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Purpose. The present study concerns the production and characterization of monooleine (MO)
dispersions as drug delivery systems for indomethacin, taken as model anti-inflammatory drug.
Methods. Dispersions were produced by emulsification and homogenization of MO and poloxamer in
water. Morphology and dimensional distribution of the disperse phase have been characterized by cryo-
transmission electron microscopy and photon correlation spectroscopy, respectively. X-ray diffraction
has been performed to determine the structural organization of the disperse phase. Sedimentation field
flow fractionation (SAFFF) has been performed to investigate drug distribution in the dispersion. An
in vitro diffusion study was conducted by Franz cell associated to stratum corneum epidermis membrane
on cubosome dispersions viscosized by carbomer. In vivo studies based on skin reflectance
spectrophotometry and tape stripping were performed to better investigate the performance of
cubosome as indomethacin delivery system.

Results. Microscopy studies showed the coexistence of vesicles and cubosomes. X-ray diffraction
revealed the presence of a bicontinuous cubic phase of spatial symmetry Im3m (Q**°). SAFFF
demonstrated that no free drug was present in the dispersion. Indomethacin incorporated in viscosized
MO dispersions exhibited a lower flux with respect to the analogous formulation containing the free
drug in the aqueous phase and to the control formulation based on carbomer gel. Reflectance
spectroscopy demonstrated that indomethacin incorporated into MO dispersions can be released in a
prolonged fashion. Tape-stripping experiments corroborated this finding.

Conclusions. MO dispersions can be proposed as nanoparticulate systems able to control the

percutaneous absorption of indomethacin.
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INTRODUCTION

Cubic liquid crystals are transparent and isotropic phases
that are physically stable in excess water (1-4) representing a
unique system for the production of pharmaceutical dosage
forms (5-7). One application of cubic phase liquid crystals is
the controlled release of selected water- and oil-soluble
molecules (8).

The emulsification of cubic lipid phases in water results
in the production of cubosomes that can be defined as
nanoparticulate disperse systems characterized by high
biocompatibility and bioadhesivity (9,10). Because of their
properties, these versatile delivery systems can be adminis-
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trable by different routes (such as orally, parenterally, or
percutaneously) (11,12).

Cubosomes have been usually produced by means of
methods involving high-energy input and time-consuming
procedures (13-15). We have recently published a study
about the production of monoglyceride-based dispersions by
a simple processing technique based on emulsification of a
disperse phase constituted of monoglyceride/Poloxamer 407
in water. This procedure enabled to produce dispersions
presenting 72% of cubosomes and vesicles in the nanometer
size range plus 28% of larger irregular particles (16).

A recent cryo-transmission electron microscopy (cryo-
TEM) study has been performed to investigate the structural
organization of the stratum corneum (17). The study has
provided that the global cryo-electron density pattern of the
stratum corneum keratin intermediate filament network
resembles “inverted” cryo-transmission electron micrographs
of cubic lipid/water phases. At this regard, a “cubic-like rod-
packing symmetry” could be attributed to the stratum
corneum (17). The observation that biological interface itself
possesses a cubic architecture suggests that dermal applica-
tion of cubosomes could possibly result in a stratum
corneum—cubosome interaction. In this view, the develop-
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ment of cubosome-based dermal products seems particularly
interesting.

Although cubosome structure has been well character-
ized by cryo-electron microscopy, X-ray, and NMR inves-
tigations (12,18,19), and despite the amazing properties of
cubosomes as innovative drug carriers, little work has been
performed at present to demonstrate their potential as
delivery systems able to control drug release [20-22].

The aim of this work was to study the performance of
cubosomes as innovative cutaneous delivery systems for
indomethacin, chosen as model drug.

Indomethacin (IND) is a member of the nonsteroidal
anti-inflammatory drug family widely used in the treatment
of dermatitis and rheumatic diseases (23). Although oral
therapy with IND is very effective, its clinical use is limited
by its potential side effects (24) and its short elimination half-
life (25). Several studies have been aimed at the development
of an efficient means of IND topical administration to in-
crease local soft-tissue and joint concentration, while reduc-
ing its systemic distribution to avoid side effects (26,27).

The first part of the present study describes the
production and characterization of IND-containing mono-
oleine (MO) dispersions, whereas the second part deals in an
in vitro and an in vivo investigation aimed to describe the
release modalities of IND after the administration of the
dispersion on the skin.

Cryo-transmission electron microscopy, X-ray diffrac-
tion, photon correlation spectroscopy (PCS), and field flow
fractionation technique (28) have been employed to charac-
terize the MO dispersions.

IND’s percutaneous absorption has been studied in vitro
from three different formulations using excised human skin
membranes [stratum corneum epidermis (SCE)] mounted
into Franz cells. IND delivery into the skin was studied
determining its in vivo topical anti-inflammatory activity
after cutaneous application of MO containing forms. The
ultraviolet B (UVB)-induced erythema was chosen as
inflammatory model on healthy human volunteers and was
monitored by reflectance visible spectrophotometry. More-
over, tape-stripping experiments have been performed on
skin after topical administration of cubosomes to quantify
IND’s presence in the stratum corneum.

