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Tocopheryl acetate is used as the oil component of nanoemulsions using a mixture of unsaturated phos-
pholipids and polyethylene oxide-block-poly(e-caprolactone) (PEO-b-PCL). This study investigates the
effects of the lipid—polymer composition on the size and surface charge of nanoemulsions, microviscos-
ity of the interfacial layer, and skin absorption of tocopheryl acetate. The lipid-polymer hybrid system
exhibits excellent colloidal dispersion stability, which is comparable to that of polymer-based nanoemul-
sions. If lipids are used as emulsifiers, nanoemulsions show poor dispersion stability despite a good skin
absorption enhancing effect. The amount of tocopheryl acetate absorbed by the skin increases with an
increased lipid-to-polymer ratio, as determined using the hairless guinea pig skin loaded in a Franz-type
diffusion cell. An 8:2 (w/w) mixture of unsaturated phospholipids and PEO-b-PCL exhibits the most effi-
cient delivery of tocopheryl acetate into the skin. Our results show that tocopheryl acetate is absorbed
almost twice as fast by the lipid-polymer hybrid system than the nanoemulsions stabilized with PEO-
b-PCL. This study suggests that the lipid—polymer hybrid system can be used as an effective means of
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optimizing nanoemulsions in terms of dispersion stability and skin delivery capability.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nanoemulsions have been widely investigated for diverse
industrial applications, including pharmaceutical, food, and cos-
metic and personal care products, with the aim of enhancing the
bioavailability of the encapsulated active compounds by control-
ling their interactions with biomolecules, cells and tissues [1-7].
The biological effects of nanoemulsions highly depend upon their
interfacial properties, which are largely determined by emulsifiers
through a combination of multiple interactions, including elec-
trostatic interactions, steric effects, and mechanical forces [8-10].
Accordingly, the choice of appropriate emulsifiers is critically
important in controlling the functional properties of nanoemul-
sions, including physical stability and interactions with biological
systems [1,11,12].
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Lipids and fatty acids have been commonly used as emul-
sifiers to stabilize nanoemulsions because of their well-known
biocompatibility and a wide spectrum of amphiphilic molecular
structures [6,13-15]. However, despite the good performances in
interfacial stabilization, small molecular weight emulsifiers are
very dynamic at the interfaces, easily allowing the fusion and fis-
sion of emulsions [16,17]. Accordingly, the emulsions prepared
with lipid emulsifiers are susceptible to thermal and mechani-
cal stresses, limiting their practical applications [18]. Because of
these limitations, polymeric amphiphiles have been considered
as alternative emulsifiers [19,20]. In contrast to low molecular
weight counterparts, polymeric emulsifiers can form a mechan-
ically robust film at the interface, which can contribute to the
effective stabilization of nanoemulsions. Such structural robust-
ness of polymeric systems is beneficial in maintaining the physical
structures of nanoemulsions. However, some degree of structural
flexibility of delivery carriers is often required for the controlled
release of encapsulated ingredients and the efficient transport of
active molecules into biological systems. For instance, lipid emul-
sifiers have been shown to effectively facilitate the transdermal
transport of hydrophobic molecules through the disturbance of
the lipid-rich domain, which is known as a translocation route for
hydrophobic molecules in the skin [21-25]. Therefore, lipids and
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Fig. 1. Chemical structures of (a) tocopheryl acetate (TA) and (b) PEO45-b-PCL4,
(m=45 and n=42).

polymers seem to have their own unique benefits as emulsifiers
for nanoemulsions.

