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The present study describes the production and characterization of monoolein aqueous dispersions (MAD) as
drug delivery systems for curcumin (CR).
MAD based on monoolein and different emulsifiers have been produced and characterized. Morphology and di-
mensional distribution have been investigated by Cryogenic Transmission Electron Microscopy (cryo-TEM), X-
ray and Photon Correlation Spectroscopy (PCS).
Monoolein in different mixtures with sodium cholate, sodium caseinate, bentonite and poloxamer resulted in
heterogeneous dispersions constituted of unilamellar vesicles, cubosomes and sponge type phases, depending
on the employed components, as found by cryo-TEM and X-ray studies. CR was encapsulated with entrapment
efficiencies depending on the MAD composition, particularly the highest was reached in the case of
monoolein/poloxamer/sodium cholate mixture. The same mixture was able to maintain CR stability also after
6 months.
CR release modalities were in vitro investigated in order to mimic a possible subcutaneous administration of
MAD. It was found that MAD constituted of monoolein/poloxamer and monoolein/poloxamer/sodium cholate
mixtures were able to sustain CR release.
MAD viscous vehicles were produced by xanthan gum.
CR percutaneous absorption has been studied in vitro using excised human skin membranes [stratum corneum
epidermis (SCE)]mounted into Franz cells. It was found thatfluxes (Fn) of CR incorporated inMADare influenced
by the presence ofmonoolein based nanosystems. In particular xanthan gum basedMAD better control CR diffu-
sion from MAD.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Curcumin (CR) is the chief component of the spice turmeric and is
derived from the rhizome of the East Indian plant Curcuma longa [1].
CR is the principal curcuminoid and comprises approximately 2–5% of
turmeric; it is responsible for the yellow colour of the spice as well as
the majority of turmeric's therapeutic effects [2,3]. Aside from being
employed as a flavouring and colouring agent in food, turmeric has
also been widely used in Ayurvedic medicine for its anti-oxidant,
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antiseptic, analgesic, antimalarial and anti-inflammatory properties [4].
CR has been consumed as a dietary supplement for centuries and is con-
sidered pharmacologically safe. It is a suppressor of autoimmune dis-
eases, including multiple sclerosis, type I diabetes, inflammatory
bowel disease, systemic lupus erythromatosis, and myasthenia gravis
[3]. Since CR protects skin by quenching free radicals and reducing in-
flammation through nuclear factor-KB inhibition, it has a beneficial
role in skin diseases such as scleroderma, psoriasis and skin cancer
(i.e. basal cell carcinoma) [5]. Moreover it is also well established that
CR reduces wound-healing time, improves collagen deposition and in-
creases fibroblast and vascular density in wounds [6].

Notwithstanding its numerous therapeutic effects, CR is difficult to
administrate due to its scarce water solubility (clog P 3.2, PubChem
CID969516). To overcome this drawback, advanced delivery strategies
have been proposed, including nanoparticulate delivery systems such
as liposomes, solid lipid microparticles, and cyclodextrins [7].

Lipid dispersions have a potential as matrixes able to dissolve and
deliver active molecules in a controlled fashion, thereby improving
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their bioavailability and reducing side-effects [8–10]. Unsaturated long-
chain monoglycerides emulsified in water lead to aqueous nanostruc-
tured dispersions of complex lyotropic liquid crystalline phases (lamel-
lar, hexagonal, and cubic) [11–14]. In particular, it has been observed
that both structure and stability of the dispersed phase are influenced
by the emulsifier [15,16]. The role of emulsifier is central: on one side,
its nature influences the nanostructure and the stability of the disperse
phases [8] on the other, it can lead to enhanced solubilisation of poorly
water-soluble drugs. One of the more used surfactant is the Poloxamer
407 copolymer,which shows thermoreversible characteristics of the ut-
most interest in optimizing drug formulation. Poloxamer 407 is able to
emulsify monoolein in water, giving rise to the formation of aqueous
dispersions mainly constituted of a mixture of cubosomes, hexasomes
and vesicles [9,12,14,17].

This study describes the production and characterization of
monoolein aqueous dispersions (MAD) as drug delivery systems for CR.

In the present case, monoolein was used inmixture with poloxamer
and with different emulsifiers of natural origin, such as sodium cholate,
sodium caseinate and bentonite, in order to investigate natural mate-
rials as alternative to poloxamer in the production of MAD.

Characterization studies were then performed: cryo-TEM and X-ray
studies were used to shed light on the morphology and the inner
structure of the MAD produced using different emulsifiers, whereas
dimensional distributions of the dispersed particles were determined
by Photon Correlation Spectroscopy and Sedimentation Field Flow Frac-
tionation. A stability study was conducted in order to explore the capa-
bility of MAD in controlling CR degradation. The in vitro CR release was
studied in order to mimic subcutaneous administration of MAD.

In the last part of the study an in vitro screening was performed
in order to investigate the suitability of MAD for dermatological
application.

To this aimMAD viscosity has been improved by xanthan gum, then
Franz cell coupled with excised human skin membranes [stratum
corneum epidermis (SCE)] were employed to compare the diffusion ki-
netics of CR from the different MAD.

2. Materials and methods

2.1. Materials

Glyceryl monooleate RYLO MG 19 (monoolein) was a gift from
Danisco Cultor (Grindsted, Denmark). Pluronic F127 (Poloxamer
407, poloxamer) (PEO98-POP67-PEO98) was obtained from BASF
(Ludwigshafen, Germany). Curcumin (CR), (1E,6E)-1,7-bis(4-Hydroxy-
Table 1
Composition of MADa.