MATERIALS AND METHODS
Materials

The glyceryl monooleate RYLO MG 19 (MO) was a gift
from Danisco Cultor (Grindsted, Denmark).

Poloxamer 407 (PEO¢sPOP4;PEOyg) was obtained from
BASF (Ludwigshafen, Germany). Carbopol 934P (CTFA:
Carbomer) was from BFGoodrich (Cleveland, OH, USA).
Indomethacin (IND) and all other materials were purchased
from Fluka Chemicals (Buchs, Switzerland).

Production of Dispersions

Production of dispersions was based on the emulsifica-
tion of MO (4.5% w/w) and Poloxamer 407 (0.5% w/w) in
water (90%, w/w), as described by Esposito et al. (16). In the
present study, after emulsification, the dispersion was sub-
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jected to homogenization at 15,000 rev min~ ' (Ultra Turrax,
Janke & Kunkel, Tka-Werk, Sardo, Italy) at 60°C for 1 min;
afterwards, it was cooled and maintained at room temper-
ature in glass vials.

In the case of IND-containing dispersions, 60 mg of the
drug (3% w/w with respect to the monooleine, 0.15% w/w with
respect to the dispersion) was added to the molten MO-
poloxamer solution and solubilized before adding to the
aqueous solution.

The dispersion was then filtered through mixed esters
cellulose membrane (0.6-um pore size) to separate big
MO-poloxamer aggregates. Both dispersion and filter were
weighed. Finally, the filter was left to desiccate in an oven at
70°C for 12 h to eliminate as much as possible the amount of
water taken up by the particles; afterwards, it was weighted.

Dispersion characterization as well as in vitro and in vivo
experiments were performed on the MO dispersions after
filtration, without taking into account the fraction of larger
particles whose dimensions have been measured by laser
diffraction (Horiba, LA-920, Horiba Ltd., Tokyo, Japan).

For in vitro and in vivo experiments, a blank MO
formulation and free drug were used to prepare controls. In
particular, a weighted amount of IND has been added to 50
ml of a filtered MO dispersion and subjected to magnetic
stirring (250 rev min~ ') for 1 h.

Characterization of Dispersions
Cryo-Transmission Electron Microscopy

Samples were prepared at ambient conditions. A
27-ul drop of solution was placed on a pure thin bar 600-
mesh TEM grid (Science Services, Munich, Germany). The
drop was blotted with filter paper until it was reduced to a
thin film (10200 nm) spanning the hexagonal holes of the
TEM grid. The sample was then vitrified by rapidly
immersing into liquid ethane near its freezing point. The
vitrified specimen was transferred to a Zeiss EM922 trans-
mission electron microscope for imaging using a cryoholder
(CT3500, Gatan, Munich, Germany). The temperature of the
sample was kept below —175°C throughout the examination.
Specimens were examined with doses of about 1000-2000 e/
nm? at 200 kV. Images were recorded digitally by a charge-
coupled device camera (Ultrascan 1000, Gatan) using an
image processing system (GMS 1.4 software, Gatan).

Photon Correlation Spectroscopy

Particle size analysis of the dispersions was performed
using a Zetasizer 3000 PCS (Malvern Instr., Malvern,
England) equipped with a 5-mW helium neon laser with a
wavelength output of 633 nm. Samples of filtered dispersions
were diluted 1:9 v/v with demineralized water. Measurements
were made at 25°C at an angle of 90° with a run time of at
least 180 s. Data were interpreted using the method of
cumulants.

X-ray Diffraction Measurements

Diffraction measurements were carried out using a
Philips PW 1830 X-ray generator equipped with a Guinier-
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type focusing camera operating in vacuum with a bent quartz
crystal monochromator which selects for the K, line (A =
0.154 nm). Diffraction patterns were recorded on a stack of
three Kodak DEF-392 films or using an INEL Curved
Position Sensitive 120 detector. Samples were held in a
vacuum tight cylindrical cell provided with thin Mylar
windows. Diffraction data were collected at 25°C, controlling
the temperature with a Haake F3 Thermostat with an
accuracy of 0.1°C.

Few structural information were derived from X-ray
diffraction patterns: once the symmetry of the lipid phase was
found, the unit cell dimension a was calculated according to
the Bragg’s law as follows:

a = (hz + k2 + lz)l/z/shkl

where s = 2sin /4 with 29 the scattering angle and A (0.154
nm) the wavelength (2,16).

Drug Content of Dispersions

With the aim to quantify drug content of dispersions
after production, a sample of filtered dispersion was diluted
in methanol (1:9 v/v) and analyzed for IND content by high-
performance liquid chromatography (HPLC) with the below
reported procedure. For sedimentation field flow fraction-
ation (SAFFF) and stability studies, the amount of IND
detected by HPLC after filtration was taken as reference of
the total amount of drug.

Sedimentation Field Flow Fractionation Analysis

A SdFFF system (Model S101, FFFractionation, Inc.,
Salt Lake City, UT, USA), described elsewhere (29), was
employed to determine the size distribution of the particles
(PSD) by converting the fractograms, i.e., the graphical
results, assuming the particle density is known. The mobile
phase was a 0.001% w/v solution of Poloxamer 407 in Milli-Q
water (Millipore S.p.A., Vimodrone, Milan, Italy), flowing at
1.5 ml/min. The samples were injected after an appropriate
dilution of the original suspensions. Collected fractions have
been analyzed by HPLC to quantify IND content.

