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Abstract

Cubosomes and other lyotropic liquid crystal (LLC) phases are of great interest
in many fields due to their potential as delivery systems. This study prepared
poloxamer 188 (Pluronic® F68 [F68]) based cubosomes utilizing a low energy
method and reports LLC structure stability, rheological behavior and carrier
properties of the formed cubosomes. Mixtures of F68 and water were investi-
gated and showed a concentration dependent viscoelastic behavior, ranging
from a viscous liquid (30% F68) to hard gels (70% F68). Small-angle X-ray scat-
tering showed cubosomes (Im3m) were present at F68 concentrations between
45% and 60%. Cubosomes fabricated from 50% F68 and 50% water were
selected as the best composition and gave stable cubic structures for at least
10 months without additional stabilizing agent. To assess the use with poor
water-soluble molecules, artocarpin (AR) was added to the F68-based cub-
osome. The developed cubosome possessed enhanced AR solubility due to the
high affinity to the hydrophobic regions present in the cubic formation. Fur-
thermore, an in vitro permeation study showed faster permeation rates of the
developed cubosomes when compared to a cream-based formulation. Collec-
tively, these findings demonstrate that the F68-based cubosomes represent a
promising low-cost active carrier for enhancing the solubility and permeability
of low water-soluble molecules.
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1 | INTRODUCTION

The incorporation and subsequent delivery of poor
water-soluble active ingredients remain one of the most
challenging aspects of cosmetic and drug formulation
development.' For example, more than 40% of pharma-
ceutical compounds are considered to have poor water
solubility. Thus, there is a great need for smart formula-
tion approaches to help overcome this challenge such as
lyotropic liquid crystal (LLC), lipid nanoparticles and
solid dispersions. Among these the self-assembly of block
copolymers to LLC has attracted considerable attention
in both the scientific and industrial fields.*® There are a
number of different LLC structures available such as,
lamellar, hexagonal, bicontinuous cubic and cubic
micelles.

This works focal point is bicontinuous cubic LLCs
often referred to as cubosomes, which continue to garner
interest from researchers due to their potential for use as
delivery systems.””® Cubosomes consist of aqueous chan-
nels and lipid bilayer membranes within their three-
dimensional (3D) structure. They possess promising
advantages for delivery systems as they can be loaded
with both hydrophilic and hydrophobic drugs, leading to
pronounced increases in solubility, stability, bioavailabil-
ity as well as protecting encapsulated molecules.'®'* The
term cubosome covers three different liquid crystal
(LC) structures; diamond (D, Pn3m), primitive (P,
Im3m), and gyroid (G, Ia3d). To help determine which
LC is present methods such as small angle X-ray scatter-
ing (SAXS) are commonly used and LC is by defined the
spacing ratios.'>'*

The majority reported cubosomes are prepared from
the lipid monoolein (MO), (at high purity ~99%). There
are however, three major obstacles to widespread use of
MO-based cubosomes. MO, generally requires the use of
high energy formation methods that require specific
equipment to form the cubic phases, leading to higher
cost of production, such as sonication and high-pressure
homogenizer.'> Moreover, MO-based cubosomes need a
stabilizing agent, a typical stabilizer is poloxamer
407 (Pluronic® F127 [F127]). F127 is an excellent steric
stabilizer that can often be used to prevent particle aggre-
gation for extended periods of time.'® All of these factors
mean that the use of MO and other lipids result in signifi-
cantly higher costs when compare to others amphiphilic
molecules.

The poloxamers or Pluronics® are a family of tri-
block amphiphilic block copolymers.'”” These non-
ionic triblock copolymers are composed of the type
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly
(ethylene oxide) (PEO-PPO-PEO). Numerous interest-
ing LLC can be formed depending on block copolymer

concentration, composition (PPO/PEO ratio), solvent
conditions, and the presence of additives."®'® A wide
range of commercial PEO-PPO block sizes are avail-
able, PEOn-PPOm-PEOn, where n and m represent
the number of PEO and PPO units, respectively. In
addition to F127 being used as a stabilizer with MO,
blends of F127 with Poloxamer 188 or Pluronic® F68
LF Pastille (F68) have been used to encapsulate
Ropivacaine,®® ketorolac tromethamine,*' and GM1,**
nanocomplexes of chitosan or hydroxypropylmethyl
cellulose (HPMC) loaded into F127/F68 hydrogels for
the delivery of heparin (used for pulmonary embo-
lism, deep vein thrombosis).>*> Poloxamer 188, has the
block composition of PEO,,PPO3(,PEO,, with an aver-
age molecular weight ~8400. F68 has been widely use
in cosmetic and pharmaceutical as solubilizer, thick-
ener and gelling agent. However, single use of F68 as
a carrier is absent from the literature.