In this study, we investigated the combination of lipids and poly-
mers as a facile method to optimize the physicochemical properties
of nanoemulsions as skin absorption carriers. Various mixture com-
positions of unsaturated phospholipids and amphiphilic polymers
were used to prepare oil-in-water (O/W) nanoemulsions incorpo-
rating tocopheryl acetate (TA) as the oil phase. TA is a prodrug
compound of a-tocopherol, which is the most prominent, naturally
occurring form of vitamin E (Fig. 1a). Tocopherol and its derivatives
are antioxidant oils widely used for dermatological or personal
care products because of their well-known biological activities,
including photo-protective actions in the skin [26-29]. A di-block
copolymer, poly(ethylene oxide)-block-poly(e-caprolactone) (PEO-
b-PCL, Fig. 1b), was used as a co-emulsifier with unsaturated
phospholipids. Our recent studies showed that PEO-b-PCL effec-
tively reinforces the emulsion interface through the formation of
a mechanically stable semi-solid film that can resist the coars-
ening processes of emulsions [30,31]. PCL is a good hydrophobic
block segment for this purpose because of its relatively low melt-
ing temperature (Tpy =50-60°C). Above Ty, PEO-b-PCL is readily
miscible with phospholipids. The effects of the composition of the
polymer-lipid mixture on the size, surface charge, microviscosity
and dispersion stability of the prepared TA nanoemulsions were
studied.

2. Experimental
2.1. Materials

Methoxy PEO (mPEO, average molecular weight=2kDa),
e-caprolactone, stannous octoate (Sn(Oct);), ethylenediaminete-
traacetic acid (EDTA), 1,6-diphenyl-1,3,5-hexatriene (DPH), and
tetramethylsilane were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Hydrogenated soybean lecithin (Lipoid S75-3, 70-75%
phosphatidylcholine) and phospholipon 90G (P90G, mostly soy-
bean phosphatidylcholine with max. 4.0% lysophosphatidylcholine)
were obtained from Lipoid GmbH (Ludwigshafen, Germany) and
Phospholipid GmbH (Cologne, Germany), respectively. Female
hairless guinea pigs (strain IAF/HA-hrBR, 6-8 weeks old) were
obtained from Charles River Laboratories (Willmington, MA, USA).

2.2. Synthesis and characterization of PEO-b-PCL

PEO-b-PCL diblock copolymer was synthesized by ring open-
ing polymerization of e-caprolactone with mPEO as an initiator. A
known amount of e-caprolactone was introduced into a silanized
round-bottom Erlenmeyer flask containing a pre-weighed amount
of mPEO and Sn(Oct),. The flask was connected to a vacuum
line, evacuated, sealed off and placed at 120°C. After 24 h the

resulting block copolymers were dissolved in methylene chloride
and precipitated in excess cold methanol. Polymers were dried
under vacuum for 2 days. The copolymers were characterized
by gel permeation chromatography (GPC). A high performance
liquid chromatography (HPLC) system composed of Agilent 110
series (Agilent Technologies, Palo Alto, CA, USA) and a refrac-
tive index detector was operated by using a series of three PLgel
columns (300mm x 7.5 mm, pore size=103, 104, and 105A) as
a size exclusion column; tetrahydrofuran as an isocratic mobile
phase; 1.0mLmin~! as a flow rate; monodisperse polystyrene
samples as calibration standards. 'H Nuclear magnetic resonance
(NMR) spectra were taken at 25 °C with a Gemini-300BB NMR oper-
ating at 300.06 MHz using a solvent, CDCl3, and chemical shifts
were measured in parts per million using tetramethylsilane as an
internal reference.

2.3. Preparation of nanoemulsions

One and a half grams of emulsifiers (P90G, S75-3, PEO-b-PCL,
or their mixtures) were dissolved in a 1:1 mixture of propylene
glycol and absolute ethanol (10 g) at 70°C. Five grams of TA were
mixed with the solution, and then this organic solution was then
poured into pre-heated Milli-Q water (83.5¢g). The mixture was
emulsified at 5000 rpm for 3 min using a T. K. homo-mixer Mark
I f model (Tokushu Kika Co. Ltd, Osaka, Japan). The coarse emul-
sions were then pumped through an interaction chamber of a
M110EH microfluidizer (Microfluidics Corp., Newton, MA, USA) at
the maximum pulse pressure of about 1000 bar. The nanoemul-
sions were cooled to ambient temperature during the microfluidic
homogenization as the temperature of the interaction chamber and
channels was maintained around 15 °Cby a circulating water jacket.
A schematic diagram of the microfluidic system used in this work
is provided in our previous report [32].