HPLC Procedure

High-performance liquid chromatography analyses were
performed using a Perkin-Elmer apparatus (Series 200,
Wellsley, MA, USA). Chromatography was performed
following a slight modification of the method reported by
Liu et al. (30). Elution was conducted with a mobile phase
constituted of water (pH 3 adjusted with phosphoric acid)
and acetonitrile 30:70 v/v, with a flow rate of 1 ml/min.
Detection was performed at 254 nm. The retention time for
IND was 4.1 min.

Stability Studies

To assess the physical stability of MO dispersions, some
organoleptic and morphological aspects were investigated as
a function of time. PCS studies were repeated at different
time intervals (from O to 3 months from production) to
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evaluate possible variations of particle dimensional distribu-
tion. In addition, samples of dispersions were diluted with
methanol (1:9 v/v) and analyzed by HPLC to detect IND
content by time.

Production of Viscous Vehicle

After production and filtration, MO dispersions were
processed to hydrogel. In particular, three different viscous
formulations were prepared. Previously, a viscous gel was
obtained swelling a weighted amount of carbomer (1% w/w)
in deonized water for 12 h and adding an equal amount of
triethanolamine up to pH 7. The obtained gel was then
alternatively diluted with an appropriate amount of MO
dispersion encapsulating IND, blank MO dispersion plus free
IND, or an IND water suspension. The final viscous forms
have been named A, B, and C, respectively. Namely, the
ratio between the liquid formulation and the gel was 2:1 w/w,
and the final concentration of carbomer was 0.3% w/w. The
IND concentration in liquid formulations before the addition
of carbomer gel was 0.1%, whereas the final IND concentra-
tion in the viscous forms was 0.07% w/w.

In Vitro Studies

For in vitro diffusion studies, samples of adult human skin
(mean age 36 + 8 years) from breast reduction operations were
employed. The epidermal membranes were dried in a des-
iccator at approximately 25% relative humidity (RH) and then
stored in aluminum foil at 4 £ 1°C until use. Preliminary
experiments were carried out to assess SCE samples for bar-
rier integrity by measuring the in vitro permeability of [*H]
water through the membranes using the Franz cells described
below. The value of the permeability coefficient (P,) for
tritiated water was found to be 1.6 + 0.2 x 10> cm/h, which
agreed well with those for tritiated water reported by others
using human SCE samples (31).

Samples of dried SCE were rehydrated by immersion in
distilled water at room temperature for 1 h before being
mounted in Franz-type diffusion cells supplied by LGA
(Berkeley, CA, USA). The exposed skin surface area was
0.75 c¢cm?, and the receiver compartment volume was of
4.5 ml.

The receptor compartment contained a water—ethanol
solution (50:50 v/v) to allow the establishment of the “sink
condition” and to sustain permeant solubilization (32). This
solution was stirred with the help of a magnetic bar at 500
rpm and thermostated at 35 = 1°C during all the experiments
(33).

After placing approximately 100 mg of each gel formu-
lation (A, B, C) on the skin surface, the donor compartment
was sealed to avoid evaporation. Each experiment was run in
duplicate for 36 h using three different donors (n = 3). At
intervals (r = 0, 2, 4, 6, 8, 12, 18, 24, and 36 h), samples (200
pl) of receiving solution were withdrawn and replaced with
fresh solution. The samples were analyzed for IND content
by HPLC as described above. IND fluxes through the skin
were calculated by plotting the cumulative amount of drug
penetrating the skin against time and determining the
slope of the linear portion of the curve and the y-intercept
values (lag time) by linear regression analysis. Drug fluxes
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(ug/cm?/h), at steady state, were calculated by dividing the
slope of the linear portion of the curve by the area of the skin
surface through which diffusion took place.

In Vivo Studies

In vivo experiments were performed on two groups of
ten volunteers: group A enrolled for the first in vivo
experimentation (evaluation of anti-inflammatory activity)
and group B enrolled for the second one (tape stripping). The
volunteers were of both sexes in the age range 25-35 years
and recruited after medical screening including filling in a
health questionnaire followed by physical examination of the
application sites. After they were fully informed of the nature
of the study and of the procedures involved, they gave their
written consent. The participants did not suffer from any
ailment and were not on any medication at the time of the
study. They were rested for 15 min prior to the experiments,
and room conditions were set at 22 + 2°C and 40-50% RH.

In Vivo Anti-inflammatory Activity

Ultraviolet-B-induced skin erythema was monitored by
using a reflectance visible spectrophotometer X-Rite model
968 (X-Rite Inc. Grandville, MI, USA), calibrated and
controlled as previously reported (34,35). The reflectance
spectra were obtained over the wavelength range 400-700 nm
using illuminant C and 2° standard observer. From the
spectral data obtained, the erythema index (E.I.) was
calculated using Eq. (1) (36):

1 1 1
El.=1 log——+1.5{log—— + log ——
00{0g Rseo * 5( 8 Rs40 +los Rsxo)

1 1
) <log—R510 + log—RmO)} 1)

Skin erythema was induced by UVB irradiation using a
UVM-57 ultraviolet lamp (UVP, San Gabriel, CA, USA)
whose specific parameters are reported elsewhere (34). The
minimal erythemal dose (MED) was preliminarily deter-
mined, and an irradiation dose corresponding to twice the
value of MED was used throughout the study.