Therefore, the aim of this study is to develop a
F68-based LLC system as a model carrier for poor
water-soluble molecules, a schematic representation of
the proposed system is depicted in Figure 1. The use of
a single component allows for a simple cost-effective
approach in terms of both the material and prepara-
tion method. The optimum conditions for F68-based
LLC systems using a low energy stirring technique
were investigated. In order to further test the devel-
oped system, a model poor-water soluble molecule was
selected. The model molecule for this work was
artocarpin (AR), which is the major compound of
Artocarpus incisus (breadfruit), this compound presents
biological activities such as antioxidant activity,**
melanogenesis-inhibition,* restoration of wrinkled-skin
fibroblast activities*® and anticancer activity.”” However, a
drawback of this molecule is its poor water solubility with
a partition coefficient (log P) of 5.18. The fabricated
F68-based LLC systems were evaluated in terms of their
structure, morphology, stability, and rheology behavior.
We also assessed the in-vitro permeation properties of the
developed AR contains F68-based LLC systems.

2 | MATERIALS AND METHODS
Poloxamer 188 (Pluronic® F68 LF Pastille [PEO,,.
PPO3,PEO,4]) with an average molecular weight
around 8400 g/mol and poloxamer 407 (Pluronic®
F127 [PEO¢,PPO5sPEO;(;]) with an average molecu-
lar weight around 12,600 g/mol was purchased from
BASF (Bradford, UK). Methanol (>98% purity) and
HPLC water grade were purchased from RCL Labscan
(Bangkok, Thailand). Strat-M® was purchased from
EMD Millipore (Danvers, MA).
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Preparation of the AR-enriched

Fresh heartwood of A. altilis (Parkinson ex F.A.Zorn)
Fosberg was collected in Phitsanulok province, Thailand,
and recorded as kew-2653919. The plant was identified
by Dr. Pranee Nangngam, and a specimen voucher
(PNU no. 003511) was deposited at the PNU Herbarium
of the Faculty of Sciences at Naresuan University. The
AR-enriched extract of A. altilis heartwood was pre-
pared according to the method previously described.?®*
Briefly, the heartwood was cut into small pieces and
dried in a hot-air oven for 3 days at 45°C. Then the dried
heartwood was covered and macerated with diethyl
ether at room temperature for two cycles (2 days per
cycle). The pooled ether extract was filtered and concen-
trated using rotary evaporation and the AR-enriched
extract was obtained using column chromatography.
The column packed with silica gel (No. 60; Merck,
Darmstadt, Germany) was loaded with the ether extract
and filled to the top with the eluting solvent, hexane,
which continuously flowed through the column. The
extract was then eluted with increasing concentrations
of ethyl acetate and collected in 5 ml fractions. The pres-
ence of flavonoid compounds in each fraction was eval-
uated using thin-layer chromatography (TLC) (Merck,
Darmstadt, Germany). Fractions exhibiting similar
TLC profiles were pooled and concentrated by rotary
evaporation. The obtained extract was stored at 4°C
before use.

Folded Pluronic

Hydrophobic Drug C)
H/\,

~
e~ )  d
e A P

Artocarpin (AR)

Schematic representation of the proposed cubosome carrier system [Color figure can be viewed at wileyonlinelibrary.com]

2.2 | Quantification of AR in the
AR-enriched extract

AR content in the extract was determined using isocratic
high performance liquid chromatography (HPLC, SPD-
20A UV detector and LC-20AP pump, Shimadzu Co.,
Ltd., Kyoto, Japan) with a 250 x 4.60 mm? diameter col-
umn packed with 5mm C18 (Phenomenex Gemini
column). The mobile phase consisted of methanol and
water (80:20). The extract was dissolved in the mobile
phase and filtered through a 0.45 mm nylon filter. The
analysis was carried out in isocratic mode at a flow rate
of 1 ml/min. The volume injected was 20 ml and moni-
tored at a wavelength of 282 nm. The amount of AR was
calculated by integrating the peak using a calibration
curve generated from standard AR obtained from a previ-
ous study.?® All experiments were performed in triplicate
(n = 3), and all mobile phases were of HPLC grade.