MAD composition (% w/w)

# MAD Monoolein Na cholate Na caseinate Bentonite

1 4.5 – – –

2 4.5 0.15 – –

3 5 0.1 – –

4 5 0.25 – –

5 4.5 0.15 – –

6 4.5 0.25 – –

7 4.5 – 0.15 –

8 4.5 – 0.25 –

9 5 – 0.25 –

10 5 – – 0.5
11 4.5 – – 0.5
12 4.5 0.15 – 0.5
13 4.5 – 0.15 0.5
14 4.5 0.15 0.1 –

15 4.5 0.15 0.07 –

a Monoolein aqueous dispersion.
3-methoxyphenyl)-1,6-heptadiene-3,5-dione, sodium cholate (Na
cholate) (3α,7α,12α-Trihydroxy-5β-cholan-24-oic acid sodium salt),
sodium caseinate (Na caseinate) (αS1, αS2, β, κ) and bentonite (alu-
minium phyllosilicate, montmorillonite) were purchased from Sigma
Chemical Company (St Louis, MO, USA). Solvents were of HPLC grade
and all other chemicals were of analytical grade.

2.2. MAD preparation

Production of dispersions was based on the emulsification of
monoolein and emulsifier in water, as previously described [14]. MAD
compositions are reported in Table 1.

After emulsification, the dispersionswere subjected to homogeniza-
tion (15,000 rev min−1, Ultra Turrax, Janke & Kunkel, Ika-Werk, Sardo,
Italy) at 60 °C for 1 min, then theywere cooled andmaintained at room
temperature in glass vials.

In the case of CR containing MAD, 7.5 mg of CR (0.33% w/w with
respect to the monoolein, 0.015% w/w with respect to the disper-
sion) was added to the molten monoolein/emulsifier mixture and
dissolved before addition to the aqueous solution. During production
the vial was protected from light with an aluminium foil to prevent
photodegradation of CR.

2.3. Characterization of lipid dispersions

2.3.1. Cryo-Transmission Electron Microscopy (Cryo-TEM)
Samples were vitrified as described in a previous study [14]. The

vitrified specimen was transferred to a Zeiss EM922Omega (Carl Zeiss
Microscopy, Oberkochen, Germany) transmission electron microscope
using a cryoholder (CT3500, Gatan,Munich, Germany). Sample temper-
ature was kept below 100 K throughout the examination. Specimens
were examined with reduced doses of about 1000–2000 e/nm2 at
200 kV. Images were recorded by a CCD digital camera (Ultrascan
1000, Gatan, Munich, Germany) and analysed using a GMS 1.8 soft-
ware (Gatan, Munich, Germany).

2.3.2. X-ray diffraction measurements
X-ray diffraction experiments were performed using a 3.5 kW

Philips PW 1830 X-ray generator (Amsterdam, Netherlands) equipped
with a Guinier-type focusing camera (homemade design and construc-
tion, Ancona, Italy) operating in vacuum with a bent quartz crystal
monochromator (λ = 1.54 Å). Diffraction patterns were recorded on
GNR Analytical Instruments Imaging Plate system (Novara, Italy). Sam-
ples were held in a tight vacuum cylindrical cell provided with thin
Poloxamer 407 H2O Notes

0.5 95.00 Milky stable dispersion with few aggregates
0.5 94.85 Translucent stable dispersion
– 94.90 Transparent dispersion
– 94.75 Foamy transparent dispersion
– 95.35 Transparent dispersion with some aggregates
– 95.25 Almost transparent dispersion
– 95.35 Translucent dispersion

Creaming
– 95.35 Translucent dispersion

Creaming
– 94.75 Translucent dispersion

Creaming
– 94.50 Phase separation
– 95.00 Phase separation
– 94.85 Grey milky stable dispersion
– 94.85 Milky dispersion with some aggregates
– 94.25 Almost milky dispersion with some aggregates
– 95.28 Milky dispersion with few aggregates
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mylar windows. Diffraction data were collected at three different tem-
peratures of 25, 37 and 45 °C.

In each experiment, a number of Bragg peaks was detected in the
low-angle region and the peak indexing was performed considering
the different symmetries commonly observed in lipidic phases [18].
Once the lattice symmetry was derived, the unit cell dimension, a,
was calculated from the averaged spacing of the observed peaks.
The disordered nature of the short-range lipid conformation was
confirmed by analysing the high-angle X-ray diffraction profiles [11].

2.3.3. Photon correlation spectroscopy (PCS)
Submicron particle size analysis 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. Glassware
was cleaned of dust by washing with detergent and rinsing twice with
sterile water. Measurements were made at 25 °C at an angle of 90°
with a run time of at least 180 s. Samples were diluted with bidistilled
water in a 1:10 v:v ratio. Data were analysed using the “CONTIN”method
[19].

2.3.4. Sedimentation Field Flow Fractionation analysis
A Sedimentation Field Flow Fractionation (SdFFF) system (Model

S101, FFFractionation, Inc., Salt Lake City, UT, USA), described elsewhere
[14], was employed to determine the size distribution of particles (PSD)
by converting the fractograms, i.e. the graphical results, assuming that
the particle density is known [20]. Themobile phasewas a 0.01% v/v so-
lution of FL-70 in Milli-Q water (Millipore S.p.A., Vimodrone, Milan,
Italy) pumped at 1.0 ml/min andmonitored in each run. Fifty microliter
samples were injected as they were through a 50 μl Rheodyne loop
valve.

The fractions were automatically collected after the SdFFF system
by a Model 2110 fraction collector (BioRad laboratories, UK) with a
collecting time of 90 s. The volume of each fraction was 3 ml.

2.4. Drug content of dispersions

SdFFF was employed to obtain information about CR encapsulation
and its distribution in the dispersions. During the fractionation, some
fractions were collected and analysed by HPLC to quantify the amount
of drug contained in the different particle populations of the disperse
phase. CR encapsulation values in MAD were obtained by summing
the amount of CR in the different fractions.

CR encapsulation efficiencywas also determined as previously re-
ported [21] by diluting an amount of MAD with ethanol (1:10, v/v)
and stirring for 3 h at 0 °C in an amber glass bottle in order to pre-
vent CR degradation. A filtered sample was then analysed by HPLC
for CR content.

All data were the mean of four determinations on different batches
of the same type of dispersion. Chemical stability was evaluated on
drug loaded formulations, which were stored at 25 °C in amber glass
bottle for 6 months, determining CR content by HPLC analyses after
30, 90 and 180 days.

