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Abstract

Various lipid nanoparticle formulations were investigated with respect to (trans)dermal drug delivery with special regard to the mechanism
of their effects on human and an organotypic cell culture epidermis. Potential alterations of stratum corneum lipid domains were studied using
fluorescence assays with labeled liposomes and thermal analysis of isolated stratum corneum. Influences on the permeation of corticosterone
were investigated and the occlusive properties of the nanoparticles were determined by measurements of the transepidermal water loss (TEWL).
The penetration of a fluorescence dye was visualized by fluorescence microscopy of cross sections of human epidermis after incubation with
cubic and solid lipid nanoparticles. Corticosterone permeation was limited when applied in matrix-type lipid nanoparticles (fat emulsion, smectic
and solid lipid nanoparticles). An adhesion of solid lipid nanoparticles was clearly observed in thermal analysis as reflected by additional phase
transitions probably caused by the nanoparticle matrix lipid. However, as for the other matrix-type nanoparticles, no distinct alterations of the phase
transitions of the stratum corneum lipids were observed. Cubic nanoparticles led to the most predominant effect on skin permeation where the
surface-active matrix lipid may act as penetration enhancer. An alteration of the stratum corneum lipids’ thermal behavior as well as an interaction
with fluorescence labeled liposomes was observed. Differences observed in permeation studies and thermal analysis of human and cell culture
epidermis indicate that surface lipids, which are not present to the same extent in the cell culture model than in human epidermis, seem to play an
important role.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lipid nanoparticles are under investigation as drug carrier
systems for poorly water soluble drugs especially with regard to
parenteral administration (Klang and Benita, 1998; Miiller et al.,
2000; Westesen, 2000; Mehnert and Méder, 2001). Moreover,
these formulations — in particular solid lipid nanoparticles and
the related nanostructured lipid carriers (Miiller et al., 2002a,b;
Jores et al., 2004) — are currently intensively studied with respect
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to (trans)dermal drug delivery.

Higher amounts of glucocorticoids in the upper skin were
observed after 6 and 24 h when applied as solid lipid nanopar-
ticle dispersions compared, e.g., to conventional creams and
colloidal emulsions (Santos Maia et al., 2002; Sivaramakrishnan
et al., 2004). For retinol-loaded solid lipid nanoparticles, the
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drug amount in the upper skin was decreased considerably after
a longer incubation time of 24h compared to incubation for
6 h (Jenning et al., 2000a). This observation was attributed to a
gel formation of the nanoparticle dispersion which may cause
a pronounced occlusion as well as a change of the modification
of the matrix lipid resulting in an expulsion of the drug from
the nanoparticle matrix and a higher permeation rate (Jenning
et al., 2000a,b). In some in vivo animal studies systemic effects
were found after dermal administration of drug loaded colloidal
fat emulsions (Friedmann et al., 1995; Schwarz et al., 1995) or
solid lipid nanoparticles (Mei et al., 2003, 2005). For example,
the application of anti-inflammatory drugs incorporated into col-
loidal lipid dispersions showed better effects compared to larger
sized emulsions (Friedmann et al., 1995) or the drug solution
(Mei et al., 2003) in the carrageenan paw edema model in rats.
However, the anti-inflammatory effect was more pronounced
when the formulation was applied at the site of inflammation,
e.g., on the inflamed paw compared to an application on the back
of the animals (Friedmann et al., 1995).

Besides for drug delivery to the skin, lipid nanoparticle dis-
persions — in particular solid lipid nanoparticles — seem to be
promising formulations for cosmetics (Miiller et al., 2002b;
Wissing and Miiller, 2003a) because of their positive influ-
ence on skin hydration and viscoelasticity (Wissing and Miiller,
2003b; Uner et al., 2005) and their UV-blocking potential
(Wissing and Miiller, 2002).

Only little is, however, hitherto known about the mechanism
of the lipid nanoparticle effects on drug transport into or through
the skin as well as on drug retention in the different skin layers.
Moreover, only few investigations compare the effect of differ-
ent types of lipid nanoparticle formulations. The complexity of
the colloidal systems (co-existence of different colloidal struc-
tures in the dispersions, potential polymorphism of solid lipid
nanoparticles, etc.) complicates the situation.

In the present study, lipid nanoparticles differing in the state
of their matrix lipid (isotropic liquid, liquid crystalline, solid
crystalline) as well as the kind of the matrix lipid (non-polar,
polar) were investigated. The majority of these nanoparti-
cles [colloidal fat emulsion, supercooled smectic nanoparticles
(Kuntsche et al., 2004; Bunjes and Kuntsche, 2007), solid lipid
nanoparticles] consist of a continuous lipid matrix of non-polar
lipids (triglycerides, cholesterol esters) stabilized, e.g., with a
phospholipid-bile salt mixture. In contrast, cubic nanoparticles
differ distinctly in their properties from these systems. The polar
lipid glycerol monooleate forms a cubic lyotropic mesophase,
which is stable in excess water so that colloidal dispersions can
be prepared in the presence of stabilizers like poloxamer. Cubic
nanoparticles are composed of hydrated glycerol monooleate
bilayers separated by two intercrossing water channels (Worle
et al., 2006). They were included in this study because the polar
character of the matrix lipid as well as the bilayered particle
structure might be advantageous with respect to drug penetra-
tion and/or permeation (Bender et al., 2005; Esposito et al.,
2005).

To get a deeper insight into the mechanism of the interaction
of lipid nanoparticles with skin, the investigations were focused
on:

e A possible alteration of lipid domains in the stratum corneum
using fluorescence assays with labeled liposomes and ther-
mal analysis of the stratum corneum after incubation with the
respective formulations,

e the influence of the formulations on the transdermal perme-
ation of the radiolabeled lipophilic model drug corticosterone,

e the occlusive properties of the nanoparticles as reflected in
alterations of the transepidermal water loss (TEWL), and

e the penetration of a fluorescence dye visualized by fluores-
cence microscopy of cross sections of the epidermis after
incubation with selected dispersions.

In addition to isolated human epidermis, an organotypic cell
culture model was used. Reconstructed skin models are of partic-
ular interest as skin substitutes for e.g. large area burns (Boyce,
2001), for skin irritation testing of cosmetics or pharmaceuticals
avoiding animal studies (Ponec, 2002; Pappinen et al., 2005) and
studies on drug metabolism (Gysler et al., 1999). For investiga-
tions of drug penetration and permeation a competent barrier
similar to the in vivo conditions is required. This is currently
the main problem of many reconstructed skin models (Specht
et al., 1998; Dreher et al., 2002; Schreiber et al., 2005; Netzlaff
et al., 2007). For the organotypic cell culture model based on
rat epidermal keratinocytes (REK) used in this study, a simi-
lar ultrastructure of the stratum corneum (Pasonen-Seppénen et
al., 2001a,b) as for human skin and a comparable permeability
for a large number of tested compounds could be established
(Suhonen et al., 2003).