2.3 | Preparation of F68-based
cubosomes

Cubosomes of F68 and water at different weight ratios
were prepared using a modified low energy stirring
method that is similar to a previously reported method.*
Briefly, 30-70%wt/wt F68 was mixed with DI water to
make the final volume of 100%wt/wt. This solution was
then continuously stirred until a homogeneous mixture
was obtained. The samples were then allowed to reach
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equilibrium at ambient temperature for a minimum of
3 days (up-to 14 days).

24 | Preparation of AR loaded
cubosomes

AR-loaded cubosomes were prepared at the selected ratio
of 1:1 (F68/water) based on a modified version of the
method reported by Eblovi et al.*! First, the F68 and AR
(1% wt/wt) were accurately weighed and dissolved/
blended with the required volume of water. Then contin-
uously stirred to achieve a homogeneous state and again
allowed to reach equilibration for 3 days at room temper-
ature to fully develop the cubic phases.

2.5 | Small-angle X-ray scattering
The SAXS measurements were performed on beamline
1.3 W: SAXS/WAXS at the Synchrotron Light Research
Institute (Public Organization), Thailand. Each sample was
applied to the stainless-steel frame with Kapton windows.
They were then exposed to X-rays (9 keV) at room tempera-
ture for 5 min with the sample-to-detector distance of
1600 mm. The g-range used was 0.01-0.5 nm™ ' (scattering
vector q = 4nsin[0]/A, where 0 is the scattering angle and A
is the wavelength). Silver behenate was used as a standard
for the calibration. The raw SAXS data was processed using
the SAXSIT program, which is developed in-house to obtain
the 1D scattering curve, which plots intensity versus g-
value. This scattering curve enables the identification of
peak positions, and their correlation with Miller indices, to
identify the different liquid crystalline structures and space
groups for the dominant internal nanostructure of the sam-
ple. The SAXSIT software was also used for this analysis.
The interlayer spacing of the LC phases (d) was deter-
mined from the Bragg peaks obtained for each sample,
using g, which corresponds to the position of each reflec-
tion following Equation (1):

d=2r/q 1)

In the case of the cubic phase, the lattice parameter
(a) was calculated with the most intense reflection as
follows:

a=(h2+k*+1%)"*d 2)

where h, k, and [ are the Miller indices. The lattice
parameter is also equal to the slope in the indexing of the
peaks when plotting between d ' and (h? + k* 4 12)2.3?

2.6 | Rheological measurements

A rotational rheometer (ARES G2 TA Instruments) was
used to measure the viscoelastic properties of the pre-
pared F68-water mixtures. Each sample was place in
between two 8 mm serrated-parallel plates with all tests
being carried out at 25°C. The top plate was lowered until
the sample was in contact with both plates, with a gap of
~1 mm, then the test parameters began. Two test param-
eters were used for each sample, a frequency sweep from
0.1 to 50 Hz with 0.1% constant strain, and a strain sweep
from 0.01% to 150% at a constant frequency of 1 Hz.

2.7 | Particle size distribution

Particle size and particle size distribution were determined
by dynamic light scattering (DLS) using a Zetasizer Ultra
(Malvern Instruments Ltd., Worcestershire, UK) at 10X
dilution of the samples in particle-free purified water. The
mean z-average diameter and polydispersity indices (PDI)
were obtained by cumulate analysis using the MALVERN
software. Each sample was measured in triplicate, with a
detector angle of 173° at 25°C.

2.8 | Field emission scanning electron
microscopy study

The morphologies of the samples was studied by using
FE-SEM (Apreo S, Thermoscientific, MA) samples were
analyzed at magnifications of 10,000x and 80,000x with
an operating voltage of 10 kV. The cubosome sample
were prepared by using diluting the formed stable cub-
osomes samples (10x dilution) and then pasting onto a
glass slide cover before drying overnight at 50°C.