2.4. Characterization

To observe the morphology of nanoemulsions, a drop of the sam-
ple with a concentration of 50mgmL-! was placed onto a 100
mesh copper grid coated with carbon (Ted Pella). After deposi-
tion, the grid was tapped with a filter paper to remove surface
water and negatively stained using 1% uranyl acetate. The sam-
ples were then dried in air at ambient temperature. Transmission
electron micrographs of nanoemulsions were taken on a JEOL 1010
electron microscope (Akishima, Japan) operated at 200 kV. Differ-
ential scanning calorimetry (DSC) analysis was carried out using a
TA2010 thermal analyzer instrument (TA instruments, New Castle,
DE). A heating scan was performed at a rate of 10°Cmin~! from
10to 160 °C. Size distribution and zeta potential were measured by
dynamic laser light scattering (DLS) technique with a He/Ne laser
of 633 nm (Zetasizer 3000HS, Malvern, UK). The scattering angle
was fixed at 90°, and the temperature was maintained at 25 °C. The
experimental correlation function was measured, and the hydrody-
namic diameter was calculated by the Contin method, which gives
access to the distribution of relaxation times in the experimen-
tal time correlation functions. The electrophoretic mobility was
measured with a laser Doppler velocimetry, where the velocity of
moving particles is determined by Doppler frequency shifts of scat-
tered laser light. A capillary cell was used with an applied electric
voltage of 29Vcem~! at 25°C. In order to exclude the electro-
osmotic effect, the fast field reversal method was used, that is, the
frequency was set at 50 Hz. Zeta potential (¢) was calculated from
the electrophoretic mobility (x«) by the Helmholtz-Smoluchowski
approximation: = -n-D1.g9~1, where u is the electrophoretic
mobility, D is the dielectric constant of water (78.54 at 25 °C),and &g
is the vacuum permittivity (8.854 x 10-'2Fm~1). In order to mea-
sure the anisotropy of hydrophobic domain, 2 mL of 2 mM DPH in
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tetrahydrofuran was added to 2 mL of the sample (1 mgmL~1). The
samples with DPH were mixed by vortex vigorously to facilitate
the partition of DPH into the organic phase. The steady-state emis-
sion anisotropy (r) of DPH was defined as the following equation:
r=(Ip —Ig0)/(Ip +2Ig0), where Iy and Igg are the components of the
emission intensity polarized parallel and perpendicular to the elec-
tric vector of the plane-polarized excitation, respectively. Emission
intensities were recorded on a Hitachi F-4500 spectrophotometer
(Nissei Sangyo Co. Ltd, Tokyo, Japan). The excitation wavelength
was set at 360 nm, and the emission was measured at 430 nm with
400V of the photomultiplier voltage, and excitation and emission
slit widths of 2.5 mm and 5.0 mm, respectively. Colloidal stability
of nanoemulsions was measured using a two-point conductiv-
ity method with a DualCon stability tester (ITEC-IFAC Technology
GmbH & Co. KG, Duisburg, Germany). Two pairs of electrodes deter-
mined the conductivity at the top (k1) and at the bottom (x5 ) of the
sample placed in a cylindrical container. The conductivity differ-
ence (Ak =k, — k1) was used to determine the colloidal stability of
nanoemulsion samples.

2.5. In vitro skin absorption analysis

In vitro skin absorption of TA in different nanoemulsions was
carried out using a Franz-type diffusion cell (Model FCDS-1200C,
Fine Scientific, Korea). Female hairless guinea pigs were used since
they have arelatively thick epidermis that does not require shaving.
The abdominal skin was excised and divided to mount on the dif-
fusion cells (0.9 cm in diameter). The receptor compartment (5 mL)
was filled with 50 mM phosphate buffered saline (PBS, pH 7.0,
20 mM NaCl) with magnetic stirring at 200 rpm. Nanoemulsions
(0.5mL) containing 5wt% TA were carefully applied to the skin
surface in the donor compartment, and the temperature was main-
tained at 32°C using a circulating water jacket. At predetermined
time intervals the skin samples were rinsed with 5mL PBS three
times. After the skin was separated from the diffusion cell, it was
fixed on a clean, flat rubber sheet and dried in air at ambient tem-
perature for 1 h in the dark. The stratum corneum of the dried skin
specimens was removed by taping the skin surface with a3 M Magic
tape five times. The skin was then ground in methanol using a pul-
verizer (Polytron PT2100. Switzerland) to extract TA from the skin,
and then the extract was filtered through a 0.45 pm nylon mem-
brane. The amount of TA was analyzed with a C;g reversed-phase
column (Nova-Pak® C;g, 3.9 mm x 150 mm, Waters) by a HPLC sys-
tem composed of Agilent 1100 series. The flow rate of the eluents
was fixed at 0.8 mLmin~'. The mobile phase was a 95/5 (v/v) mix-
ture of methanol and deionized distilled water, and the eluate was
monitored by UV absorption measurement at 208 nm.