2. Material and methods
2.1. Materials

Medium chain triglycerides (MCT), tripalmitate (D116,
Dynasan 116, both Hiils/Sasol, Germany), cholesteryl myristate
(CM, ICN, USA), cholesteryl nonanoate (CN, Acros, USA),
glycerol monooleate (GMOrphic-80, GMO, Eastman, USA),
purified soybean phosphatidylcholine Lipoid S100 (Lipoid
KG, Germany), poloxamer 407 (POL, Lutrol F127, BASF,
Germany), sodium glycocholate (SGC), thiomersal, cholesterol,
cholesterol sulfate, stearic acid, a-hydroxy fatty acid ceramides,
non-hydroxy fatty acid ceramides, PBS buffer pH 7.40 tablets,
TRIS base, boric acid (all from Sigma), glycerol (Solvay, Ger-
many), [1 ,2,6,7—3H(N)]—corticosterone (in ethanol, 37 MBg/ml,
2.6-3.7TBg/mmol, Perkin Elmer), sodium bromide (RiedI-
de-Haén/Sigma-Aldrich, Germany), calcein (Sigma), L-o-
phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl)
(N-Rh-PE, Avanti Polar Lipids, USA), 1,2-dioleolyl-sn-glycero-
3-phosphatidylethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-
4-yl) (N-NBD-PE, Avanti Polar Lipids, USA), 1,1’-Dioctadecyl-
3,3,3/3/-tetramethylindocarbocyanine perchlorate (Dil, Sigma).
For the preparation of the dispersions, water for injection
Ph.Eur. (prepared by subsequent filtration, deionization, reverse
osmosis, and distillation) was used. For analytics and buffer
preparation, purified water obtained by common laboratory
water purification systems (prepared by deionization and
filtration, Millipore, Germany) was used.
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Table 1

Composition, homogenization conditions, storage temperatures of the dispersions and state of the nanoparticle matrices

Matrix lipid(s) Stabilizer(s) Homogenization conditions Storage State of the matrix lipid
temperature
Fat emulsion
MCT Medium chain triglycerides S100 4.0%, SGC 1.0% 600-620 bar, 34-36 °C, 5min 4°C Isotropic liquid
10%
Solid lipid nanoparticles
D116 Tripalmitate 10% S100 4.0%, SGC 1.0% 810-820 bar, 84 °C, 5 min 4°C Crystalline
Smectic nanoparticles
CM/CN Cholesteryl myristate 8%, S100 4.0%, SGC 1.0% 980-1020 bar, 85-87 °C, 5 min 23-25°C Smectic (thermotropic)
cholesteryl nonanoate 2% metastable
Cubic nanoparticles
GMO Glycerol monooleate 8.8% POL 1.2% 370 bar, 40 °C, 15 min 23-25°C Cubic (lyotropic)

All concentrations are w/w and related to the whole dispersion prior to high-pressure homogenization. All dispersions were prepared with an aqueous phase containing

0.005% thiomersal for preservation and 2.5% glycerol for isotonization.

2.2. Preparation of the colloidal lipid dispersions

The colloidal lipid dispersions were prepared as described
previously by high-pressure homogenization (Microfluidizer,
Microfluidics Corp., USA) of a crude emulsion dispersed by
Ultra-Turrax vortexing [matrix-type nanoparticles (Kuntsche et
al., 2004)] or of an equilibrated cubic phase [cubic nanopar-
ticles (Worle et al., 2006)]. The composition, preparation and
storage conditions are given in Table 1. For the preparation
of the matrix-type nanoparticles, the stabilizers (phospholipid
S100 and sodium glycocholate) were dispersed or dissolved in
the water phase (about 24 h at room temperature) and the whole
homogenization process was carried out at temperatures above
the melting point of the matrix lipids for the lipids being solid at
room temperature in the bulk phase (CM, CN, D116, Table 1). To
obtain cubic nanoparticles, the glycerol monooleate was molten
together with the poloxamer at around 70 °C. The homogeneous
melt was dropped into the stirred water phase at room temper-
ature. After equilibration for about 24 h at room temperature
the crude emulsion was high-pressure homogenized. A part of
the dispersion of cubic nanoparticles was autoclaved (Varioclav
65T, H+ P Labortechnik AG, Germany) after homogenization.

For the preparation of Dil labeled dispersions, an appropriate
volume of a stock solution of Dil in ethanol (2 mg/ml Dil) was
pipetted into beakers to give a final concentration of 0.5 mg Dil
per g matrix lipid(s). After evaporating the ethanol, the respec-
tive amount of lipids was added and the fluorescence dye was
dissolved in the lipid melt. The dispersions were then prepared
as described above. Dil labeled dispersions were used for inves-
tigations of the influence of the lipid nanoparticles on the thermal
behavior of the stratum corneum, of the TEWL of the epider-
mis after incubation with the nanoparticle dispersions and for
microscopic investigations.

Radiolabeled corticosterone used as model drug for perme-
ation studies was incorporated into the colloidal dispersions by
passive loading in trace amounts (1 pl drug stock solution per
ml colloidal dispersion, 37 kBq/ml). The drug stock solution was
pipetted into a Falcon tube and the solvent was allowed to evapo-
rate. After addition of the colloidal dispersions, the formulations

were shortly vortexed and equilibrated for about 24 h at room
temperature under light protection. Prior to use, the dispersions
were shortly vortexed again. The PBS solution of the radiola-
beled drug was prepared accordingly using PBS buffer pH 7.4
instead of the colloidal dispersions.