2.9 | Invitro study on penetration of AR
loaded cubosome

A synthetic membrane (Strat-M®) was used to mimic
human skin. The skin penetration studies were per-
formed using a vertical Franz diffusion cell (Logan
Instruments Corp., Model FDC-6 T Diffusion Cell, NJ)
with an effective diffusion area of 4.15 cm®. The receiver
chamber was filled with 2% span 20 (Sorbitan mono-
laurate) in PBS (phosphate-buffered saline, pH 7.4) solu-
tion for 8 ml. The chamber was maintained at 37 + 1°C
and continuously stirred at 600 rpm throughout the
experiments. 1 ml of the AR loaded cubosomes and AR
containing conventional cream (ingredients water, wax
and 5% emulsifier; glyceryl stearate and PEG-100
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stearate) were compared by adding to the donor com-
partment covering the membrane surface. An aliquot
(200 pl) was withdrawn from the receiver chamber at
fixed time intervals (1, 2, 3, 4, 8, 12, 16, and 24 h) with
the same volume of fresh receiver solution being added
to keep a constant volume. Finally, the penetrant con-
centration in the receiver chamber was determined
by HPLC.

2.10 | Calculation of membrane
permeation parameters

The cumulative amount of AR permeated through mem-
brane was plotted as a function of time. The permeation
rate of AR at steady state (Js, pg/cm® per h) through the
membrane was calculated from the slope of linear por-
tion of the cumulative amount permeated through the
membrane per unit area versus time plot.>

3 | RESULTS AND DISCUSSION

The overarching aim of this work was to investigate a
simple but effect method for improving the solubility of
poor-water soluble molecules. In order to investigate the
equilibrium period, we monitored the self-assembly pro-
cess of the F68 by SAXS intensities recorded as a function
of time (days), the results are presented in Figure 2. After
the addition of water to the F68 mixtures for 24 h (day 1),
the sample quickly constructs the initial phase with the
peak ratios V2:V4 indicating cubic structure as the first
phases formed. During the period between day 1 and day
2, the sample registered a slow transfer to equilibration of
the P-type cubosome pattern. At day 3, the scattering is
characteristic for the P-type cubosome pattern with sharp
interface at ratios \2:V4:V6 indicated the equilibrium
period of the system. Therefore, the F68-water mixtures
were prepared and kept for a minimum of 7 days before
further characterization.

3.1 | Investigation and characterization
of the effect of F68 concentration of
cubosome formation

The next step investigated how the concentration of F68
in water impacts the appearance of the mixtures and how
this is related to the viscoelastic behavior of the mixtures.
As the concentration of F68 increases, the system transi-
tions from a liquid to a solid phase. The appearance
below 40% F68, presented as liquid, with low viscosity.
When the concentration passes 40%, the mixture
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FIGURE 2 Small angle X-ray scattering diffractogram with

Bragg peaks and peak assignment for equilibrium period, the self-
assembly of F68 recorded as a function of time (days) [Color figure
can be viewed at wileyonlinelibrary.com]

becomes a viscous soft gel and upon further increase in
F68 concentration the mixtures become a hard gel at
~60%. The appearance at the two most extreme varia-
tions in F68 samples are shown photographs in Figure 3,
with the 30% F68 (liquid) and 65% F68 (hard gel). This
transition can also be thought of as a continuum of visco-
elastic behavior. Therefore, to fully analyze this behav-
ior the rheology of samples ranging from 35% to 70%
were assessed. The results are also presented in
Figure 3, with the storage (elastic) modulus (G") plotted
against frequency and show distinct regions that corre-
spond to the physical appearance of each composition.
For the F68-water mixture at 35% F68, the lowest G'
(G' < 10° Pa) value is obtained, due to the sample
possessing no ordered structures. At F68 concentrations
of 40% and 45%, there is large jump in the G’
(G' < 10* Pa), at these concentrations the mixtures G' is
still dependent on the frequency, with G' increasing as
frequency increases. Although, the G' is larger than the
previous sample it is still less than the value deemed an
elastic solid (G' < 10* Pa), thus, the samples appearance
is that of a soft gel at this F68 concentration range
(40%-45%). When the F68-water concentration is
greater than 60%, the G’ of the mixtures is greater than
10* Pa (G' > 10* Pa) and the G’ is fully independent of
frequency, thus confirming that the F68-water mixtures
are hard gels.
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FIGURE 3 Visualization and viscoelastic properties (storage (elastic) modulus vs. frequency) of F68-water mixtures [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 1 Relationship between cubic LLC structures and
Bragg peak ratios

LLC structure Peak ratio

Cubic micellar (fcc) V3:V4:V8:V11,...