3. Results and discussion

PEO-b-PCL was synthesized through the ring opening polymer-
ization of e-caprolactone with mPEO as an initiator. The weight
average molecular weight and the polydispersity were 7.3 kDa and
1.37, respectively, as determined by GPC. The measured molar ratio
of PCL to PEO was 1.07:1 as determined by 'H NMR spectroscopy,
and thus the synthesized block copolymer was denoted as PEO45-b-
PCLy4,. At ambient temperature, PEO45-b-PCL4, was not dissolved in
TA in the tested concentration range of 0.5-5 wt%. However, when
PEOy45-b-PCLyy was dissolved in a 1:1 (w/w) mixture of propy-
lene glycol and ethanol, the block copolymer solution was miscible
with TA, resulting in transparent solution at 70 °C. Nanoemulsions
were prepared by dispersing the organic solution containing TA
and emulsifiers (P90G, PEO45-b-PCLy;, or their mixtures) into Milli-
Q water at 70°C under homogenization at 5000 rpm to produce
micron-sized emulsions. The embryonic emulsions were pumped
through a microchannel, referred to as an interaction chamber, of
a M110EH microfluidizer at the maximum pulse pressure of about
1000 bar, producing nano-sized emulsions [32]. The nanoemulsion
structure was frozen immediately after the microfluidic homog-
enization as the temperature of the interaction chamber and
channels was maintained around 15°C using a circulating cold
water jacket.

Fig. 2 shows the TEM images of the prepared nanoemulsions
incorporating TA as an oil component. The nanoemulsions sta-
bilized by P90G, mostly comprising unsaturated phospholipids,
showed a low image contrast despite negative staining with
1% uranyl acetate, and their average diameter was in the range
of 60-80nm in diameter with a relatively uniform size distri-
bution. A DLS analysis showed that the nanoemulsions have a
unimodal size distribution with a mean hydrodynamic diameter
of 100.2 + 2.8 nm (Fig. 3). This value is approximately 50% larger
than the emulsion size estimated from the TEM image, indicating
that the severe shrinkage of the nanoemulsions occurred during
the sample drying on a TEM grid. The low image contrast might be
affected by the oil absorption to the grid because some emulsions,
particularly large ones, could be collapsed, and the oils were then
easily absorbed by the grid coated with a carbon film having a
strong affinity to hydrophobic molecules. By contrast, the mean
diameter of the nanoemulsions stabilized by PEO45-b-PCL4, was
146.9 + 1.5 nm (Figs. 2b and 3), which was consistent between the
TEM and DLS analyses. This result indicates that the interfacial
layer formed by the polymeric emulsifier avoided severe structural
changes during the drying process for TEM analysis. It is rea-
sonable because the semi-crystalline PCL block of PEO45-b-PCL4,
is solidified at the emulsion interface at ambient temperature.

Fig. 2. Transmission electron micrographs of the TA nanoemulsions prepared using (a) P90G, (b) PEO4s-b-PCL47, and (c) a 1:1 mixture of P90G and PEOy4s-b-PCLy4;. The images
were taken from the samples negatively stained with 1% uranyl acetate. The scale bars=150 nm.
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Fig. 3. (a) The size distribution of TA nanoemulsions prepared through high-pressure microfluidization at 1000 bar. (b) The average hydrodynamic diameters of TA nanoemul-
sions as a function of the weight fraction of 90G. The nanoemulsions were stabilized with P90G mixed with PEO45-b-PCL4; or S75-3. The error bars indicate the standard

deviation of >10 measurements.