2.5. Gel production

MAD have been viscosized by adding xanthan gum (1%w/w) directly
into the dispersion and by slowly stirring for 1 h, until complete disper-
sion of the gum.

2.6. Rheology study

Viscosity values of xanthan gum gel in the absence (x gum) and in
the presence of MAD (MAD-x gum) were measured by a Brookfield
dial reading viscometer model RTV (Brookfield engineering labora-
tories, Stoughton, MA, USA). Appropriate spindles with different
speeds (0.1–5 rev/min) were used to obtain the correct dial readings.
Three readings were taken for each sample, and the mean dial reading
was corrected using factors supplied by the instrument manufacturer.

2.7. In vitro release kinetics of curcumin from MAD

In vitro release studies were performed using modified Franz diffu-
sion cell. Dialysis membrane having a pore size of 2.4 nm and a molec-
ular weight cutoff between 12,000 and 14,000 was used. Membrane
was soaked in double-distilled water for 12 h before mounting in a
Franz diffusion cell. MAD (1 ml) was placed in the donor compartment
and the receptor compartment was filled with 5 ml of a mixture of
phosphate buffer 60 mM pH 7.4 and methanol (50:50, v/v) to allow
the establishment of the sink conditions and to sustain permeant solu-
bilization [22]. A magnetic bar stirred the mixture at 500 rpm, and the
system was thermostated at 37 ± 1 °C. At fixed time intervals, 100 μl
of the sample was withdrawn from the receiver compartment through
the side tube. Fresh receiving mixture was placed to maintain constant
volume. Samples were analysed by HPLC method as described below.
The CR concentrations were determined four times in independent ex-
periments and themean values ± standard deviationswere calculated.

2.8. Drug release data analysis

The experimental release data obtained with both methods were
then fitted to the following semiempirical equations respectively de-
scribing Fickian dissolutive and diffusional release mechanisms [23]:

Mt=M∞ ¼ KDisst
0:5 þ c ð1Þ

1−Mt=M∞ ¼ e−K
Diff

t þ c ð2Þ

whereMt/M∞ represents the drug fraction released at the time t (M∞ is
the total drug content of the analysed amount of MAD), K and c are co-
efficients calculated by plotting the linear forms of the indicated equa-
tions. The release data up to the plateau of percent of released drug
were used to produce theoretical release curves.

2.9. In vitro percutaneous absorption studies

2.9.1. Skin membrane preparation
Samples of adult human skin (mean age 36 ± 8 years) were

obtained from breast reduction operations. Subcutaneous fat was
carefully trimmed and the skin was immersed in distilled water at
60 ± 1 °C for 2 min [24], after which SCE were removed from the
dermis using a dull scalpel blade. Epidermal membranes were
dried in a desiccator at ∼25% relative humidity. The dried samples
were wrapped in aluminium foil and stored at 4 ± 1 °C until use.
Previous research works demonstrated the maintenance of SC barrier
characteristics after storage in the reported conditions [24,25]. Besides,
preliminary experiments were carried out in order to assess the barrier
integrity of SCE samples by measuring the in vitro permeability of [3H]
water through the membranes using the Franz cell method described
below. The value of calculated permeability coefficient for [3H] water
agreed well with those previously reported [26].

2.9.2. In vitro skin permeation experiments
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).

The exposed skin surface area was 0.78 cm2 (the diameter of the
orifice was 1 cm). The receptor compartment contained 5 ml of a
mixture of phosphate buffer 60 mM pH 7.4 and methanol (50:50,
v/v) as reported above. This solution was stirred with the help of a
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magnetic bar at 500 rpm and thermostated at 32 ± 1 °C during all
the experiments [27].

Approximately 500 μl of each formulation was placed on the skin
surface in the donor compartment and the latter was sealed to avoid
evaporation. At predetermined time intervals comprised between 1
and 24 h, samples (0.15 ml) of receptor phase were withdrawn
and CR concentration in the receptor phase was measured using
HPLC. Each removed sample was replaced with an equal volume of
simple receptor phase. The CR concentrations were determined six
times in independent experiments and the mean values ± standard
deviations were calculated. The mean values were then plotted as a
function of time. The diffusion coefficients, computed from the linear
portion of the accumulation curve, represent the experimentally ob-
served fluxes (Fo).

Normalized fluxes Fn were then calculated by the following equa-
tion:

Fn ¼ Fo=C ð3Þ

where C is the CR concentration (in mg/ml) in the analysed form.

2.10. HPLC procedure

HPLCdeterminationswere performedusing a two-plunger alternative
pump (Jasco, Japan), an UV-detector operating at 425 nm, and a
7125 Rheodyne injection valve with a 50 μl loop. Samples were
loaded on a stainless steel C-18 reverse-phase column (15 × 0.46 cm)
packed with 5 μm particles (Grace® — Alltima, Alltech, USA).

Elutionwas performedwith amobile phase containingmethanol, 2%
acetic acid and acetonitrile 5:30:65 v/v at a flow rate of 0.5 ml/min. The
retention time of CR was 7.0 min.

2.11. Statistical analysis

Statistical analysis of data was performed using the Student's-test. A
probability, p, of less than 0.05 is considered significant in this study.

3. Results and discussion

3.1. Characterization of dispersions

A preformulative study was conducted in order to select someMAD
for CR encapsulation. Fifteen MAD have been produced, based on the
use of the above reported emulsifiers, alone or in mixture. In particular
besides the synthetic poloxamer, naturally derived materials were
employed, namelyNa cholate (the bile salt commonly used for liposome
production), casein (the major protein present in milk), and bentonite
(a clay mineral).

Table 1 reports the compositions of the produced MAD, together
with some comments about appearance and stability of the dispersions.

One can observe that poloxamer allowed the obtainment of milky
stable dispersions with few aggregates, while Na cholate resulted in
the production of transparent dispersions. In particular foamy trans-
parent dispersions were obtained using the highest content of both
monoolein and Na cholate (MAD # 4).