2.3. Preparation of skin liposomes

The skin liposomes were prepared similarly as described by
Kirjavainen et al. (1996) except that stearic acid was used instead
of palmitic acid for practical reasons. Both fatty acids were
found in the stratum corneum in comparable amounts (Schaefer
and Redelmeier, 1996). The liposomes were composed of non-
hydroxy fatty acid ceramides, a-hydroxy fatty acid ceramides,
cholesterol, stearic acid and cholesterol-3-sulfate in a weight
ratio of 25:15:25:25:10. Fifteen milligram of lipids were dis-
solved in chloroform/methanol (2:1, v/v) and the mixture was
vacuum-dried under a stream of nitrogen using a rotary evap-
orator. For the preparation of liposomes for the fluorescence
resonance energy transfer (FRET) assay appropriate volumes
of stock solutions of N-Rh-PE and N-NBD-PE in chloroform
(1 mg/ml) were added to the lipid solution to give a final con-
centration of the fluorescence dyes of each 1 mol% related to
the lipids. Three milliliter PBS buffer pH 7.4 (137 mM sodium
chloride, 10 mM phosphate buffer, 2.7 mM potassium chloride)
or TRIS-borate buffer pH 9.0 (500 mM Tris, 140 mM boric
acid) containing 70 mM calcein for the preparation of calcein
entrapped liposomes, respectively, were added to the dried lipid
film. The mixtures were hand-swirled for 30 min, sonicated
(Sonorex Super RK 102H, Bandelin, Germany) under nitrogen
atmosphere at 78—80 °C for 30 min and then allowed to equili-
brate for 30 min at the same temperature. Non-trapped markers
were removed by column chromatography on Sephadex G-50
gel equilibrated with PBS buffer pH 7.4. Since column purifica-
tion dilutes the liposome dispersions, this procedure was done
for both labeled skin liposome preparations. The dilution of the
liposome dispersions upon column purification was estimated
by measuring the count-rate of scattered light (PCS, Nicomp)
which was around 1400-1500 Hz before and around 1000 Hz
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after column purification for both dispersions (dilution of about
1.45).

2.4. Particle size measurements

2.4.1. Photon correlation spectroscopy (PCS)

Dynamic light scattering was measured at 25 °C and 173°
with a ZetaSizer Nano (Malvern Instr., Germany) or 90° with a
PSS Nicomp 380 ZLS (Nicomp, USA) after appropriately dilut-
ing the samples with purified water. The intensity weighted mean
diameter (z-average diameter) and the polydispersity index
(PDI) — an indication for the width of the particle size dis-
tribution — were determined using the instruments cumulant
analysis software (ZetaSizer Nano). Since these parameters are
not available by the Nicomp software, the mean particle size for
these measurements is expressed as mean diameter by intensity
assuming a log-normal size distribution (“Gaussian”) as most
basic approach. The particle size values given are the averages
of 5-6 measurements over 5 min runs.

2.4.2. Laser diffraction with PIDS (LD-PIDS)

The combination of laser diffraction with PIDS (polariza-
tion intensity differential scattering) technology (LS 230 Particle
Sizer, Beckman-Coulter, USA) theoretically allows measure-
ments over a particle size range from about 40 nm up to 2000 pm.
Data of laser diffraction and PIDS are combined to calculate the
particle size distribution by the Coulter LS software. Samples
were measured in purified water. The values given are the aver-
ages of 6-8 measurements over 90 s per run as the mean diameter
and D99 value (diameter of the cumulative distribution at 99%)
of the volume distribution.

2.5. Cryoelectron microscopy

A few microliters of diluted (cubic nanoparticles) or undi-
luted (skin liposomes) dispersion were placed on a holey grid
(Quantifoil Micro Tools, Jena, Germany) and excess of lig-
uid was removed with filter paper. The samples were cryofixed
by rapid immersing into liquid ethane cooled to —170°C to
—180°C in a cryobox (Carl Zeiss NTS GmbH, Oberkochen,
Germany). Excess ethane was removed by blotting in the cold.
The samples were transferred with a cryotransfer unit (Gatan
626-DH) into the pre-cooled cryoelectron microscope (Philips
CM 120, Netherlands) operated at 120kV and viewed under low
dose conditions.

2.6. Small angle X-ray diffraction

Samples were measured with a Kratky camera (Hecus Braun
X-ray systems, Austria) on a conventional X-ray source (cop-
per anode FK 61-04 x 12) generator Iso-Debyeflex 3003 60 kV
(Seifert-FPM, Freiberg, Germany) using a position sensitive
detector (PSD-50M, M. Braun, Garching, Germany) over 30
(smectic nanoparticles) or 60 (cubic nanoparticles) min at 23 °C.
The measured curves were desmeared and smoothed to obtain
the diffractograms shown in Fig. 2.

2.7. Differential scanning calorimetry (DSC)

For DSC measurements a Pyris 1 and a DSC 7 (Perkin
Elmer, USA) instrument was used. Approximately 8—15 mg of
the dispersions were accurately weighed into 15-pl-standard
aluminum pans (Perkin Elmer), heated above the melting tem-
perature (isotropic melt) of the respective matrix lipid(s), cooled
to —10 or —13°C to crystallize the nanoparticles and heated
up again with a scan rate of 5 °C/min. Separated and hydrated
stratum corneum samples (see Sections 2.11 and 2.14) were
punched into small pieces and about 3—6 mg were accurately
weighted into 30-pl-standard aluminum pans (Perkin Elmer).
The samples were heated to 100 °C, cooled to 0 °C and heated
again to 100 °C with a scan rate of 10 °C/min. To achieve better
baselines, most samples were cooled to 10 °C before the first
heating run.

The respective empty standard aluminum pans were used as
reference. Between all temperature scans, isothermal steps with
duration of 300 s (dispersions) or 60 s (stratum corneum) were
inserted. For better comparison, the DSC curves are normalized
to a sample weight of 1 mg and shifted along the ordinate in the
figures.

2.8. Fluorescence assays

Thirty microliter of labeled skin liposomes (FRET liposomes
and calcein containing liposomes, respectively) and 5 ml PBS
buffer pH 7.4 were mixed by manual shaking. Two hundred
microliter of the diluted liposome dispersion were pipetted into
the wells of 96 well plates and the initial fluorescence was mea-
sured. Two microliter of the diluted colloidal dispersions (1:10,
v/v in PBS) were added to the labeled skin liposomes and mixed
by up-and-down pipetting. The fluorescence (485 nm excitation
and 535 nm emission) was then monitored for 30 min in a Victor?
fluorescence well-plate reader (Perkin Elmer) at 37 °C. At the
end of the measurement, the vesicles were disrupted by adding
5l of Triton X-100 solution (4%, w/v) and careful up-and-
down pipetting. The values obtained in the presence of Triton
X-100 were corrected for sample dilution and the effect of Tri-
ton X-100 (factor 1.67 for the calcein and 1.25 for the FRET
assay). The resulting fluorescence level was set to 100% and
the results are expressed as percentage of the maximum fluores-
cence. In some measurements, purified water was used instead
of PBS buffer for dilution of the skin liposomes and the lipid
dispersions.