The melting temperature of the block copolymer was around
57.5°C, as measured by DSC (Fig. 4). The nanoemulsions stabilized
with a 1:1 mixture of P90G and PEO45-b-PCL4; had a bi-modal
size distribution, which was also consistent with the TEM image
(Fig. 2c). The larger emulsions exhibited apparent deformation,
as indicated with arrows in the image, due to the close packing
of the nanoemulsions during the drying process. This deformation
illustrated that the interfacial layer formed by a mixture of P90G
and PEOg45-b-PCLy, is semi-solid and more flexible compared to
the PEOg45-b-PCLy4; layer. The bi-modal size distribution implied
the possibility that lipids were macroscopically separated from
polymers during the emulsification. However, the DSC results
indicated that the melting temperature of PEOg45-b-PCLy; was
completely shifted from 57.5°C to 51.0°C when it was mixed with
P90G at the 1:1 weight ratio (Fig. 4). This result indicated that
the two materials were homogeneously mixed, or blended, at the
molecular level rather than a macroscopic phase separation.

We further investigated the effects of the composition of P90G
and PEO45-b-PCL4, on the size distribution, surface potential, and
microviscosity of the prepared nanoemulsions. A mixture of P90G
and S75-3 (hydrogenated phospholipids) was also used as an emul-
sifier for comparison in order to clarify the role of PEO45-b-PCL4,. In
the case of the mixed lipid emulsifier, the hydrodynamic diameter
of nanoemulsions gradually increased with the increased weight
fraction of S75-3 (Fig. 3b). This finding can be explained by the
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Fig. 4. DSC diagrams of PEO45-b-PCL4, (black) and a 1:1 mixture of PEO45-b-PCL4>
and P90G (red). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

formation of the liquid crystalline lamellar structure of the satu-
rated lipids in S75-3 at ambient temperature. The lipid lamellar
phase can decrease the curvature of the interfacial layer of the
nanoemulsions and contribute to the size increase of nanoemul-
sions [33]. When the nanoemulsions were stabilized with a
mixture of P90G and PEO45-b-PCL4,, the nanoemulsions have the
smallest size at the 6:4 (w/w) ratio of P90G and PEO45-b-PCLy>,
indicating the most effective molecular packing of the emulsifiers
at the interface (Fig. 3b). In addition, the negative surface potential
increased with the increased amount of S75-3 (Fig. 5a). This
negative surface charge seems to be induced by fatty acids in
S75-3 and might contribute to the electrostatic stabilization of the
nanoemulsions. The surface potential of the nanoemulsions stabi-
lized by the mixture of P90G and PEO45-b-PCLy4; slightly increased
with increasing the amount of PEO45-b-PCL4;. This result indicates
that the colloidal stabilization by PEO45-b-PCLs; was mostly
ascribed to the steric hindrance effects of the PEO chain rather
than electrostatic interactions. Fig. 5b shows that the fluorescence
anisotropy of DPH decreased with the increased weight fraction
of P90G regardless of its use with S75-3 or PEO45-b-PCLy4,. Both
of the crystalline molecules, regardless of the molecular size and
structure, increased the microviscosity of the interfacial layer.
However, the anisotropy of the nanoemulsions stabilized with the
mixed lipids gradually decreased with the increasing fraction of
P90G, while the mixture of PEO45-b-PCL4; and P90G exhibited the
slight decrease of the anisotropy up to 70 wt% of P90G, followed
by the abrupt reduction at 80 wt%. These results imply different
interfacial structures between lipid emulsifiers and polymer-lipid
mixtures at the molecular level.

The colloidal dispersion stability of the nanoemulsions was
examined using the two-point conductivity method. This method
is based on the variation of the electrochemical potential (Ax),
which is defined as the difference between the ion conductivi-
ties at the top (k1) and bottom (k) of an emulsion sample [30].
The conductivity analysis is very sensitive to the variations of local
phase fluctuations of emulsions, which cause the change in chem-
ical compositions, so that an apparent change of Ak can be quickly
detected even in the case of no obvious phase separation. Fig. 6a
compares the temporal changes of the electrochemical potential
of different nanoemulsion formulations monitored at 50°C. The
phase fluctuation of the nanoemulsions was the largest in the P90G
nanoemulsions, while the PEO45-b-PCL4; nanoemulsions showed
the smallest temporal variation: the average potential values were
Ak=56.7+1.9puScm~! for P90G and Axk=17.8+ 1.1 uScm~! for
PEO45-b-PCLyy, respectively. Interestingly, the nanoemulsions sta-
bilized by the 1:1 mixture of PEO45-b-PCL4, and P90G showed the
intermediate level of Ak =28.2 + 0.8 uS cm~1, which was about 50%
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Fig.5. Zeta potential (a) and DPH anisotropy (b) of TA nanoemulsions as a function of the weight fraction of P90G. The nanoemulsions were stabilized with P90G mixed with
PEO45-b-PCL4, or S75-3. The error bars indicate the standard deviation of 6-8 measurements for zeta potential and 5 measurements for DPH anisotropy.