The mixture of Na cholate and poloxamer gave rise to a translucent
dispersion.The use of Na caseinate led to production of dispersions
with an initial translucent appearance followed by creaming, other-
wise when Na caseinate was used together with Na cholate, milky
dispersions with few aggregates were formed.

Finally bentonite used alone led to phase separation, while if
employed together with Na cholate or Na caseinate, allowed the for-
mation of milky dispersions with some aggregates.

Five MAD (namely # 1, 2, 4, 12 and 15) have been chosen to study
their potential as CR delivery systems, considering as selection
criteria the absence of separation phenomena and the scarceness of
aggregates. The selected MAD have been renamed by acronyms
based on their compositions: MP (monoolein and poloxamer 407),
MC (monoolein and Na cholate), MCP (monoolein, Na cholate and
poloxamer 407), MCC (monoolein, Na cholate and Na caseinate),
and MCB (monoolein, Na cholate and bentonite).

After producing the selected MAD in the presence of CR, the visual
aspect was again evaluated. It was found that CR doesn't affect themac-
roscopic appearance of dispersions, apart from the change of colour
from white to yellow.

It is noteworthy that, apart from MCC where some aggregates
formed, CR, due to its amphiphilic character, concurs to stabilize
MAD, preventing formation of aggregates. Indeed the presence of ag-
gregates after MP production was found [14]. The method used to
determine the weight of the aggregates and their CR content in
MCC is reported in the “Supplementary data” section.

3.1.1. Cryo-TEM analyses
Cryo-electron transmission microscope analyses were conducted

in order to investigate the internal structures of MAD and to compare
the emulsifier influence on the nanostructure of the disperse phase.
Figs. 1 and 2 report cryo-TEM images of MAD produced by different
emulsifiers. In panels A and B of Fig. 1, images of MP dispersions in
the absence and in the presence of CR are respectively reported. In
both panels the coexistence of vesicles and cubosomes can be ob-
served. Cubosomes appear as well-shaped particles with a homoge-
neous, ordered inner structure. Some cubosomes show vesicles
attached on their surface. In addition sponge-like cubic systems are
present. The images show that the typical structures found for
MAD constituted of monoolein and poloxamer [8,17].

Conversely, in the case of MC (panels C and D) and MCP (panels E
and F), unilamellar vesicles are present. The black points are ascribed
to ice crystal contamination due to sample preparation. The presence
of CR doesn't seem to affect MAD aspect. From cryo-TEM images it
can be asserted that the use of Na cholate as emulsifier, alone or in
mixture with poloxamer, doesn't allow the formation of cubic or
sponge-like structures but only of unilamellar vesicles. Nevertheless
other authors have found that monoolein in dilute micellar bile salt
solutions forms vesicles and different liquid crystalline phases
[28,29].

Fig. 2 shows images ofMCC (panels A and B) andMCB (panels C and
D). In Fig. 2A, referred as plain MCC, mixtures of vesicles, cubosomes
and hexasomes can be seen. The vesicles are mainly unilamellar or
show some invaginations, besides some very large membrane sys-
tems such as sponge-type cubic structures can be observed. Fig. 2B
concerns a sample of a dispersion produced in the presence of CR
(CR-MCC). Here, the vesicles showing the invaginations are mixed
with some hexasomes in different formation states. Casein, being
an amphiphilic protein, exhibits self-association into micellar aggre-
gates in water; its capability to form cubosomes in the presence of
monoolein has been previously demonstrated by other authors
[30–32]. With regard to MCB dispersion, different structures can be
noted. In Fig. 2C, referred as plain MCB, cubosomes, sponge struc-
tures and vesicles can be detected. The dark lines are thin bentonite
sheets (ca. 1 nm) in side view.

Finally Fig. 2D, concerning CR-MCB, shows a heterogeneous system
constituted of vesicles with invaginations, sponge-type phase parti-
cles and bentonite platelets in side view, looking like needles. The
arrow points a vesicle with an invagination (the channel can be
seen on top and left side) with cubic structure in the centre. The
sponge phase is probably built from these invaginations and de-
velops further to the cubic phase. Moreover, in the same sample,
cubosomes, unilamellar vesicles and huge areas of cubic phasemem-
brane systems are present (images not shown).

The cryo-TEM observations of Fig. 2 enable to assert that the
emulsification of monoolein by Na cholate in mixture with Na
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Fig. 1. Cryo-transmission electron microscopy images (cryo-TEM) of MAD produced in the absence and in the presence of CR. MAD were stabilized by different emulsifiers, namely
poloxamer 407 (MP) (panels A, B), Na cholate (MC) (panels C, D) and Na cholate–poloxamer 407 (MCP) (panels E, F). Panels B, D and F refer to CR containing MAD.
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caseinate or with bentonite allows the formation of cubic, sponge-
like structures and vesicles with invaginations. The presence of CR
seems to affect the MAD nanostructures, in fact, due to its amphi-
philic nature [33], and CR behaves as a surfactant that interacts
with monoolein in the formation of different crystalline structures.
3.1.2. X-ray diffraction analyses
X-ray diffraction was used to investigate the inner structural or-

ganization of MAD. Experiments were performed as a function of
temperature on different MAD preparations, both in the presence
and in the absence of CR. Few examples of X-ray diffraction results
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Fig. 2. Cryo-transmission electron microscopy images (cryo-TEM) of MAD produced in the absence and in the presence of CR. MAD were stabilized by different emulsifiers, namely Na
cholate–Na caseinate (MCC) (panels A, B) and Na cholate–bentonite MCB (panels C, D). Panels B and D refer to CR containing MAD.
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are shown in Fig. 3. It can be observed that the diffraction pattern
changes with composition and temperature, indicating phase transi-
tions (i.e. CR-MCB sample, in which temperature induces transition
from Pn3m to H phase) or simple modifications of the unit cell dimen-
sions (i.e. CR-MCC and CR-MP, in which the changes in peak positions
indicate an increase of the unit cell dimension by increasing tempera-
ture). Whole results are summarized in Table 2. As a general comment,
it can be observed thatMAD preferentially show a Pn3m inner structure
(the bicontinuous cubic structure formed by monoolein in excess of
water at room temperature), even if heating process can induce the
phase transition to a 2D hexagonal structure. Compared with pure
monoolein in excess water [19], emulsifiers appear to induce a
small dehydration of the cubic structure (a reduction of the unit
cell dimension from the reference value of 104 Å is systematically
observed), while the addition of CR slightly increases the unit cell di-
mensions. Due to the amphiphilic nature, CR probably promotes an
increase of the negative curvature of the polar/apolar interface,
thus inducing a larger unit cell and a consequent stabilization of
the cubic phase.