2.9. Rat epidermal keratinocyte (REK) stock and
rat epidermal keratinocytes organotypic culture
(ROC)

The rat epidermal keratinocytes (REK) stock and organotypic
cultures were cultivated as described earlier (Suhonen et al.,
2003). In brief, stock cultures were grown in Minimum Essen-
tial Medium (MEM, Gibco BRL) supplemented with 10% fetal
bovine serum (HyClone, USA), 4 mM L-glutamine, 100 U/ml
penicillin and 100 pwg/ml streptomycin (all from Sigma) at 37 °C
in an atmosphere with 5% CO; and sub-cultured twice a week.
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For the cultivation of the organotypic culture (ROC), recently
confluent rat epidermal keratinocytes of different passage num-
bers were seeded out into collagen-coated inserts (Costar
Transwell, diameter 24 mm, pore size of the polycarbonate
membrane 3.0 pm) with a cell density of 400,000 cells/insert.
The cultures were incubated (37 °C, 5% CO,) with Dulbecco’s
Modified Eagle Medium (DMEM, high glucose and with L-
glutamine, Gibco BRL) supplemented with 10% fetal bovine
serum, 4 mM L-glutamine (final concentration 8§ mM), 100 U/ml
penicillin and 100 pg/ml streptomycin on the top and underneath
the cells for 3 days. The culture medium was then removed from
the surface of the cells and the cultures were further grown
at the air-liquid interface for about 18 days using the sup-
plemented DMEM containing additional 40 pg/ml Vitamin C
(Sigma). Prior to use, the ROC epidermis was cut with the fil-
ter and collagen from the inserts. Due to high fragility of the
ROC epidermis, filter and collagen were not removed for the
experiments. The REK organotypic cultures (ROC) used for the
experiments were obtained from stock keratinocyte cultures at
passages 9-19.

2.10. Preparation of human epidermis

Human abdominal cadaver skin was obtained from the Kuo-
pio University Hospital (Finland) with the permission from The
National Board of Medicolegal Affairs. The excised skin was
heated in purified water at 60 °C for 2 min and the epidermis
was peeled off from the dermis, spread out and dried at room
temperature under an air stream for about 2 days. The dried epi-
dermis was cut into suitable pieces and frozen at —20 °C. Prior
to use, the epidermis was allowed to thaw and hydrate by stor-
age over PBS buffer pH 7.4 overnight at 4 °C. Epidermis from
6 different donors was used for the experiments.

2.11. Stratum corneum separation

The ROC or human epidermis was placed on a filter paper
soaked with 0.1% (m/v) trypsin solution (trypsin type III from
bovine pancreas, Sigma) in PBS pH 7.4 and stored at 4 °C for
24 h and afterwards at 37 °C for 1 h. The stratum corneum sheets
were peeled off, shaken in 0.1% (w/v) trypsin inhibitor solution
(trypsin inhibitor type II from soybean, Sigma) in purified water
for about 30 s and then washed twice with purified water. The
stratum corneum sheets were then placed onto a plastic grid,
dried at room temperature and finally placed into a desiccator
over silica gel in a nitrogen atmosphere and under light protec-
tion. Before use, the stratum corneum was hydrated over sodium
bromide solution (27%, w/w) for about 48 h resulting in a hydra-
tion level of the stratum corneum of about 20% (Bouwstra et al.,
1995).

2.12. Permeation studies

Franz diffusion chambers (Crown Glass Company,
Somerville, USA) with a receptor volume of about 5ml and
an average effective area for diffusion of 0.64 cm” were used.
The membranes were placed between the receptor and donor

chamber with the stratum corneum side facing the donor
compartment. Continuous magnetic stirring was maintained in
the receptor chamber and the receptor fluid was thermostated
at 37°C. The Franz diffusion chambers were equilibrated
for 30 min before placing the donor phase (0.5 ml) onto the
epidermis. The donor compartments were covered with parafilm
and aluminum foil. At pre-determined time intervals aliquots
were withdrawn from the receptor chamber and replaced
by the same volume of fresh buffer to maintain a constant
volume. The permeation experiments were run over 47h.
The withdrawn samples were mixed with 3 ml of scintillation
cocktail (UltimaGold, Packard, Bioscience, Netherlands) and
analyzed by liquid scintillation counting (WinSpectral 1414,
Wallac, Finland). After some experiments, the particle size
of the dispersions was determined by PCS. The permeability
coefficient P (cm/s) of the model drug was calculated at steady
state under sink conditions according to Eq. (1):

p dt

where A is the diffusional area of the diffusion cell (0.64 cm?),
Cp the concentration in the donor chamber (dpm/cm3) and
dQ/dr the slope of the linear region of the plot of the
cumulative amount of corticosterone in the receptor chamber
versus time (dpm/s). The linear range was between 22 and
47h and the coefficients of linear regression were between
1.000 and 0.970, except for 2 measurements where these
values were 0.944 and 0.932, respectively. Prior to the perme-
ation studies, the integrity of the epidermis was checked by
visual observation and TEWL measurements (OECD No. 28,
2004).

2.13. Dialysis experiments

For an approximation of the amount of corticosterone in
the water phase of the colloidal dispersions, diffusion experi-
ments with a dialysis membrane (MWCO 12-14 kDa, Visking,
Medical International, UK) were carried out with the same
experimental setup as in skin permeation studies (Franz dif-
fusion chambers, temperature of the receptor phase 37°C,
volume of the donor phase 0.5 ml, volume of the receptor phase
about 5 ml, diffusional area 0.64 cmz). The dialysis membranes
were hydrated in PBS buffer pH 7.4 for about 15 min prior to
use.

The dialysis data were fitted with the SAAM compartmental
program (SAAM II, Software Applications for Kinetic Analysis,
Version 1.2.1, Saam Institute, University of Washington). The
models used are shown in Fig. 1. The dialysis constant obtained
by fitting the data of the PBS solution (kp r and kg p) was used
to fit the data obtained for the colloidal dispersions. The ratio
of the initial concentration of corticosterone in the nanoparti-
cle matrix and in the water phase (compartments Donornp and
Donorap, respectively) were varied and the concentration ratio
resulting in the best fit of the data was used for the estimation
of the corticosterone concentration in the aqueous phase of the
dispersions.
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PBS solution

Fig. 1. Compartmental models used for fitting the dialysis data of corticosterone
PBS solution and of the colloidal dispersions.

