on the release at the 4
different time points (P=0.0139, 0.0039, 0.0002, and 0.007
respectively) as shown in Figs. 1b and 3a—d respectively,
which is possibly due to the fact that it acts as a cosolvent for
GMO thus enhancing its solubility with aqueous medium, and
may be also attributed to its ability to reduce the formulation
viscosity thus allowing more entrapped drug to be released
from the cubic phase. Similar results were found by Lim DG
et al. for the release of sodium fluorescein [43].
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F127 and HPMC on the percentage released after 1 h. d One fac-
tor plot showing the negative effect of HPMC on the percentage
released after 4 h

Regarding HPMC, it was found to have a negative effect
on the release at Q1, Q4, and Q8 as shown in Figs. lc, d
and 3b respectively, possibly due to the imparted barrier
caused by HPMC, a polymer known for its high viscosity; as
it increases the viscosity of the system resulting in reduced
drug release, the glassy barrier caused by HPMC affected
the release till Q8; then, it seems that after the complete
hydration of this glassy barrier, the release was not con-
trolled by HPMC anymore; thus, it did not have a significant
effect on the release at Q24 [44, 45]. Similar findings were
also observed by Gehrke and Lee as they found that the
barrier effect of HPMC last for 4-6 h depending on drug
solubility [46].

Also, an antagonistic interaction was found between
GMO and PG on Q1 and Q4 as illustrated in Figs. 1b and
3arespectively; GMO represents the hydrophobic backbone
of the cubic phase; thus in absence of PG, further increase
of GMO will reduce the release of DRF which is entrapped
inside the cubic phase structure. But in presence of PG
cosolvent, GMO possibly forms a bi-continuous lipid water
system called liquid sponge phase which has better diffusion
compared to cubic phase due to formation of hydrophilic
channel [47, 48].



AAPS PharmSciTech (2023) 24:120

Page70f11 120

Fig.2 In vitro release profiles
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ANOVA study has also revealed another antagonistic
interaction between HPMC and Pluronic F127 on Q1 and
Q8 as illustrated in Figs. 1c and 3b respectively, which
means that at high HPMC level, increasing pluronic
concentration resulted in reduced drug release which
could be explained through the fact that at low pluronic
concentration, most of the surfactant is present at the
surface of cubic structure while at high concentration,
most of the surfactant will integrate in the cubic bulk
structure thus reducing drug release and stabilize the
drug inside the cubic phase by the help of the high vis-
cosity imparted by HPMC while at low HPMC level, the
opposite is observed as the medium become less viscous
and the cubic phase is not well maintained thus increas-
ing pluronic concentration will act as solubilizer rather
than incorporation inside the cubic phase matrix thus
more drug will be released [49].

Another finding revealed by ANOVA study is that Plu-
ronic F127 had a significant positive effect on the release
at Q8; this could be possibly related to the enhanced solu-
bilization into the aqueous release medium owing to the
good solubilizing effect of pluronic and to the reduction
of particle size which allowed more surface area for drug
release [50, 51]. Moreover, there is a synergistic inter-
action between PG and Pluronic F127 as illustrated in
Fig. 3c, which is kind of expected as both have positive
effect on the release at Q8 which was discussed earlier.

Statistical Optimization of the Prepared DRF-LCCN
The Design Expert software was used to optimize the for-
mulation variables by applying the constraints mentioned

in Table II in order to obtain a controlled release profile
with particle size less than 500 nm which was found ideal
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Fig. 3 a Interaction plot show-

Interaction

ing the antagonistic interaction

between GMO and PG on the a
percentage released after 4 h.

b 3D plot showing the effect of

Pluronic F127 and HPMC on

the percentage released after

8 h. ¢ 3D plot showing the effect

of Pluronic F127 and PG on the
percentage released after 8 h.

d One factor plot showing the 5 04
effect of PG on the percentage

released after 24 h
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for intestinal absorption [52, 53]. The numerical optimi-
zation function, through the generated fitted polynomial
equation as shown in Table III after omitting non-signif-
icant model terms, has generated an optimum formula-
tion with desirability =1. The composition of the opti-
mal formula was 441.69 mg GMO, 45.88 mg Pluronic
F127, 0.12 ml PG, 93.7 mg HPMC, and 10 mg DRF.
The optimized formula was prepared and characterized
as shown in Table I where it showed small particle size
(less than 500 nm) =324.08 +24.68 nm (Y ). The in vitro
release profile of the optimized formula showed a con-
trolled release of DRF where Q1 =20.78% +2.40% (Y,),

@ Springer
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Table Ill Regression Equations of the Fitted Models in Terms of
Coded Factors for Responses Y, Y,, Y3, Y,, and Y5 with Their Cor-
responding R? and P-Values

Regression equation R? P-value

Y,=320.97—123.06 B+119.89 D+200.99 B>  0.6464 0.0022

Y,=41.74—1.93 A—2.46 B+4.49 0.5822 0.0122
C—6.01D—6.23 AC—9.36 BD

Y;=53.1340.3889 A+6.76 C-6.05 D -9.12 AC 0.3186 0.0094

Y,=59.34—2.75 A+5.33 B+9.03 C—8.15 0.7221 0.0357
D+8.38 BC—11.86 B—7.97 A?