Considering the data reported in Table 2, the singular cases in
which Na Cholate is used should be noticed. In particular, MAD stabi-
lized by Na Cholate (sample MC) show only a low-angle diffuse scat-
tering, indicating that internal order is absent (e.g., presence of
unilamellar vesicles) or limited to very small regions. However, the
addition of CR (sample CR-MC) induces the restructuring of MAD,
which are characterized by a stable bicontinuous Pn3m cubic inner
structure. On the other side, MAD prepared using Na cholate in mix-
ture with poloxamer results in formation of Pn3m cubosomes both in
the absence and in the presence of CR (samples MCP and CR-MCP).
Such results are in agreement with the above reported observations
by Lindstrom and colleagues [28], but data apparently disagree with
cryo-TEM analyses, since cryo-TEM images of CR-MC, MCP and CR-
MCP samples only show the presence of vesicles (Fig. 1, panels D, E
and F). In this regard it should be underlined that in few cases
inner structured cubosomes or hexasomes could not be trapped dur-
ing freezing processes, mostly it should be observed that only a very
small volume of the sample is examined by TEM. By contrast, a very
large sample volume is analysed by X-ray diffraction, and even small
amounts of ordered phases can be easily detected. Therefore, the
whole results for CR-MC, MCP and CR-MCP suggest the contempora-
neous presence of vesicles and inner structured particles.

When Na caseinate is included in monoolein/Na cholate MAD prep-
arations (sampleMCC), themain formation of a thermally stable hexag-
onal structure is detected. In such a case, the addition of CR (sample CR-
MCC) does not induce phase transitions: MAD inner structure remains
hexagonal at all the investigated temperatures.



Fig. 3. Typical X-ray diffraction profiles observed at different temperatures for the consid-
ered MAD. The sample acronym is reported in the frame, while continuous and dotted
lines indicate profiles obtained at 25 and 45 °C, respectively. Bars indicate the peak posi-
tions calculated for the different phases (black bars: Pn3m; dotted bars: H). Note that
the first bar is superimposed to the first observed peak. The corresponding unit cells are
reported in Table 3.
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Finally, MAD emulsified by Na cholate and bentonite (sample
MCB) show an unstable bicontinuous Pn3m cubic structure, which
transforms in a hexagonal phase under heating and which maintains
the same characteristic after CR addition (sample CR-MCB). In this
case the presence of different structural organizations (including
cubosomes, hexasomes and unilamellar vesicles) was also detected
by cryo-TEM observations.

3.1.3. PCS analyses
PCS studies were conducted to determine the dimensional distri-

bution of MAD dispersions, Table 3 reports the typical parameters
Table 2
Structural organization of MAD at different lipid compositions as derived by X-ray diffraction a

Acronym Lipid composition Phas

MP Monoolein/poloxamer 407 Pn3m
CR-MP CR-monoolein/poloxamer 407a Pn3m
MC Monoolein/Na cholate Diffu
CR-MC CR-monoolein/Na cholatea Pn3m
MCP Monoolein/Na cholate/poloxamer 407 Pn3m
CR-MCP CR-monoolein/Na cholate/poloxamer 407a Pn3m
MCC Monoolein/Na cholate/Na caseinate H, 5
CR-MCC CR-monoolein/Na cholate/Na caseinatea H, 6
MCB Monoolein/Na cholate/bentonite Pn3m
CR-MCB CR-monoolein/Na cholate/bentonitea Pn3m

a MAD produced in the presence of curcumin; CR: curcumin.
obtained by PCS after production of differently composed samples
of CR-MAD. Mean diameters expressed as Z average are comprised be-
tween 153.5 (when MAD is emulsified by Na cholate and poloxamer,
MCP) and 235.5 nm (when Na cholate is employed together with ben-
tonite, MCB). The analyses by volume revealed bi-dimensional distribu-
tions of MAD, apart from that stabilized by Na cholate and poloxamer.
Polydispersity indexes are always below 0.3.

Fig. 4 summarizes the mean results obtained on MAD produced in
the absence and in the presence of CR.

As reported in panel A, MAD mean intensity diameters range be-
tween 158.9 nm, for MCP and 252.97 nm for MCB. MP and MC have al-
most superimposable mean diameters, being 208.7 and 206.9 nm
respectively. The use of Na cholate associated to poloxamer (MCP) re-
sults in a decrease of mean diameter with respect to the use of the
sole poloxamer (MP), while the association of Na cholate with Na ca-
seinate (MCC) or bentonite (MCB) leads to an increase of mean diame-
ters. The presence of CR resulted in a slight decrease in mean diameter
in all MAD, apart from MC, where the mean diameter doesn't change.
The differences in mean diameters between the same formulation pro-
duced in the absence and in the presence of CR are statistically signifi-
cant (p b 0.0001).

As shown in Fig. 4B, polydispersity indexes (PI) are always equal or
below 0.4. The lowest PI values are obtained byMP, both in the absence
and in the presence of CR, while MCP displays the highest PI in the ab-
sence of CR. The presence of CR induces an increase of PI values, apart
from MCP, where PI decreases from 0.4 to 0.24 in the presence of the
drug, passing from a bimodal to a monomodal distribution (data not
shown). Finally MCB maintains the PI value of 0.34, which is also in
the presence of CR.