2.14. Measurements of the transepidermal water loss
(TEWL)

The transepidermal water loss was measured using a
VapoMeter with a closed measurement chamber [(Nuutinen et
al., 2003), Delfin Technologies, Finland]. ROC or human epi-
dermis was placed onto filter paper soaked with PBS. After
removing excess of PBS and equilibration for 30 min at room
temperature, the TEWL was measured for each epidermis in
triplicate.

For the determination of the occlusive properties of the
lipid nanoparticles, the initial TEWL value was measured as
described above. Afterwards, an O-ring was placed onto the epi-
dermis and weighted with a metal ring to avoid a leakage of the
formulations. The epidermis was then incubated with 500 .1 col-
loidal dispersions or with the aqueous phase of the dispersions
(0.005% thiomersal and 2.5% glycerol, w/w), which served as
control. The epidermis was covered throughout the incubation
time with the formulations. Dil labeled nanoparticles were used
for easier detection of possible leakages. After 24 h of incuba-
tion at room temperature and light protection, the formulations
were carefully aspirated using an Eppendorf pipette. The mem-
branes were rinsed with PBS by up and down pipetting using at
least three times fresh PBS buffer and until the fluid appeared
clear and no residues of the formulations onto the epidermis
were detectable by visual observation. The TEWL was then
determined after equilibration of the membranes for 30 min as
described above. The occlusion factor was calculated according
to Eq. (2):

_ ATEWLc
~ ATEWLp

where ATEWL is difference between the TEWL values after and
before incubation of the control (C) and the colloidal dispersions
(D), respectively. Afterwards the stratum corneum was separated
and prepared for DSC measurements.

OF @

2.15. Light microscopic investigations

Human epidermis was incubated with the aqueous phase of
the dispersions, solid and cubic nanoparticles labeled with Dil

(0.5 mg Dil/g matrix lipid, 500 wl) for 24 h at 37 °C in Teflon
chambers with PBS (preserved with thiomersal 0.005%, w/v)
underneath the epidermis and under light protection. The epider-
mis was completely covered with the formulation throughout the
incubation time. After incubation, the formulations were aspi-
rated and the epidermis was extensively rinsed with water to
remove all residues on the surface of the epidermis in order to
avoid high fluorescence intensity on the top of the epidermis due
to nanoparticle adhesion. Cross sections with a thickness of 5 pm
were obtained by cutting the epidermis in a cryo-microtome
(LeicaCM 30508, Leica Microsystems, Germany). The samples
were then investigated by light microscopy (Olympus BX 40,
Switzerland) in bright field and fluorescence mode (extinction
546 nm, emission 590 nm) with 400-fold magnification.

3. Results

3.1. Physicochemical properties and stability of the lipid
nanoparticles

The particle size of the dispersions of the non-polar lipids
with a continuous lipid matrix was around 100 nm. In contrast,
a larger mean particle size of about 400 nm was obtained for the
dispersions of cubic nanoparticles (Table 2).

The physical state of the solid and liquid crystalline
matrix-type nanoparticles was confirmed by DSC and/or X-ray
measurements (Fig. 2). The absence of a melting transition upon
heating of the CM/CN nanoparticles in DSC as well as the char-
acteristic X-ray reflection in the small angle range indicate the
supercooled smectic state of these nanoparticles (Kuntsche et al.,
2004). In contrast, a melting transition was observed already in
the first DSC heating run for the D116 nanoparticles indicating
their crystalline state (Bunjes et al., 1996).

Dispersions of cubic nanoparticles are usually prepared with
a concentration of the dispersed phase (lipid and stabilizer) of
5% (Gustafsson et al., 1997; Worle et al., 2006). For better com-
parison with the other colloidal dispersions of the present study
which all contain 10% matrix lipid(s), a higher concentrated
dispersion of cubic nanoparticles was, however, prepared (8.8%
GMO and 1.2% poloxamer). For 5% systems with the same
lipid/stabilizer ratio, a final autoclaving step is required for the
formation of cubic particles from vesicular structures, which are
predominant in the dispersions after high-pressure homogeniza-
tion (Worle et al., 2006). In contrast, a cubic particle structure
was obtained for the 10% system already after high-pressure
homogenization in the present investigation and autoclaving
of this dispersion led to phase separation. Non-autoclaved dis-
persions were, therefore, used in the present study. The cubic
state of the nanoparticles was confirmed by the occurrence of
characteristic cubic reflections in small angle X-ray diffraction
(Fig. 2) and the detection of mainly cubic particles in an elec-
tron microscopic investigation (Fig. 3A and B). Less ordered
colloidal particles as well as vesicles were, however, observed
beside the particles of cubic structure. The relatively large par-
ticle size of around 400 nm is in good agreement with the data
obtained for the 5% systems after autoclaving (Worle et al.,
2006).
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Table 2

Particle size of the dispersions after preparation, after storage and after a permeation study

After preparation

After permeation

After storage for about

study
PCS? LD-PIDS pCs® 2 months >15 months
z-average PDI Mean (nm) D99 (nm) Mean (by PCSP PCS? LD-PIDS
(nm) intensity) (nm)
Mean (by z-average PDI Mean (nm) D99 (nm)
intensity) (nm) (nm)
Fat emulsion
MCT 121 0.15 113 413 118 123 122 0.15 110 404
Solid lipid nanoparticles
D116 94 0.20 105 409 110 109 95 0.21 103 402
Smectic nanoparticles
CM/CN 106 0.13 104 400 102 103 106 0.16 108 398
Cubic nanoparticles
GMO 361 0.29 415 758 446 383 335 0.37 392 707

4 ZetaSizer Nano.
5 Nicomp Particle Sizer.

The incorporation of the fluorescence probe Dil into the col-
loidal dispersions did not alter the physicochemical properties of
the colloidal dispersions (comparable particle size, no alteration
of phase behavior and/or X-ray pattern). Also the incorpora-
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Fig. 2. Small angle X-ray (SAX) reflections of smectic and cubic nanoparticles
(top) and DSC heating curves (5 °C/min) of solid and smectic nanoparticles (first
and second heating run, bottom). The storage temperatures of the dispersions
are given at the graphs. The measurements were carried out a few days after
preparation of the dispersions. The reciprocal of the s-value (x-axis in the upper
graph) corresponds to the d-spacing.

tion of the radiolabeled corticosterone in trace amounts did not
affect the particle size of the dispersions. Even after a perme-
ation study, no distinct changes of the mean particle size were
measured (Table 2), except for the dispersion of cubic nanopar-
ticles, which showed an increased mean particle size after the
permeation study.