Bicontinuous cubic (Im3m) \2:V4:\6:8, ...

Bicontinuous cubic (Pn3m) V2:3:V4:V6:,..

Bicontinuous cubic (1a3d) \6:v8:\14:V16:,...
Note: Ref. 27.

The visualization and rheology data clearly demon-
strate that the F68-water mixtures alter as the concentra-
tion of F68 is increased. However, to fully define the
underlying macro-structures responsible for this
the F68-water mixtures from 30% to 70% were analyzed
using SAXS. Table 1 presents the different cubic LLC
structures and the peak ratios that can be determined
from SAXS. 2-dimensional SAXS patterns for the four dif-
ferent patterns found are shown in Figure 4(a), these cor-
respond to no liquid crystalline phase, bicontinuous
cubic (Im3m), micellar cubic (Fd3m) and (P6mm) at 30%,
45%, 65%, and 70%, respectively.

From the SAXS diffractogram presented in Figure 4
(b), the 1D plots show that samples containing 40% and
lower of F68 give no liquid crystalline phases. The forma-
tion of liquid crystalline regions requires at least 45% of
polymer to form liquid crystalline phases, which exists as
a soft viscous gel. These peaks were observed with rela-
tive positions at ratios V2:V4:N6 and are in accordance
with the bicontinuous cubic phase structure with Im3m
group spacing, indicating cubosomes with a primitive
type cubic nanostructure (P-type). The cubic phase is

TABLE 2 Ratio of F68:water, peak position ratios,
corresponding structure of LLC phases and lattice parameters

Peak

Ratio of position Group Lattice
F68:water ratio spacing parameter
45:55 \2:\4:\6 Im3m 14.819
50:50 \2:v4:\6 Im3m 14.747
55:45 \2:\4:\6 Im3m 14.431
60:40 \2:\4:\6 Im3m 14.539
65:35 \3:\8 Fd3m 18.130
70:30 \2:\6:v8 P6mm 8.479

stable between 45% and 60% of polymer concentration.
The system also yields a Fd3m, a spinel-type crystal struc-
ture at 65% of the polymer as relative positions at ratios
V3:v/8. As the concentration of polymer further increases
to 70%, the peak ratio of V2:V6:\8 is found which repre-
sent the Pémm group spacing. The peaks allow the differ-
ent phases to be determined, the sequence of phases with
increasing F68 concentration is Im3m cubic to Fd3m,
micellar cubic phase then P6mm. Table 2 provides a sum-
mary of the results and shows the ratio of F68:water and
the corresponding peak position ratios, group spacings
and lattice parameters.

3.2 | Detailed cubosome characterization
of 50% F68-water mixture system

From Figures 3 and 4, cubic structures are present
between F68 contents of 45%-65%. When looking at the
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FIGURE 4 (a)2D small angle X-ray scattering patterns for F68

concentrations ranging from 30% to 70%. (b) Small angle X-ray
scattering diffractogram with Bragg peaks and peak assignment for
F68 concentrations ranging from 30% to 70% [Color figure can be
viewed at wileyonlinelibrary.com]

appearance data and also looking forward to future appli-
cations, the 50% F68-water composition looks the most
promising in terms of handling and further processing
for a drug delivery system. Therefore, this mixture com-
position was investigated in detail, first with a more in-
depth rheological testing procedure, second with the par-
ticle size and morphology and finally a long-term stability
study.

For the rheological measurements, the 50% F68-water
mixture was examined using both a frequency sweep
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FIGURE 5 Rheological behavior of 50% F68-water mixture

under (a) frequency sweep and (b) strain sweep

(0.1-50 Hz at 0.1% strain) and a strain sweep (0.1%-150%
at 1 Hz). The results are presented in Figure 5(a) and
show that during the frequency sweep that G' > G” over
the entire frequency range. This is a conventional trend
for cubic phase systems**>° with the system defined as
rubbery plateau. Under the frequency sweep test parame-
ters, the crossover between G' and G" was not observed
in this study which is again conventional in gel-like sys-
tems. The strain sweep in Figure 5(b) was used to assess
the extent of the linear viscoelastic region for the gel. The
results indicate linear behavior up to approximately 1%
strain (yL) before G" starts to rise. As strain increases a
crossover between G' and G" occurs at ~8% strain (YF),
which is when the sample resembles a liquid-like
response.