3.1.4. SdFFF analyses
Size distribution was also determined by SdFFF. The fractograms

obtained under the same separation conditions (to allow a direct
comparison) were converted into PSD plots, i.e. the amount of mate-
rial per unit change of diameter, according to well-proven equations,
by transforming the retention time in a size, which is the diameter of
a compact sphere having the sortedmass, and the UV signal into amass
frequency function [14,20]. Fig. 5 shows the PSD plots of CR-MAD
produced by different emulsifiers, namely MP (panel A), MC (panel
B), MCP (panel C), MCC (panel D), and MCB (panel E). The conver-
sion was performed by assuming an average density of 0.9692 g/ml
for all MAD.

As a general statement, all samples are characterized by bimodal
PSDs that differ by the separation degree between the two components
and their relative intensities. The presence of bimodal distributions is
usually confirmed by PCS “analysis by volume”, that is in agreement
also in describing MCP (Fig. 5C), in which the second population ap-
pears in the SdFFF plot only as a shoulder just delineated on the right
of the main peak. Indeed for MCP the average size determined by
SdFFF is ~150 nm, which is in excellent agreement with the 130 nm
measured with the PCS. In the case of MP (Fig. 5A), the SdFFF analysis
nalysis.

e and unit cell (±0.5 Å) at 25, 37 and 45 °C

, 91.1 Å Pn3m, 87.6 Å Pn3m/H, 87.1/60.0 Å
, 95.5 Å Pn3m, 89.6 Å Pn3m, 83.2 Å
se Diffuse Diffuse
, 94.5 Å Pn3m, 92.7 Å Pn3m, 88.8 Å
, 96.6 Å Pn3m, 91.6 Å Pn3m, 90.7 Å
, 97.2 Å Pn3m, 92.6 Å Pn3m, 91.2 Å

4.6 Å H, 54.1 Å H, 53.3 Å
1.4 Å H, 57.1 Å H, 54.6 Å
, 93.5 Å Pn3m/H, 83.4/62.0 Å H, 61.0 Å
, 103.0 Å H, 60.9 Å H, 60.5 Å



Table 3
Typical PCS parameters of CR-MADa based on different compositions.

MAD composition

Parameter Monoolein
Poloxamer 407
(MP)

Monoolein
Na cholate
(MC)

Monoolein
Na cholate
Poloxamer 407
(MCP)

Monoolein
Na cholate
Na caseinate
(MCC)

Monoolein
Na cholate
Bentonite (MCB)

Z average mean diameter (nm) 200.3 206.8 153.5 219.0 235.5
Analysis by intensity mean diameter (nm) 198.9 189.8 154.5 227.5 189.0
Analysis by volumemean diameter (nm) 151.3 (peak area 77.3%)

395.3 (peak area 22.7%)
152.4 (peak area 86.5%)
393.2 (peak area 13.5%)

131.5 150.4 (peak area 51.6%)
287.6 (peak area 48.4%)

129.8 (peak area 80.9%)
409.1 (peak area 18.7%)

Analysis by number mean diameter (nm) 116.2 (peak area 99.3%) 118.2 (peak area 99.7%) 95.7 145.6 (peak area 88.2%)
270.1 (peak area 11.8%)

96.6 (peak area 99.6%)

Polydispersity index 0.26 0.27 0.29 0.28 0.25

a MAD produced in the presence of curcumin.
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shows a bimodal distribution peaking at ~120 nm and 170 nm respec-
tively, while cryo-TEM analyses show well structured cubic particles of
about 130–200 nm, alongwith a number of smaller vesicles (Fig. 1B). It
Fig. 4. Z average and polydispersity indexes (PI) of MAD produced in the absence
(empty pattern) and in the presence of CR (diagonal line pattern), as indicated by
the histograms. MAD were stabilized by different emulsifiers, namely poloxamer
407 (MP), Na cholate (MC), Na cholate–poloxamer 407 (MCP), Na cholate–Na caseinate
(MCC) and Na cholate–bentonite (MCB). Data are the means of 5 analyses on different
batches of the same type of dispersions.
is plausible to assert, especially for this sample, that the unique density
value, set for the fractogram conversion into PSD, cannot well represent
the whole sample composition, bringing to possible equivalent spheri-
cal diameter values.

For MC, dimensions sized by SdFFF were between 75 and 180 nm,
with two prevalent sizes at ~110 nm and 150 nm (Fig. 5B), in agree-
ment with the first population monitored by PCS (~150 nm). Since
the PCS “analysis by number” attests the presence of a single popula-
tion, it is likely to suppose, as done for MP, that the largest particles
represent only negligible minority undetected by the SdFFF.

More articulated are the considerations on the PSDs of MCC and
MCB, reported in Fig. 5D and E respectively. The bimodal PSD of
MCC shows prevalent sizes at 130 nm and 160 nm; the two popula-
tions are the best distinct among all tested dispersions, even if the
two peaks are still overlapped. On the other hand the PCS analysis
confirms, either by volume and by number, the presence of two pop-
ulations with mean diameters of ~150 nm and 280 nm. The dis-
agreement between the results achieved with the two techniques
appears meaningful, but it highlights the complexity of the particles
achieved through this formulation. The cryo-TEM image reported in
Fig. 2B well shows the presence of cubic, sponge-like structures and
vesicles with invaginations, whose density is likely very heteroge-
neous, and not representable by a single value. At last the results
achieved for MCB are the most difficult to be interpreted, since the
PSD obtained by SdFFF resembles the PSD of MCC and the PCS results
are accordingly in line with it. The heterogeneous population of MCC
and MCB requires the conjunction of different techniques in order to
interpret the obtained results.

3.2. Drug content of dispersions

SdFFF was employed to obtain information about CR encapsulation
and its distribution in the dispersions. During the fractionation, some
fractions were collected and analysed by HPLC to quantify the amount
of drug contained in the different particle populations of the disperse
phase [14].