For each subject, ten sites on the ventral surface of each
forearm were defined using a circular template (1 cm?) and
demarcated with permanent ink: one of the ten sites of each
forearm was used as control, three sites were treated with
100 mg of formulation A, other three sites with 100 mg of
formulation B, and, finally, the remaining three sites were
treated with 100 mg of formulation C. The preparations were
spread uniformly on the site by means of a solid glass rod.
The sites were then occluded for 6 h using Hill Top
Chambers (Hill Top Research, Cincinnati, OH, USA).
After the occlusion period, the chambers were removed,
and the skin surfaces were washed to remove the gel and
allowed to dry for 15 min. Each pretreated site was exposed
to UVB irradiation 1 h (¢ = 1) and 3 and 6 h (¢ = 3 and 6,
respectively) after gel removal, and the induced erythema
was monitored for 52 h. E.I. baseline values were taken at
each designated site before application of gel formulation,
and they were subtracted from the E.I. values obtained after
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UVB irradiation at each time point to obtain AE.L. values.
For each site, the area under the response (AE.I)-time curve
(AUC) was computed using the trapezoidal rule.

To better outline the results obtained, from AUC values,
the percentage of inhibition of the erythema (P.I.E.) induced
by UVB radiations was calculated using Eq. (2):

AUC(C) - AUC(T)

Inhibition (%) = AUC
(©)

x 100 )

where AUCc is the area under the response-time curve of
the vehicle-treated site (control) and AUC) is the area
under the response—time curve of the drug-treated site.

Tape Stripping

The first steps of the experimental protocol previously
described were also employed in this second in vivo study; in
fact, for each subject of group B, ten sites (2 cm?) were defined
on the ventral surface of each forearm, and 200 mg of each
hydrogel formulations (A—C) was applied on these cutaneous
sites (three sites of application for each formulation in
duplicate). The preparations were spread uniformly on the
site by means of a solid glass rod and were then occluded for 6
h. After the occlusion period, the residual formulations were
removed by gently wiping with cotton balls (different for each
pretreated site). Twenty individual 2-cm? squares of adhesive
tape (Scotch Book Tape 845, 3M) were utilized to sequentially
tape-strip the stratum corneum on the application sites. To
obtain a realistic comparison between the results of this
experimentation and the ones obtained in the previous in
vivo study, the removal of stratum corneum in each pretreated
site was effected at 1 h (f=1) and 3 and 6 h (r = 3 and 6,
respectively) after gel removal.

Each adhesive square, before and after skin tape
stripping, was weighed on a Sartorius balance (model
MEA415S, sensitivity 1 pg) to quantify the weight of stratum
corneum removed. Then each tape strip was extracted over
16 h with acetonitrile and submitted to HPLC to determine
the IND content. The recovery of IND was validated by
spiking tape-stripped samples of untreated stratum corneum
with 100 pl of a 10-mg/ml solution of IND in acetonitrile
(approximately 1 mg/tape of IND). The extraction efficiency
was 91.3 £ 0.6% of IND (n = 3).

Statistical Analysis

Statistical analysis of in vitro data was performed using
Student’s ¢ test. Statistical differences of in vivo data are
determined using repeated-measures analysis of variance
(ANOVA) followed by the Bonferroni-Dunn post hoc
pairwise comparison procedure. A probability p of less than
0.05 is considered significant in this study.

RESULTS
Production of Monoglyceride-Based Dispersions

To produce MO dispersions reducing the presence of
larger irregular particles, in the present investigation, the
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emulsification method described by Esposito er al. (16) was
followed by hot homogenization (37).

The weight of dispersion, calculated while taking into
account the loss of dispersing phase because of water evap-
oration, was found to be 90 + 0.01% with respect to water—
MO-poloxamer weight before production. Thus, the extent
of water loss (calculated by difference) was 10 = 0.01%.

The weight of the larger particles after filtration and
desiccation was 10 + 0.5% with respect to the MO-poloxamer
weight before production.

It was found that the IND concentration in the filtered
dispersion was 0.1 £ 0.02% w/w with respect to the weight of
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the filtered dispersion (88% w/w, with respect to the weight
of the drug employed). All data were the mean of eight
determinations on different batches of the same type of
dispersion.