The dispersions were stable with respect to the macroscopic
appearance, particle size (Table 2) and state of the lipid matrix
over the period of investigation.

3.2. Interaction with fluorescence labeled skin liposomes

For the prediction of a possible permeation enhancement due
to a disturbance of intercellular lipid domains of the stratum
corneum, fluorescence assays using fluorescence labeled “skin
liposomes” which contain lipids commonly found in the stratum
corneum (Wertz et al., 1986; Schaefer and Redelmeier, 1996),
can give a first insight (Kirjavainen et al., 1996). In the present
study the calcein-release assay, where the fluorescence dye is
located in a self-quenched concentration in the aqueous core of
the liposomes, and the fluorescence resonance energy transfer
(FRET) assay, where a matched pair of lipid probes (N-NBD-PE
and N-Rh-PE as donor and acceptor, respectively) is located in
the liposome bilayer, was used. In both assays a disturbance of
the liposome membrane results in an increase in fluorescence
intensity.

The mean particle size (PCS, Nicomp) of the calcein-loaded
liposomes was comparable to the size of the unloaded, empty
skin liposomes (about 125 nm), whereas the FRET liposomes
had a slightly larger size (around 145nm). In the cryoelec-
tron microscopic investigations, all skin liposome dispersions
appeared heterogeneous with respect to vesicle morphology
(Fig. 3C-F). In particular in the FRET liposome disper-
sion a larger number of oligolamellar vesicles were detected
(Fig. 3F).

Only cubic nanoparticles caused a strong increase in fluores-
cence intensity in the calcein-release and FRET assay (Fig. 4),
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Fig. 3. Cryoelectron microscopic images of cubic nanoparticles and skin liposomes. (A and B) Cubic nanoparticles, (C and D) empty skin liposomes, (E) calcein-loaded
skin liposomes and (F) FRET skin liposomes. The dark spots in (E) are probably caused by a contamination with ethane.

whereas the other lipid nanoparticles as well as empty skin lipo-
somes, which were used as control, did not clearly interact with
the labeled skin liposomes except for the solid lipid nanoparticles
(D116) which surprisingly caused a distinct increase in fluores-
cence intensity in the FRET assay (Fig. 4). Since there was,
however, no increase in fluorescence intensity in the calcein-
release assay with these nanoparticles (Fig. 4), the effect in the
FRET assay is probably not related to a direct interaction of

the lipid nanoparticles with the skin liposomes. Dilution of the
solid D116-nanoparticles in PBS buffer resulted in a slight but
steady increase of the mean particle size with time indicating an
aggregation of the nanoparticles. The intensity weighted mean
diameter (PCS, Nicomp) was 111 nm after 5min and 151 nm
after 60 min, respectively. When the FRET assay was carried
out in purified water (where the particles are stable), no dis-
tinct change in the fluorescence intensity was observed (Fig. 4)
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Fig. 4. Results of the fluorescence assays. Top: Calcein-release assay, middle:
FRET assay measured in PBS buffer, bottom: FRET assay measured in purified
water. Each data point represents the average of 8 values £ standard deviation.

indicating that the effect observed in the FRET assay measured
in PBS is probably caused by an instability and aggregation
of the tripalmitate nanoparticles and release and redistribution
of at least one of the fluorescence probes into other colloidal
structures or interfaces.

3.3. Permeation studies

The permeation of the model drug corticosterone was stud-
ied in dependence on the applied formulation (different colloidal
lipid dispersions, PBS solution) using Franz diffusion chambers.

In agreement with earlier results (Suhonen et al., 2003), corti-
costerone permeation from the PBS solution was about 2—3-fold
higher in the ROC model than in human epidermis.

The application of the drug in colloidal lipid dispersions led
to a strongly restricted permeation of the model drug through
human epidermis, except for cubic nanoparticles for which per-
meation was only slightly lower compared to the PBS solution
(Figs. 5 and 6). For the colloidal fat emulsion and solid lipid
nanoparticles the observed corticosterone permeation was nearly
negligible. In the ROC model corticosterone permeation was
distinctly lower than from the PBS solution for all lipid nanopar-
ticles applied (Figs. 5 and 6).

To obtain a first estimate of the drug content in the aqueous
phase being available for free diffusion, dialysis experiments
were carried out with the colloidal dispersions and the PBS
solution. The cumulative amount of corticosterone in the recep-
tor compartment in the dialysis experiments with the colloidal
dispersions (Fig. 7) is a function of the dialysis constant
(Washington, 1989), the release of corticosterone from the
nanoparticles and the initial concentration of the drug in the
aqueous phase of the dispersions. By fitting the dialysis data
varying the ratio of the drug in the nanoparticle matrix and the
aqueous phase of the dispersions and determining the qualities
of the data-fits, the following amounts of corticosterone in the
water phase of the dispersions were estimated: 9% for the solid
lipid nanoparticles, 12% for the cubic nanoparticles, 16% for
the fat emulsion and 24% for the smectic nanoparticles (Fig. 8).

Considering only the drug present in the water phase of the
dispersions (correction of the donor concentration by the val-
ues obtained in the dialysis experiments) no influence of the
nanoparticles with a continuous lipid matrix (fat emulsion, solid
and smectic nanoparticles) on drug permeation was found in the
ROC model, for cubic nanoparticles corticosterone permeation
was, however, enhanced 2.4-fold compared to the PBS solution
(Fig. 6). In human skin, drug permeation was reduced when
applying the fat emulsion and solid lipid nanoparticles which
both contain triglycerides as matrix lipids. Smectic nanoparti-
cles seem to have no influence on the corticosterone permeation
and similar results were obtained for human and the cell culture
epidermis. Only cubic nanoparticles enhanced drug permeation
distinctly and the enhancing effect was higher in human epi-
dermis (7.0fold) than in the ROC culture (Fig. 6). However, the
variation of the permeability coefficients was very high in human
skin for smectic and cubic nanoparticles in particular between
the skin samples obtained from different donors. Because the
permeation profiles were very similar in all cases, all data were
used for evaluation.