The particle size and morphology the 50% F68-water
mixture was assessed and compared to GMO-based cub-
osomes. The resulting average particle size of diluted
F68-based cubosomes was 178.7 + 8.7 nm with a PDI
of 0.5+ 0.02. This particle size is in the same range
was of those reported in the literature of GMO-based
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cubosomes.>’*° While the PDI value <0.7 indicates
that the samples do not have a broad size distribu-
tion.*® To further confirm the formation of cubic struc-
tures, the morphology was examined using FE-SEM,
and the obtained photomicrographs of a 10x diluted
50% F68-water mixture are presented in Figure 6 at

ETD Standard 50 pA

s HV  + WD mag 2 st mode mode det usecase curr
10.00kV 10.1mm 80000x 7.0 Highvacuum SE  ETD Standard 50 pA

FIGURE 6 FE-SEM micrographs at magnifications of
(a) 10,000x and (b) 80,000x of F-68 based cubosome dispersions
10X diluted [Color figure can be viewed at wileyonlinelibrary.com]

two magnifications 10,000x and 80,000x. The micro-
graphs show that the prepared cubosomes are spherical
in shape, with rough nodular surfaces which has been
reported previously in cubosome systems,*' the size of
the particles is within the nano-size with the clusters
confirming the results of DLS particle size
measurements.

The next series of results looked at the stability of
the 50% F68-water system. Although the internal
mesophase of LLC particles are thermodynamically
stable, cubosomes are often less colloidally stable than
regular emulsions in an aqueous solution. Therefore,
a steric stabilizer is required to retain colloidal stabil-
ity.**> By far the most widely and frequently used steric
stabilizer for cubosomes is F127. In LLC dispersions,
F127 acts as a steric stabilizer through the incorpora-
tion or adsorption of the hydrophobic PPO block onto
the surface of the nanostructure. While the PPO
domain/block acts as an “anchor” to the particle, the
hydrophilic PEO chains extend to cover the surface,
providing steric shielding and stabilizing the colloidal
particles in the aqueous solution.*> Due to F68 belong-
ing to the same family as F127, a solely F68 system
was investigated for long term stability. The stability
of the Im3m F68-based cubosomes was studied for
10 months at ambient temperature. The cubosome
particles appeared as a viscous gel without obvious
aggregation. The 2D SAXS patterns and the 1D
diffractograms are presented in Figure 7(a,b). The
SAXS data showed diffraction peaks with relative
position up to the fourth order at ratios of \2:V4:V6:V8.
Comparing to the SAXS profiles of bulk cubic phase,
three similar reflections (V2:V4:\6) of a primitive cubic
lattice of the Im3m group space, were observed for
samples aged 10 months. This clearly confirms that,
the F68-based cubosomes are composed of a

12

F68 50% 10 months

log /(q) (a.u.)

FIGURE 7 (a)2D small
angle X-ray scattering pattern
for 50% F68-water cubosomes
before (black) and after

10 months aging (red). (b) Small

angle X-ray scattering
diffractogram with Bragg peaks

F68 50%

and peak assignment [Color
figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 8 Qualification of the AR-enriched extract (a) HPLC chromatogram of the standard AR, and (b) HPLC chromatogram of the

AR-enriched extract with the corresponding HPLC data

thermodynamically stable system without the need of
an additional stabilizing agent.

3.3 | Incorporation of AR extract loaded
F68-based cubosomes

In the F68-based cubosomes, the hydrophobic chains
form a lipid bilayer with a cubic phase, with the hydro-
philic PEO moieties forming a water channel. Thus, poor
water-soluble ingredients have the potential to be incor-
porated within this lipid bilayer (as shown in Figure 1).
To test, this hypothesis, AR was added to the 50%
F68-water cubosomes. First, the amount of AR in the