Characterization of Dispersions

To investigate the internal structure of the dispersed
particles in monooleine-based dispersions and to detect
possible variation because of the presence of IND, cryo-
TEM analyses have been conducted. Figure 1 shows images

Fig. 1. Panels A, B: Cryo-transmission electron microscopy (cryo-TEM) micrographs of placebo monooleine dispersion. Panels C, D: Cryo-
TEM micrographs of indomethacin (IND) monooleine dispersion. The inset of panel B shows the diameter of the aqueous channel (indicated
by the white arrow) and the spacing of the unit cell. The bar equals 200 nm in panel A, 150 nm in panels B and C, and 60 nm in panel D. The
disperse phase constituted of monooleine/Poloxamer 407 90:10 w/w; the disperse phase/dispersing phase ratio was 5:95; the dispersion was

produced by mechanical stirring followed by hot homogenization.
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taken from monooleine dispersions in the absence (panels A
and B) and in the presence of IND (panels C and D).
Vesicles and well-shaped cubosomes, exhibiting the typical
ordered cubic texture, can be observed both in the placebo
and in the drug containing dispersions. The inset of panel B
shows a spacing of a repeat unit of 6 x 7 nm, indicating a tilt
of the cubosome. The 3.5-nm spot indicates the diameter of
the intercalating cubosomal aqueous channel. The presence
of IND does not seem to affect the ultrastructure of the
disperse phase. Panels A and C show the presence of
vesicular structures attached on the surface of cubosomes,
as found in cryo-TEM and X-ray studies reported by other
authors, suggesting that through time, a transformation may
take place from conglomerates of partially fused vesicles to
well-ordered particles (15,19).

More than 100 pictures were taken from cryo-Tem
observation, both for blank or IND-containing monooleine
dispersions (data not shown); dimensions have been mea-
sured by a scale bar, finding that two different populations
were present: one constituted of large cubosomes (dimen-
sions over 200 nm) and another of smaller cubosomes and
vesicles with dimensions about 100 nm and below. The
dimensions of the larger particles separated by filtration
ranged between 25 and 30 um, as measured by laser
diffraction.

Table I summarizes the results of PCS studies conducted
to determine the dimensional distribution of monooleine
dispersions. Dispersions were characterized by a monomodal
dimensional distribution and an intensity mean diameter of
198.2 nm, expressed as Z average (Table I). IND slightly
increased the mean diameter of nanostructures, passing to
206.7 nm in the presence of the drug. The analysis by number
revealed that the most representative amount of nanopar-
ticles/vesicles (percentage of peak area, 99.7 and 99.8%)
displayed a mean diameter of 78 nm in the case of empty
dispersions and 96 nm in the case of IND encapsulating ones.

X-ray Diffraction Analyses

X-ray diffraction experiments have been performed on
MO dispersions with the aim to determine the structural
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Intensity (a.u.)

1 2 3 4 5 6
20 (angle scattering)

Fig. 2. Small angle X-ray diffraction profiles of a monooleine—
poloxamer dispersion prepared in the absence and in the presence of
IND. The dotted line represents the X-ray diffraction patterns
measured after 3 months from the sample preparation.

organization. A series of diffraction profiles, obtained
respectively in the absence and in the presence of IND, are
reported in Fig. 2.

Several Bragg peaks are observed in both samples. The
spacing ratio of reflections (v2:V4:Y6:4/8:v10...) are consistent
with the formation of a bicontinuous cubic phase of Im3m
symmetry (Q*?°). This phase is characterized by two 3-D
networks formed by rods orthogonally connected 6 x 6. A
diffuse low-angle scattering, which can be related to the
presence of large micelles and/or vesicles, is also observed.
X-ray diffraction qualitative results are in full agreement with
cryo-TEM observations (Fig. 1), which reveal the coexistence
of vesicles and particles characterized by a cubic organiza-
tion. Noticeable is the fact that in the absence and in the
presence of IND, the samples reveal a similar cubic unit cell
dimension, being 10.8 nm for blank cubosomes and 10.6 nm
for IND cubosomes. Even if the small reduction of the unit
cell could be related to the presence of the drug, the analysis
of the peak intensity profile shows that the IND does not
remarkably alter the cubosome structure. From the unit cell,

Table I. Mean Diameter and Effect of Aging of Monooleine (MO)-Based Dispersions in the Absence and in the Presence
of Indomethacin (IND)

Mean diameter Z

Analysis by number

Days Monooleine dispersion average” (nm) + SD P1’+SD Peak area (%) Mean diameter (nm) Width

0 Blank dispersion 1982 +2.1 0.18 £ 0.03 99.7 £ 0.1 78.0 £ 0.2 6.9 +0.3
IND dispersion 206.7 £ 0.5 0.13 £ 0.02 99.8 £ 0.1 95.6 £ 0.3 20.5+£0.2

30 Blank dispersion 201.8 £ 1.8 0.19 + 0.06 95.5+0.2 88.1£0.3 28.0 £ 0.1
IND dispersion 2053 £ 0.8 0.08 £ 0.05 95.7+0.2 101.3 £ 0.4 30.5 £0.1

60 Blank dispersion 202.2 £ 0.9 0.15 £ 0.02 90.7 £ 0.1 1024 £ 0.2 275 £0.1
IND dispersion 210.1 £ 1.7 0.25 £ 0.03 90.9 £ 0.1 1043 £ 0.1 24.6 £ 0.4

90 Blank dispersion 204.8 £ 0.7 0.19 + 0.02 87.9 £0.1 1032+ 0.2 30.1 £0.2
IND dispersion 2115+ 14 0.22 £ 0.04 86.9 £ 0.2 102.5 £ 0.1 31.2+0.1

SD: standard deviation.