3.4. Influence of the colloidal dispersions on the phase
behavior of the stratum corneum lipids

The thermal behavior of human and ROC stratum corneum
differed distinctly (Fig. 9). For human stratum corneum transi-
tions at about 36-38 °C, 72-74 °C and 85-86 °C (first heating
run), usually referred to T, 7> and T3, were observed (Table 3)
and are in reasonable agreement with literature data (Van Duzee,
1975; Golden et al., 1986; Gay et al., 1994; Cornwell et al., 1996;
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Al-Saidan et al., 1998). A further transition at around 50-55 °C
(Ty) is described in the literature (Cornwell et al., 1996; Al-
Saidan et al., 1998), but does not seem to occur in all cases (Van
Duzee, 1975; Golden et al., 1986; Gay et al., 1994) and was
neither detectable in the present study. Except for the low tem-
perature transition (77) all transitions were reversible in human
stratum corneum upon cooling and reheating. In ROC stratum
corneum only one reversible transition at around 64—65 °C (first
heating run) occurred which probably corresponds to the phase
transition of intercellular lipids (73). The absence of the 77 and
T3 transitions as well as the slightly lower 73 transition compared
to native rat stratum corneum (Al-Saidan et al., 1998; Al-Saidan,
2004) indicate some structural differences in the cell culture stra-
tum corneum and might be responsible for an alteration of the
barrier function.
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Fig. 7. Cumulative amount of corticosterone in the receptor compartment (Sym-
bols) in the dialysis experiments (n=5-6) and the fits obtained by SAAM
compartmental program (lines) assuming the following initial concentrations
of corticosterone in the aqueous phase of the colloidal dispersions: 9% D116,
12% GMO, 16% MCT and 24% CM/CN.
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The treatment of the membranes with the colloidal fat emul-
sion, smectic and solid lipid nanoparticles did alter the thermal
behavior of neither human nor ROC stratum corneum distinctly
(Table 3). Additional transitions were observed after incuba-
tion with solid lipid nanoparticles (Fig. 9) which are probably
caused by the nanoparticle matrix lipid tripalmitate. The addi-
tional phase transitions of the ROC stratum corneum incubated
with solid lipid nanoparticles occurred at about 58-59 °C and
43-44°C in the first and second heating run, respectively, and
are thus close to the melting temperatures of the 3- (mp about
64 °C) and a-modification (mp about 45 °C) of tripalmitate in the
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Fig. 8. Quality of the data-fits of the dialysis data in dependence on the initial
concentration of corticosterone in the aqueous phase of the dispersions. For
fitting the data of the dispersions, the dialysis constant obtained for the PBS

solution was used.
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additional transitions were broader and shifted to lower temper-
atures (52 °C and 25-27 °C in the first and second heating run,
respectively), which might be caused by mixing of tripalmitate

with lipids present on the skin surface. In both human and ROC
stratum corneum also an exothermic transition was observed in
the cooling runs which can probably be attributed to triglyc-

eride crystallization. Since there was no distinct alteration of
the phase transitions of the stratum corneum lipids even in the
second heating run, it is likely that the nanoparticles adhere to
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phase of the dispersions, B and E: incubation with solid lipid nanoparticles (D116), C and F: incubation with cubic nanoparticles (GMO).
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Table 3

Phase transition temperatures (peak temperatures) of the stratum corneum samples in dependence on treatment

Human stratum corneum

ROC stratum corneum

T T, T3 T
First heating
Untreated 37.7+£0.2 73.8+£0.1 852+0.8 63.9+04
Control (AP) 36,715 73.4£0.9 852+0.5 64.1£0.2
Fat emulsion (MCT) 374+0.5 73.8+£0.5 86.4+1.2 64.7+£0.2
Solid lipid nanoparticles (D116) 37.0+£0.5/(51.7£0.1) 73.3+£0.5 859+1.0 (58.84+0.2)/65.1+0.6
Smectic nanoparticles (CM/CN) 36.6£0.8 724+£1.1 85.4+04 64.1£0.1
Cubic nanoparticles (GMO) 37.3+£0.6 70.8+£0.8 854+29 64.1£0.3
Second heating
Untreated 72.4+£0.1 82.6+0.3 63.4£0.6
Control (AP) 720+£22 83.5+23 63.2+0.3
Fat emulsion (MCT) 724+£1.1 838+12 64.0£0.1
Solid lipid nanoparticles (D116) (26.34 £ 1.8) 72.1£14 833+1.2 (43.34+0.3)/65.0+0.3
Smectic nanoparticles (CM/CN) 71.3+1.5 82.5+£0.9 63.54+0.2
Cubic nanoparticles (GMO) 58.54+9.3 74.7+4.9 63.61+0.2

The stratum corneum samples were incubated with the aqueous phase of the dispersions and the colloidal dispersions for 24 h at room temperature. The additional
phase transitions after incubation with the solid lipid nanoparticles are set in parentheses. For comparison, untreated stratum corneum samples were measured as
well (the human stratum corneum was isolated directly after the separation of the epidermis). Except for the untreated human stratum corneum (n=2), the values

given are the averages = standard deviation of 3 samples.

the surface of the stratum corneum. In contrast to the original
nanoparticle dispersion (Fig. 2), the stratum corneum samples
did not display the multiple melting behavior typical for solid
lipid nanoparticles of pure triglycerides (Unruh et al., 2001).
This indicates an aggregation or fusion of the nanoparticles that
may be induced or enforced by drying and preparation of the stra-
tum corneum sheets for DSC measurements. After incubation
with cubic nanoparticles the phase transitions of human stra-
tum corneum were broadened and shifted to lower temperatures,
particularly in the second heating runs. While in the first heat-
ing run only the transition attributed to the intercellular lipids
(T») was shifted to lower temperatures, in the second heating
run the 73 transition was altered as well. The variation between
the different samples (different donors) was, however, relatively
high. In contrast to the situation with human stratum corneum
the thermal behavior of the ROC model was only slightly influ-
enced by cubic nanoparticles. The phase transition temperatures
remained unchanged (Table 3) but the shape of the transition was
altered and broadened, in particular during the second heating
runs (Fig. 9) indicating a similar but weaker interaction with
lipids of the stratum corneum as in human epidermis. The vari-
ation between the different samples was negligible in the ROC
stratum corneum.

3.5. TEWL and occlusive properties of the nanoparticles

Non-invasive measurements of the transepidermal water loss
(TEWL) are proposed for a fast evaluation of membrane integrity
prior to other measurements like permeation studies (OECD No.
28,2004). The TEWL is, however, relatively insensitive against
small damages whereas already small damages of the stratum
corneum may lead to a significantly increased drug permeation
(Netzlaff et al., 2006). But since the measurement of the TEWL
is non-invasive and arelatively fast method to obtain rough infor-

mation about the barrier of the skin samples used, the TEWL was
measured for most human skin samples and ROC membranes
used in this study. The TEWL values of the ROC model were
only slightly higher than those of human epidermis: the aver-
age TEWL was 10.7 £ 2.6 g/m?>h (n=61) and 13.4 + 2.8 g/m> h
(n=112) for human and ROC epidermis, respectively.