Fig. 5 also reports the concentration of CR in each fraction deter-
mined by HPLC. It is evident that CRwas entirely associatedwith par-
ticles in all MAD dispersions.

Thedrugdistributionwithin thedifferent fractionswas similar for all
MAD. Particularly the fraction corresponding to a mean diameter of
about 70–80 nm (probably constituted by vesicles) contains 12–25%
of the total drug. The highest amount of CR (48–60%) is contained in
the most representative portion of nanoparticles/vesicles, having a di-
ameter of about 100 nm. Particles with mean diameters of about
130 nm contains 7–18% of CR. The remaining CR is associated with the
least representative population of particles, having larger diameter.

CR encapsulation values in MAD, obtained by summing CR con-
centration in the different fractions, are reported in the table of
Fig. 5. CR encapsulation is almost quantitative for all MAD, with the
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D

E

CR encapsulation efficiency in MAD

*Percentage (w/w) of CR determined by SdFFF with respect to the total amount used for the preparation.
Data are means of 4 independent determinations

MAD type

Parameter MP
(panel A)

MC
(panel B)

MCP
(panel C)

MCC
(panel D)

MCB
(panel E)

Encapsulation
efficiency*% 98.26±1.3 97.45±2.1 99.19±0.42 82.14±4.5 98.04±0.48

Fig. 5. MAD PSDs elaborated from the SdFFF fractograms and CR encapsulation efficiency values in MAD (reported in the table). MAD were stabilized by different emulsifiers, namely
poloxamer 407 (MP, panel A), Na cholate (MC, panel B), Na cholate–poloxamer 407 (MCP, panel C), Na cholate–Na caseinate (MCC, panel D) and Na cholate–bentonite (MCB, panel E).
MAD particles were assumed to have a density of 0.9692 g/ml (d = diameter of nanoparticles; dd = dimensional distribution; the dots indicate CR content, as determined by HPLC).
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highest value obtained by MCP, followed by MP. The lowest recovery
value is obtained in the case of MCC (82.14% w/w). The lost CR is
found associated to the aggregates which are formed during MAD
production (Supplementary data). CR encapsulation efficacy data,
determined byMAD dilution in ethanol and stirring, were superim-
posable (data not shown). Apart the CR encapsulation difference
between MCC and the other MAD, differences between CR encap-
sulation were not statistically significant.

Concerning CR stability, it should be underlined that themolecule in
phosphate buffer 0.1 M is rapidly decomposed (t1/2 = 9.4 min) [34].
The CR instability is due to degradation by acidic and alkaline hydrolysis,
oxidation and photodegradation [35–37].

Fig. 6 reports the CR content in the different formulations as a
function of time, expressed as percentage of the total amount used
for the preparation. One can appreciate the differences in CR stability
kinetics displayed by the MAD. In particular, MCP maintains CR sta-
bility better than the other MAD, in fact after 6 months from produc-
tion the residual concentration of CR is still 98.3%. In the case of MP
the residual CR content is 80.78%.

Our results show that the stability of CR in MAD seems to be
influenced by pH (Table 5) as previously reported [38]. The lower
the pH value, the higher the CR residual content after 6 months. In
fact curcuminoids are known to be stable at pH below 6.5. They de-
compose in a pH-dependent manner, with faster reactions at neutral
to basic conditions [36].
Concerning the macroscopic aspect, CR-MAD maintained their
yellow colour and the almost absence of aggregates at least after
six months from production.

3.3. In vitro drug release studies

The stability tests, showing a controllable CR degradation, suggest
MCP andMP use for the long-term sustained releasing of drug. More-
over MCP andMP appear suitable for injection, having particle size in
the range of 100–200 nm (Fig. 4). For these reasons the CR releasing
mode from MCP and MP has been investigated.

Many research groups used vertical or flow-through Franz diffusion
cells and dialysis bag/tubes for the study of drug release from colloi-
dal lipid systems and polymeric nanoparticles [39–42]. Modified
Franz diffusion cells with dialysis membrane were used in our
study to mimic a subcutaneous administration. Dialysis membrane
retained nanosystems and allowed the transfer of the drug immedi-
ately into the receiver compartment. Since CR is poorly soluble in
aqueous media, the use of physiological media as receptor phases
led to negligible diffusion kinetics. Hence a non-physiological recep-
tor phase with 50% v/v of methanol was used [22].

Fig. 7A shows the percentage release of CR from MP and MCP. CR
was released in a sustained manner from both MAD, with a slower
kinetic in the case of MCP. Statistical analysis revealed significant dif-
ferences (p b 0.01) between release values obtained for both MAD.
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Fig. 7. (A) CR release profiles fromMP andMCP obtained bymodified Franz cell. Data rep-
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theoretical curves were obtained using the coefficient calculated by linear regression of
the linearized form of Eq. (1) (triangles) and Eq. (2) (crosses).
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It is interesting to note the absence of burst release in both profiles,
whereas a lag time can be observed in thefirst 2 h, followed by a biphas-
ic release almost linear up to 24 h. The sustained release of hydrophobic
molecules from cubosomes was found also by other authors [43].

3.4. Mathematical analysis of CR release modalities

The theoretical release curves were determined according to
the linear form of Eq. (1), mimicking a dissolutive model and
Eq. (2), mimicking a diffusive model [23,44]. In Fig. 7 the compari-
son between the theoretical curves calculated from Eqs. (1) and (2)
and the experimental curves obtained for MP (Fig. 7B) and MCP
(Fig. 7C) is reported. Table 4 reports the parameters (K, c and R) de-
termined by linearization of release rate data.

The experimental curves reported in Fig. 7B and C are superposable
to the theoretical curves calculated from Eq. (1), referring to dissolutive
kinetics.

From the values reported in Table 4, it is confirmed that CR release
from both MAD appears to be more consistent with kinetics of the
dissolution rather than of the diffusion type, on the bases of the
higher value of R found in the case of linearization of Eq.(1). As
found by other authors, in the case of poor soluble molecules the
controlling factor for release from cubic phases is dissolution rate
rather than diffusion rate [45].