Photon correlation spectroscopy (PCS) data were the mean of five determinations of different batches of the same type of dispersion.
Dispersions were produced by a disperse phase constituted of monooleine/Poloxamer 407 90:10 w/w in water with a 5:95 disperse phase/

dispersing phase ratio.
“Determined by PCS.
b Polydispersity index.
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Fig. 3. PSD elaborated from the SAFFF fractogram. Particles were assumed to have
a density of 1.04 g/ml (diam = diameter of nanoparticles; dd = dimensional
distribution; the red dots indicate indomethacin content, as determined by high-
performance liquid chromatography, and the vertical lines indicate the collected

fractions).

it can be deduced that the 2-D periodically ordered (7 x 6
nm) domains observed by cryomicroscopy are normal to the
[110] crystallographic axis of the cubic unit cell. The small
differences observed between the repeat unit measured by
cryomicroscopy (6-7 nm) and the spacing obtained from X-ray
diffraction (7.6 nm) could be attributed to the shrinking of the
cubosome during cryo procedures.

From X-ray diffraction data, assuming distinct water and
lipid regions within the cell, the radius of the aqueous
channels in the I/m3m cubic phase has been also deduced
from analytical equations reported elsewhere (2,3). By
assuming a lipid hydration around 40%, as for pure MO in
excess of water (2), radii of 1.81 and 1.77 nm have been
estimated for blank and IND-containing samples, respective-
ly. These values are in very good agreement with the
dimension for the aqueous channels obtained by cryo-TEM
images.

It should be finally observed that X-ray diffraction
experiments have been repeated on the same samples after
3 months: the obtained profiles indicate a strong stability of
the cubic structure (which maintains the same unit cell and
intensity profile), which suggests that the amount of vesicles
reduces as a function of time, as indicated by the reduced
low-angle diffuse scattering.

Sedimentation Field Flow Fractionation Analyses

After filtration, both gel permeation chromatography
and centrifugation were performed in an attempt to separate
the free drug from the dispersions; nevertheless, no method
was found suitable for IND separation. SAFFF has been
employed as an alternative system. SAFFF should give
information about the size distribution of the disperse phase
and about the IND distribution in the dispersions. The
fractogram obtained by SAFFF can be converted into a PSD
plot, i.e., the amount of material per unit change of diameter,
according to well-proven equations, by transforming the re-
tention time in diameter of a sphere and the UV signal into a
mass frequency function (38-40). In addition, the collected

fractions can be analyzed by HPLC to quantify the amount of
drug contained in the different populations of the disperse
phase.

Figure 3 shows the PSD plot of a diluted amount of
IND-containing monooleine dispersion. The conversion has
been performed by assuming a density of 1.04 mg/ml. Also
reported in the same graph is the concentration of IND
determined by HPLC.

The fraction collected in correspondence of the void
peak does not contain the drug, which is instead found in
correspondence of the retained peak in the fractogram.
Fractions 2-4 contain 39% of the total drug. The sizes of
the components existing in this zone have a maximum of
about 107 nm. It is known from cryo-TEM and PCS analyses
that monooleine dispersions are mainly characterized by
vesicles and small cubosomes with mean diameter around
100 nm, whereas a few cubosomes with larger dimensions are
also present. Fractions 7 and 8 contain a high percentage of
IND (roughly 50%), even if from the fractograms no
particular population of particles is found. The remaining
11% of IND has been found in fractions 10-13, again not
corresponding to any evidenced population of particles.
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Fig. 4. In vitro diffusion of IND from carbomer gel (triangles),
viscosized monooleine dispersion plus free IND (squares), and
viscosized monooleine dispersion (rhombs), as determined by Franz
cell system assembled with human skin.
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Table II. AUC, 5, Values Obtained Pretreating Skin Sites with Different Topical Formulations (A-C) Containing Indomethacin (0.07%) and
Applying Ultraviolet B Radiations after 1 h (¢ =1),3 h ( = 3), or 6 h (¢ = 6) from Their Removal

AUCoy s
t=1 t=3 t=6
Subjects Form A Form B Form C Form A Form B Form C Form A Form B Form C Control
A 1141.7 896.2 604.3 619.3 887.2 704.8 620.4 818.2 921.6 1321.6
B 828.6 716.2 4432 395.6 850.1 7243 428.6 768.9 860.1 955.6
C 904.1 629.7 506.3 835.1 798.4 994.3 861.3 1003.9 1184.6 1298.6
D 824.9 700.5 698.3 629.9 893.6 890.6 736.4 994.8 991.1 12214
E 719.4 628.3 5271 593.4 804.6 788.6 636.8 921.6 965.4 1025.6
F 2732 376.2 2187 2554 204.1 330.4 398.4 383.6 405.3 4539
G 671.9 528.4 623.5 600.1 823.4 821.7 6182 883.4 1038.6 1214.2
H 798.6 625.3 511.2 598.4 799.5 883.4 700.6 988.6 986.4 1210.1
I 952.4 786.7 688.9 695.2 896.4 987.2 698.6 1122.1 994.8 1158.7
L 1234.6 1128.1 900.4 954.3 1146.5 1028.4 860.2 1216.2 1319.5 1436.4
Mean 834.9 701.6 5722 617.7 810.4 815.4 654.0 910.1 966.7 1129.6

A: MO dispersion encapsulating IND viscosized with carbomer; B: blank MO dispersion plus free IND viscosized with carbomer; C: IND

carbomer gel.