Y5=72.934+10.05C 0.3119 0.0105
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Fig.4 Transmission electron
micrograph of the optimized
formula of self-assembled liquid
crystal cubic nanoparticles

after reconstitution in water
dispersion

Q4=44.31%=+5.03% (Y3), Q8=50.42%+0.92% (Y ), and
Q24=74.90% +0.84% (Y5) as shown in Fig. 2d.

Transmission Electron Microscopy

The transmission electron microscopy test was performed
to confirm the data previously obtained from zeta sizer and
to visualize the ability of the optimized self-assembled
LCCN to produce cubosomal vesicles upon dispersion in
water [19]. As shown in Fig. 4, the captured micrographs
demonstrated the nearly perfect cubic multi-angular shape
of the vesicles which are well differentiated and with no
visible aggregates. The measured size of random vesicles
is consistent with zeta sizer measurements.

Ex Vivo Permeation Study of DRF-LCCN

The permeation profiles of DRF from the optimized self-
assembled LCCN and drug suspension are illustrated
in Fig. 5. The optimized self-assembled LCCN showed
lower cumulative amount permeated of DRF after 8 h

e

Qg =775 pg/cm?) relative to that permeated from drug sus-
pension (Qg,,, = 3336 pg/cm?) while after 24 h, the cumulative
amount permeated from optimized formula (Q,,;,, =2978 pg/
cm?) was still less than that permeated from drug suspension
(Qpup, = 3799 pg/cm?) indicating the ability of the optimized
formula to provide better sustainment of DRF throughout the
entire day compared to drug suspension.

The reduced cumulative amount permeated owed to the
better sustainment of the optimized self-assembled LCCN
does not compromise the bioavailability of DRF. The cubic
nanoparticles have the merits of being digestible by intes-
tinal lipases forming drug-loaded lyotropic nanostructures
[54]. These nanostructures are capable of penetrating the
aqueous boundary layer adjacent to the intestinal membrane,
keeping the drug in closer contact with the endothelial mem-
brane for better internalization through endocytosis, thus
providing enhanced absorption and better uptake [55].

These findings might indicate the potentiality of self-assem-
bled LCCN as a novel system to control drug release over a
long period of time. Such release pattern could allow prolonged
contact time with intestine resulting in better permeation and
enhanced oral bioavailability. Also being a lyotropic system,

Fig.5 Graphical representation
of the ex vivo permeation study
through rabbit intestine compar- 45 -
ing the optimized formula of
self-assembled liquid crystal

. . . 35 4

cubic nanoparticles relative
to drug suspension in PBS 30 |
(pH=7.4) (n=3) 25
20

Concentration permeated
(ng/mL)

Permeation study

=4—Optimized formula
~=DRF suspension

10 15 20 25
Time (hr)
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DRF was kept in a solubilized state without the formation of
any precipitates in the permeation aqueous medium despite DRF
lipophilicity. The capacity of this novel system to keep lipophilic
drug in a solubilized state while controlling their release along-
side the ease of preparation and its better stability is the ultimate
combination for an ideal sustained release system.

Conclusion

Self-assembled LCCN is a novel anhydrous approach for the
preparation of cubic nanoparticles which was successfully pre-
pared and tested for its dispersibility in aqueous medium to
transform into cubosomal nanoparticles with minimal energy
input. Cubosomes have promising future prospects as drug
delivery systems due to their ability to encapsulate hydrophilic
and hydrophobic drugs, high biocompatibility and stability.
They can also be functionalized with targeting ligands and used
in other industries like cosmetics, sunscreens, and food. How-
ever, further research is needed to up-scale their use in differ-
ent applications. The prepared self-assembled LCCN showed
nano-scaled particles size, acceptable zeta potential, and good
homogeneity along with controlled release profile for DRF.
The adopted Box-Behnken design generated an optimized for-
mula which displayed a perfect zero curvature structure under
TEM and controlled permeation through rabbit intestine. Thus,
we presume that the anhydrous technique of preparation of
self-assembled LCCN using hydrotropic agent could present a
revolutionary yet simple approach for the preparation of stable
cubosomal nanoparticles. The self-assembled LCCN provided
controlled in vitro release and ex vivo permeation profiles for
DRF which might possibly enhance the overnight control of
overactive bladder syndrome for a better life quality.
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