3.5. Production and characterization of viscous forms

In order to obtain vehicles suitable for possible administration on the
skin, the low viscosity of the MADwas adequately improved by the use
of xanthan gum.

Viscosity values of CR-MAD ranged between 861 and 1457 cP, at a
shear rate value of 10 s−1, as reported in Table 5. The highest value
was obtained by CR-MCB x-gum and the lowest by CR-MP x-gum.
The presence of different nanosystems in the MAD could account
for the differences in viscosity.
Plain xanthan gum(1%w/w) inwater has a viscosity of 400 cP in the
presence of CR.
3.6. In vitro drug diffusion through SCE membranes

Since previously it was found that MP was able to control the diffu-
sion of indomethacin by cutaneous administration [46], the in vitro CR
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Table 4
Kinetic parameters of CR release from CR-MP and CR-MCP.

Acronym Equation K c R

CR-MP Mt/M∞ = KDisst0.5 + c −0.019364 4.6191 0.99152
1 − Mt/M∞ = e − K

Diff
t + c 8.2028 −7.9221 0.95852

CR-MCP Mt/M∞ = KDisst0.5 + c −0.011105 4.6218 0.99428
1 − Mt/M∞ = e − K

Diff
t + c 4.9362 −5.5039 0.93533
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diffusion through SCE membranes was studied in order to investigate
the efficiency of MAD designed as topical cutaneous vehicles.

In particular Franz cell was employed to compare diffusion kinetics
of CR from the different MAD. CR diffusion from liquid MAD was com-
pared with that from viscous MAD (MAD-x gum), while CR dispersed
in plain xanthan gum gel (x gum) was taken as control.

Cumulative plots of the amount of CR permeated through SCEmem-
branes as a function of time have been determined. CR steady state flux
values (Fn) for the different vehicles are reported in Fig. 8 and Table 5.

The Fn of CR formulated in MC resulted the highest among the
obtained data, followed by MCB. MCP and MCC displayed intermedi-
ate and similar values, while MP exhibited the lowest Fn.

The differences in Fn may be ascribed to the type of nanostructure
present in the MAD disperse phase and to the interaction between CR
molecules and the disperse phase.

CR diffuses rapidly from MC and MCP which are mainly constituted
of vesicles and few structured inner particles. The lower CR fluxes
from MCB and MC could be justified by the presence of different
structural systems (i.e. cubosomes, hexasomes and vesicles with in-
vaginations) which could slow CR diffusion. Eventually the presence
of poloxamer vesicles and ordered cubosomes, could better control
CR diffusion from MP, resulting in the slowest Fn.

In the case of MAD-x gum, Fn trendwas almost the same,with lower
values with respect to the corresponding liquid MAD. The plain vehicle
(x-gum) demonstrated the highest Fn, while the presence of monoolein
based nanosystems resulted in a decrease of Fn. This result indicates that
nanoparticulate structures, as well as vehicle viscosity, can control CR
diffusion.

Statistical analysis revealed significant differences (p b 0.01) be-
tween Fn values obtained for all MAD formulations.
M
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Fig. 8. Steady state fluxes (Fn) of CR from liquid (panel A) and viscous (panel B) MAD. In
panel B, the Fn value of CR from xanthan gum is also reported. Data represent the mean
of 5 independent experiments ± S.D.
4. Conclusions

This study indicates that selection of emulsifiers is a crucial point in
the obtainment of MAD.

Apart from the largely employed poloxamer, other natural compo-
nents differently contribute with monoolein to nanostructure forma-
tion. In particular the sole Na cholate or the sole Na caseinate added to
Table 5
Viscosity, pH and Fn values of CR-MADa.

Acronym Viscosity (cP) at 10 s−1 pH Fn (cm/h × 103)

CR-MP n.d. 6.49 ± 0.01 0.073 ± 0.01
CR-MC n.d. 7.16 ± 0.02 0.226 ± 0.03
CR-MCP n.d. 6.44 ± 0.01 0.173 ± 0.02
CR-MCC n.d. 7.18 ± 0.02 0.121 ± 0.01
CR-MCB n.d. 8.02 ± 0.03 0.156 ± 0.02
CR-MP x-gum 861 ± 15 6.12 ± 0.01 0.066 ± 0.01
CR-MC x-gum 1282 ± 11 6.95 ± 0.02 0.180 ± 0.02
CR-MCP x-gum 1146 ± 24 6.29 ± 0.02 0.120 ± 0.02
CR-MCC x-gum 1214 ± 15 6.71 ± 0.01 0.054 ± 0.01
CR-MCB x-gum 1457 ± 22 7.61 ± 0.02 0.100 ± 0.01
CR-x-gum 400 ± 10 6.00 ± 0.01 0.213 ± 0.02

Data represent the mean of 5 independent experiments ± S.D.
n.d.: not determined.

a MAD produced in the presence of curcumin.
monolein produces only vesicles (diffuse scattering by x-ray) while
the addition of CR or poloxamer to the emulsifier promotes formation
of Pn3m phase. The association of Na cholate and Na caseinate leads to
the formation of different structures with a predominance of hexagonal
phases. Lastly, the use of bentonite with Na cholate results in both Pn3m
and H phases.

In all cases CR is almost completely associated to the disperse phase
ofMAD, as evidenced by SdFFF. Stability tests showed thatMAD are able
to control MAD degradation, in particular MCP maintains 98% of CR
concentration also after 6 months.

Franz cells associated to dialysis membrane indicated that MP and
MCP could be suitable for CR subcutaneous administration, suggesting
a dissolution releasing mode of CR.

Franz cell associated to SCE membranes suggested that CR diffusion
is affected by MAD composition. Moreover x-gum based MAD better
restrain CR fluxes with respect to plain x-gum and to liquid MAD.

The encouraging results obtained by MCP (i.e. the high CR encapsu-
lation efficiency and themaintenance of stability) suggest to thoroughly
investigate its use for CR administration.
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