Stability Studies

The organoleptic and morphological aspects of disper-
sions do not change through time, being free from phase
separation phenomena for almost 1 year from production.

As reported in Table I, monooleine dispersions, in the
presence and in the absence of IND, maintain their dimen-
sions after 1 month; afterwards, mean diameters slightly in-
creased in the succeeding 2 months. It is interesting to stress
that the percentage of the number of nanostructures with the
lowest diameter decreases from 99% at time 0 to 95, 90, and
87% after 1, 2, and 3 months, respectively, from production.
The amount of IND in filtered monooleine dispersions
determined by HPLC is almost quantitative also after 3
months from production, being 96.4 + 0.1% with respect to
the amount of drug found after production and filtration.
This datum is the mean of five independent determinations.
Moreover, the unvaried shape and retention time of IND
peak and the absence of secondary peaks in the HPLC
chromatograms (data not shown) demonstrate that IND was
not degraded also after 3 months of storage at room
temperature.

In Vitro Indomethacin Diffusion Study

In Fig. 4, the plots of the cumulative amounts of IND
permeated through human SCE membranes as a function
of time are shown. The flux values of IND from hydrogels
A-C were calculated from the linear segments at the
steady state. IND flux from A (0.63 + 0.11 pg/cm?) was the
lowest, followed by the flux of the drug incorporated in
B (0.92 + 0.15 pg/cm?) and by the flux of the drug incor-
porated in C (1.02 + 0.18 pg/cm?). Statistical analysis revealed
no significant differences between the steady-state flux value
obtained with the formulation containing MO dispersion
and free IND (hydrogel B) and the value registered with
hydrogel C (p > 0.05). Moreover, both B and C formulations
showed flux values significantly higher than A formulation
(p < 0.05).

Because the pH and the viscosity of vehicles have been
shown to be important variables that could influence
diffusivity of drugs in semisolid vehicles (41), these values
were measured for A, B, and C forms. Both pH and viscosity
were very close for the different forms, being 6.50 (A), 6.45
(B), and 6.53 (C) for the pH values and, at 60-s ' shear

A
60
50 I T
-
40 ——
ot=1
— 30 T T o t=3]
o o t=6]
20+ ==
10+
0 T T
A B C
B
—
=1 [T T
F—
oA
J— ap
ocC
0 10 20 30 40 50 60

Total amount of indomethacin in 20 tape-strips (ug/cm?)

Fig. 5. In vivo comparative study of IND anti-inflammatory effect
(panel A) and IND amount in the stratum corneum (panel B) after
topical application and removal of different forms. P.I.E: percentage
of erythema index; t+ = 1, 3, and 6: hours from the removal of
formulations. A: IND containing viscosized monooleine dispersion,
B: viscosized monooleine dispersion plus free IND, C: IND contain-
ing carbomer gel.
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rate, 1650 (A), 1600 (B), and 1630 (C) cps for the viscosity
values.

In Vivo Evaluation of Indomethacin
Percutaneous Absorption

Indomethacin Anti-Inflammatory Effect

The IND percutaneous absorption from A—C forms was
evaluated in vivo by monitoring in a noninvasive manner (42)
the effect on an UVB-induced erythema, following a
procedure reported in previous studies (34,43). An inverse
relationship was found between the AUC and the inhibition
of UVB-induced erythema (see Table II). UVB erythema
induction was carried out at different times (1, 3, and 6 h; ¢ =
1, 3, and 6, respectively) after A-C topical formulation
removal. As reported in Table II, at + = 1, formulation C
was more effective than forms A and B in inhibiting the
induced erythema (p < 0.05). In particular, form A showed a
significant inhibitory activity at t = 3 and 6 (p > 0.05).

P.LLE. values are reported in Fig. 5. Formulations B and
C showed a similar anti-inflammatory profile; in particular,
formulation C inhibition was maximal at ¢ = 1, whereas it
noticeably decreased at ¢t = 3 and it was about 10% after 6 h
(t = 6) from gel removal. Formulation B, containing a MO
dispersion and free IND, provided, after 3 (t=3) and 6 h (1 =
6), AUC values not significantly different (p > 0.05) with
respect to formulation C. As reported in Fig. 5, panel A, the
anti-inflammatory profile of formulation A seemed remark-
ably different compared to the other formulations: in fact, at
t =1, P.LLE. was about 25%, and consequently, it was lower
than the P.ILE. value registered for formulations B and C (38
and 50%, respectively), whereas it increased to about 45% at
t = 3 and it was about 42% at ¢ = 6.