of the value for P90G. Although the combination of P90G and PEO45-
b-PCL4; increased the dispersion stability for a short period of time,
it was not certain whether the nanoemulsions would practically
maintain the dispersion stability for an extended period of time. In
order to examine the long-term physical integrity, the size distribu-
tion of the nanoemulsions was determined after the incubation at
50°C for 30 days. The average diameter of the P90G nanoemulsions
increased from 100.2 +2.8 nm to 165.7 3.9 nm, while the PEO4s5-
b-PCL4, nanoemulsions showed almost the same average emulsion
size: 146.9+ 1.5 nm at 1 h after preparation and 149.1 + 2.3 nm on
30 days after incubation at 50 °C. Fig. 6b shows that the nanoemul-
sions stabilized by the 1:1 mixture of PEO45-b-PCLy4, and P90G also
had no significant changes in the size distribution after the 30-day
incubation at 50°C. The average diameters were 87.4+4.1 nm at
1 h after preparation and 91.9 +£ 4.3 nm on 30 days after incubation
at 50 °C.These results demonstrated that the combination of unsat-
urated lipids and amphiphilic polymers could be an effective means
of maintaining the dispersion stability of nanoemulsions as well as
producing the smaller size of nanoemulsions.

Tocopherol is a powerful antioxidant that can protect the skin
against UV light-induced biological damages [26-29]. Although
TA is a prodrug conjugate of tocopherol and acetate, it can be
hydrolyzed to biologically active b-alpha-tocopherol through enzy-
matic cleavage in the skin [34]. To investigate the in vitro skin
absorption of TA from different nanoemulsion formulations, the
abdominal skin of female hairless guinea pigs was used because
it has a relatively thick epidermis and does not require shaving
[35,36]. The excised skin was mounted on a Franz-type diffusion
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cell, and a nanoemulsion sample was carefully applied to the skin
surface. At the predetermined intervals the sample was removed
from the diffusion cell, rinsed with PBS, and pulverized using a
homogenizer to extract TA from the skin. All of the prepared
nanoemulsions were used for skin absorption studies within one
day after the preparation in order to exclude the possibility that
any structural changes or colloidal instability were involved in the
skin absorption process. Fig. 7a shows the cumulative profiles of
the in vitro skin absorption of TA from the nanoemulsions prepared
using a mixture of P90G and PEO45-b-PCL4; at various mixing ratios.
Interestingly, when the weight fraction of P90G is below 40 wt%, the
amount of TA absorbed by the skin was practically independent of
the composition of the emulsifiers. Above 40 wt% of P90G, the skin
absorption of TA increased with the increased weight fraction of
P90G up to 80 wt%. Since the size of nanoemulsions was relatively
small at 80 wt% of P90G, it was examined whether the size of the
nanoemulsions is a major determining factor for the skin absorp-
tion of TA. To this end, the same block copolymer with a shorter
PCL chain, PEO45-b-PCL;5 (MW 5.4 kDa), was synthesized and used
to prepare smaller TA nanoemulsions.