exact was measured using HPLC and was found to be
higher than 95% according to the HPLC calibration curve
generated from the standard AR. The HPLC chromato-
grams and area% of the standard AR and AR enriched
are shown in Figure 8. Therefore, confirming that the
extract is a predominantly AR-enriched extract. When
the AR extract was encapsulated in the cubosomes, the
results show there is a 950-fold increase in the AR solu-
bility compared with the solubility of AR water at 25°C
of 2.6 pg/ml. The developed F68-based cubosome incor-
porated with 2.5% AR extract (the maximum AR-loaded
concentration) were characterized using SAXS. The 2D
SAXS patterns and the 1D diffractograms are presented
in Figure 9(a,b). Peaks originating from the Im3m cubic
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FIGURE 9 (a)2D small
angle X-ray scattering pattern
for 50% F68-water cubosomes
with AR (red) and without AR
extract (black). (b) Small angle
X-ray scattering diffractogram
with Bragg peaks and peak

assignment [Color figure can be
viewed at
wileyonlinelibrary.com]
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FIGURE 10 Permeation of AR from F68-based cubosome and
conventional emulsion-based cream in phosphate buffer saline

solution, pH 7.4

\2:V4:\6 became more prominent when 2.5% AR was
incorporated. The prominence of the peaks maybe due to
AR molecules interacting the cubosome, enhancing its
structure rather than disrupting the internal structure.*
As presented in Figure 9, AR-loaded F68 based
cubosomes were successfully developed. These sys-
tems are generally used for topical application and
therefore, permeation is an important parameter to
measure, to study the potential of the carrier system.
The results of permeation experiment (Figure 10)
show that the permeation of AR was linear with per-
meating time for F68-based cubosomes and cream.
The AR loaded F68-based cubosome was not found in
the receptor solution during the first 3 h but was
found at 4 h, while in the AR-loaded conventional
cream the AR was not found until 8 h. The AR perme-
ation rates of cubosomes and cream at steady state
(Js) obtained from the slope of the linear portion of
the cumulative amount that permeated through the
membrane per unit area versus time plot were

calculated. F68-based cubosomes exhibited a much
higher permeation rate (0.921 pg/cm?) than the con-
ventional cream (0.046 pg/cm?). The permeation rate
of AR loaded cubosomes was around 20-times faster
than cream-based system, indicating the enhanced
efficiency of cubosomes to improve the permeability
of AR into skin as compared to a conventional cream
system. The release pattern in the present study, is
believed to occur by utilizing the inherent structural
advantages present with in the rigid cubic structures.
The rigid structure of Im3m cubic consist of six water
channels,*® and these channels allow rapid release of
the active greater than emulsion based. Also, the cubic
systems show a higher surface area, which leads to
enhanced burst release.*® Therefore, the burst release
allows for an increase in the permeability of the cub-
osomes. Also, the concentration gradient between
the polymeric matrix and medium was greater, which
offers increased flux over the conventional cream for-
mulation. Furthermore, F68 itself is known to posi-
tively interact with skin lipids and therefore, can act
as a skin permeation enhancer.*’

4 | CONCLUSIONS

This work studied the self-assembly of poloxamer
188 (Pluronic® F68), morphology, particle size, stabil-
ity, rheological behavior and carrier properties. The
results of visualization, rheology and SAXS, were all in
agreement that that aqueous solutions of nonionic sur-
factant F68 could form soft and rigid gels that pos-
sessed LLC structures. The SAXS data also showed that
Im3m cubic phases are formed over a certain concen-
tration range (45%-60%), which remained stable as
cubic structures for at least 10 months without addi-
tional stabilizing agent. Their thermodynamic stability
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is thought to arise from steric shielding of the F68
itself which is similar to how F127 behaves in MO-
cubosome systems. To assess the use with poor water-
soluble molecules AR was studied, first, it was
observed that the developed F68-based cubosome pos-
sessed enhanced AR solubility due to the high affinity
of this type of molecule with the hydrophobic regions
present in the cubic structure. Second, the AR loaded
F68-based cubosome exhibited faster release and
greater enhanced the active when compared to a con-
ventional emulsion-based cream. This is attributed the
Im3m structure providing numerous water channel, a
high surface area and the enhanced skin permeation
properties of F68 itself. Overall, these results demon-
strate the F68-based cubosomes represent a promising
active ingredient carrier for enhancing the solubility
and permeability of poor water-soluble molecules,
while, using a robust and inexpensive preparation
technique.
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