Tape Stripping

Approximately the same amount of stratum corneum
was removed with each tape strips from the treated sites of
the three viscous formulations (A-C). The cumulative
amount of stratum corneum removed from the tape stripping
increased more rapidly in the initial three to ten strips and
gradually reached a linear profile for the latter strippings
(data not shown). The amount of IND recovered in the
stratum corneum after 1 h (Fig. 5, panel B) from the removal
of form A was noticeably higher than the amount of drug
recovered after 1 h from the removal of the other two
formulations (p < 0.05). Similar trends were observed also
after 3 and 6 h from gel A removal, and the amounts of IND
recovered from the strips showed appreciable variations (p <
0.05). On the contrary, the amount of IND recovered after 1,
3, and 6 h from the removal of gels B and C seemed not
significantly different (p > 0.05).

DISCUSSION

A crucial point related to the characterization and to the
employment of colloidal nanoparticulate systems, such as
liposomes, solid lipid nanoparticles, and cubosomes, is the
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determination of the distribution of the drug within the
dispersion. As a function of its solubility, the drug tends to
associate partially to the matrix of the particulate systems,
i.e., the disperse phase, and partially to be free in the aqueous
dispersing phase. The performance of a drug delivery device
should be tested taking into consideration only the encapsu-
lated drug, after separation of the free one. The determina-
tion of the amount of free drug and its separation from the
carrying system are often difficult procedures because of the
complexity and heterogeneity of the nanodisperse systems.
Ultrafiltration, dialysis, and gel permeation chromatography
are some of the most employed methods.

In this study, to detect the possible amount of free IND
in MO dispersions, firstly, gel permeation chromatography
was unsuccessfully used. This failure could be due to a
possible chemical-physical interaction between monooleine
and the resin packaging of the column. This interaction
should lead to a reduction of the elution rate until the
complete obstruction of the column.

As a second attempt, SAFFF was employed. One major
advantage of the SAFFF technique is that the analysis is a
nondestructive sorting of the sample; moreover, the fracto-
gram can be converted into a PSD plot (37-39).

From SAFFF analyses, it has been shown that IND is not
free in the dispersion but is partially associated to a smaller
diameter population (vesicles and little cubosomes) and partially
to fractions corresponding to undetectable populations (Fig. 3).
A plausible interpretation of these evidences is that the material
eluted in the undetectable region has a heavier mass, which
probably corresponds to a bigger size of the nanostructures or to
a different arrangement of the chemical components that modify
the density of the nanostructures. What is relevant is that these
components are undetectable by turbidimetric methods (UV
signal of the fractogram) because of their lower percentage with
respect to the first population, but they contain a higher amount
of drug. These findings are in agreement with X-ray diffraction
analyses and cryo-TEM observations.

Because MO dispersions are dynamic changeable hetero-
geneous systems, it is to be noted that IND distribution be-
tween cubosomes and vesicles can change by time. X-ray and
size data on aged dispersions corroborated the hypothesis that
by time, a transformation takes place in the dispersions, where
vesicles aggregate together, forming larger structures.

The results reported in Fig. 4 indicate that cubosome can
control the diffusion of the incorporated drug. The higher
flux of IND from B formulation with respect to the flux from
A could account for the different distribution of the drug in
the dispersion; free IND can diffuse more rapidly with
respect to the drug incorporated in cubosomes and vesicles.

Moreover, the presence of blank cubosomes and vesicles
slightly slows the IND diffusion with respect to control gel C,
taking into account potential interactions between free IND
and the lipid matrix of the nanostructures. Furthermore, this
result outlined that the main factor controlling drug diffusion
is the cubosome and vesicle presence, rather than the
viscosity of the gel.

In vivo results reported in Fig. SA demonstrate that drug
incorporated in formulation A drastically influenced the
lasting of anti-inflammatory activity and consequently IND
prolonged release, whereas the anti-inflammatory effect
exerted by formulations B and C is time limited.
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Tape-stripping technique was useful for quantifying drug
depletion in the viable epidermis and the amount of IND
responsible for the anti-inflammatory effect. From the
analysis of the data, the amount of IND recovered in the
stratum corneum after 1 h from the removal of A hydrogel
was high, but after 3 and 6 h, this amount strongly decreased
(Fig. 5B). Because some authors have found a similarity
between the cubic phase structure and the structure of the
stratum corneum (17), it is reasonable to suppose the
formation of a mix of cubosomal MO with stratum corneum
lipids. This kind of interaction might lead to the formation of
a cubosome depot in this layer from which IND can be
released in a controlled fashion. Therefore, the variations of
IND amounts revealed at different time points have to be
ascribed to a drug slow release from this reservoir. The same
amounts were probably responsible for the formulation A
anti-inflammatory profile recorded.

CONCLUSIONS

A simple process, based on dispersion and homogeniza-
tion of monooleine and poloxamer in water, leads to the
formation of a complex heterogeneous system, suitable for the
delivery of lipophilic drugs through the skin. The data here
reported indicate a prolonged anti-inflammatory activity
exerted by IND. The stratum-corneum-like structure attribut-
ed to cubosome by other authors (17) suggests the hypothesis
of a cubosome depot effect on the epidermis. Nevertheless,
further specialized studies are required to confirm this
fascinating hypothesis and to better investigate the role of
vesicles and cubosomes in controlling the release of the
drug.
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