The measured hydrodynamic diameters of the nanoemul-
sions stabilized with PEO45-b-PCLy5 and PEOg45-b-PCLy; were
108.0£2.9nm and 146.9+ 1.5 nm, respectively. The zeta poten-
tials (¢) of the nanoemulsions were similar: {=-41.2+6.7mV
for PEO45—b—PCL25 and §'=7382:|:73 mV for PEO45—b—PCL42.
The amounts of TA absorbed by the skin for 24h were
also very similar between the two polymer-based nanoemul-
sions: 18.94+ 1.6 ugcm—2 from PEOg45-b-PCLyy (A, Fig. 7b) and
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Fig. 6. (a) Temporal variations of the electrochemical potentials of the nanoemulsions measured at 50°C. (b) Size distribution of the nanoemulsions stabilized by the 1:1
mixture of PEO45-b-PCL4y and P90G at 1 h after preparation (black) and on 30 day after incubation at 50°C (red). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of the article.)
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Fig. 7. Cumulative amount of TA absorbed by the hairless guinea pig skin from nanoemulsions. (a) The cumulative amount of TA absorbed from the nanoemulsions stabilized
using a mixture of P90G and PEO4s5-b-PCL4; as a function of the lipid—-polymer ratio for 12 h (black) and 24 h (red). (b) The cumulative amount of TA absorbed for 24 h from
various TA nanoemulsions stabilized using PEO45-b-PCL4, (A), PEO45-b-PCL;5 (B), 90G (C), and an 8:2 mixture of 90G and PEO45-b-PCL4; (D), and 90G and PEO45-b-PCLy5 (E).
Each point represents the mean + standard deviation of 3-5 experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)

20.1+3.2 wgem—2 from PEO45-b-PCLys, respectively (B, Fig. 7b).
In addition, the amount of TA absorbed from PEO45-b-PCLy5
was only 58.9% of that from the lipid-based nanoemulsions
(34.1 +£4.9 pgcm—2 from P0G, C, Fig. 7b) despite the similar emul-
sion sizes: 108.0 + 2.9 nm for PEO45-b-PCL,5 and 100.2 + 2.8 nm for
P90G. These results indicated that the enhanced trans-epidermal
delivery of TA from nanoemulsions is not simply determined by
the size of nanoemulsions, but the incorporation of the unsaturated
phospholipids into the nanoemulsions is essential to facilitate the
skin absorption of TA. It is worth noting that unsaturated lipids and
fatty acids could be skin permeation enhancers because they can
reorganize the lipid structures in the skin. In our previous report,
the skin absorption enhancing effect of P90G was demonstrated
using caffeine as an active molecule loaded into liposomes [22].
In order to further clarify the impact of the size of nanoemulsions
on the skin absorption of TA, the size of nanoemulsions with the
same chemical composition was adjusted by changing the applied
pressure in the microfluidic process. The weight ratio of P90G and
PEQy45-b-PCL4, was fixed at 8:2. The average diameters of the pre-
pared nanoemulsions were 183.4 4+ 2.9 nm and 89.2 + 4.1 nm at the
applied pressure of 500 bar and 1000 bar, respectively. The size of
the lipid-polymer hybrid nanoemulsions having the same chem-
ical composition significantly affected the TA absorption into the
skin: 26.3 +3.6 wgcm~! from the larger nanoemulsions (D, Fig. 7b)
and 36.4+ 5.6 ug cm~! from the smaller ones (E, Fig. 7b). This result
indicates that both of the size and chemical composition need to
be simultaneously considered for effective skin delivery of TA.

4. Conclusions

This study has demonstrated that the combination of unsat-
urated phospholipids and amphiphilic block copolymers can be
an effective means of enhancing the skin delivery capability of
nanoemulsions while maintaining the long-term dispersion sta-
bility. In particular, in the range of the 5:5-2:8 weight ratios of
PEO-b-PCL to unsaturated phospholipids, large variations were
found in the emulsion size, microviscosity, and the skin absorption
efficiency. The interesting aspect of our study is that the emulsi-
fier having a skin absorption enhancing activity can be co-localized
with biological active ingredients into a nano-carrier. We expect
that this co-encapsulation approach is potentially useful for a selec-
tive skin permeation activity. To maximize the effectiveness of
nanoemulsion formulations, our study suggests that it is important
to carefully optimize the flexibility and robustness of the nanos-
tructures, both of which are critically important for the efficient

delivery capability and physical stability of nanoemulsions. In par-
ticular, both of the chemical properties (e.g., compositions) and
physical parameters (e.g., size) need to be considered to understand
the impact of nanoscale materials on biological effects (e.g., skin
absorption).
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