The occlusive properties of the nanoparticles were deter-
mined by measurements of the TEWL before and after
incubation with the formulations and the aqueous phase of the
dispersion, which served as control (Fig. 10). Due to complete
hydration during the whole incubation time, elevated TEWL
values were measured after incubation in all samples, but the
differences between the TEWL before and after incubation dif-
fered. The smaller the difference, the higher the occlusion effect
caused by the lipid nanoparticles due to, e.g., an adhesion of the
nanoparticles on the stratum corneum.

All lipid nanoparticles with a continuous matrix caused a
small occlusion effect in human skin in the order: solid lipid
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Fig. 10. Occlusion effect of the different lipid nanoparticles in human and ROC
epidermis (n=3-4).
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Fig. 11. Light (A—C) and fluorescence (D-F) microscopic images of cross sections of human epidermis incubated with the aqueous phase (control, without Dil, A
and D), solid lipid nanoparticles (D116, B and E) and cubic nanoparticles (GMO, C and F). Bars =20 pm.

nanoparticles > smectic nanoparticles > fat emulsion; the differ-
ences between the formulations were, however, only small. For
cubic nanoparticles no effect was observed in human skin. In
the ROC model, the occlusion effect of the solid lipid nanopar-
ticles and the fat emulsion was lower than in human skin. For
hitherto unclear reasons, smectic nanoparticles caused a relative
high occlusion in ROC, but the variations between the single
measurements were very high. For cubic nanoparticles a small
occlusion effect was observed in the ROC model.

3.6. Fluorescence microscopy

To get information about the penetration of a model flu-
orescence dye incorporated into lipid nanoparticles, human
epidermis was incubated with solid lipid and cubic nanoparticles
labeled with a fluorescence dye (Dil, Fig. 11). As control and for
determination of the auto fluorescence of the skin, the epidermis
was also incubated with the aqueous phase of the dispersions
(without Dil). The epidermis incubated with cubic nanoparti-
cles fluoresced much more than the epidermis incubated with
solid lipid nanoparticles in agreement with the results obtained
in the permeation studies. In both cases, the fluorescence was
distributed throughout the epidermis (Fig. 11).

4. Discussion

Lipid nanoparticles and particularly solid lipid nanoparticles
are intensively investigated with respect to dermal or even trans-

dermal drug delivery. In the present study, different methods
were used to get a deeper insight into the interaction of the
nanoparticles with the skin.

Under the conditions used in this study (trace amount of the
model drug, infinite dose conditions), corticosterone permeation
was not enhanced or even reduced when applied in lipid nanopar-
ticles with a continuous lipid matrix (fat emulsion, solid and
smectic lipid nanoparticles). These results indicate that these
nanoparticles do not actively transport the drug incorporated into
their lipid matrix through the stratum corneum so that mainly the
drug dissolved in the water phase of the dispersions can pass the
epidermis. It should be mentioned, however, that corticosterone
used as model drug with moderate lipophilicity in this study
was incorporated into the dispersions in trace amounts. Under
these conditions, corticosterone is freely soluble in all phases of
the colloidal dispersions (e.g., the lipid nanoparticle matrix and
aqueous phase), which is normally not the case, but allowed the
direct comparison to an aqueous solution of the drug. However, it
is conceivable that a higher drug load of the nanoparticle matrix
would result in an increased driving force for partitioning of
the drug from the nanoparticle matrix into the stratum corneum
after, e.g., adhesion of the nanoparticles onto the skin surface. In
this regard, the localization of the drug in the nanoparticles (in
the matrix or in the interface) seems to be of special importance
(Sivaramakrishnan et al., 2004; Lombardi et al., 2005).

Depending on measurement conditions, a more or less dis-
tinct occlusion effect of solid lipid nanoparticles is described
in the literature (Jenning et al., 2000a; Wissing and Miiller,
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2003a). The occlusion depended, in particular, on the size
and crystallinity of the particles (Wissing and Miiller, 2003a)
with smaller particles and high crystallinity leading to high-
est occlusion factors. Accordingly, a slightly higher occlusion
was observed in human skin in the present study for the crys-
talline solid nanoparticles compared to the colloidal fat emulsion
and smectic nanoparticles, all with a comparable mean particle
size of around 100 nm. The highly anisometric platelet particle
shape of crystalline triglyceride nanoparticles (Bunjes, 2005)
may facilitate adhesion of the nanoparticles onto the skin surface
and thus occlusion.

The results of the permeation and DSC studies differed dis-
tinctly in human skin and the ROC model (Figs. 6 and 9).
The highly restricted corticosterone permeation in human skin
might be caused by the adhesion of the nanoparticles onto the
skin surface, fusion with lipids present on the surface of the
epidermis and formation of an additional diffusion barrier for
the drug dissolved in the water phase. Surface lipids seem to
play an important role for the nanoparticle adhesion and, conse-
quently, for the restricted drug permeation. Occlusion caused by
the triglyceride nanoparticles (fat emulsion, solid lipid nanopar-
ticles) was less pronounced in the cell culture model where
surface lipids are not present, at least not to the same extent as
in human skin. Beside physiological skin surface lipids [mostly
hydrophobic lipids with a high amount of triglycerides (Greene
et al.,, 1970)], a contamination of the skin surface with sub-
cutaneous lipids can, however, not be excluded in this study
and the importance of physiological surface lipids needs further
evaluation. Interestingly, corticosterone permeation was nearly
comparable in human and ROC epidermis when applied in a
dispersion of smectic nanoparticles indicating that the surface
lipids seem to be less important for this carrier system. The
adhesion of solid lipid nanoparticles to the stratum corneum
was clearly observed in DSC as reflected by additional phase
transitions (Fig. 9) attributed to the nanoparticle matrix tri-
palmitate and the distinct shift and broadening of the additional
transitions in human stratum corneum also point to a mixing
of tripalmitate with other lipids, probably mainly triglycerides.
The occlusion effects observed for the fat emulsion and smectic
nanoparticles indicate a similar nanoparticle adhesion to the skin
surface as for the tripalmitate nanoparticles. However, corre-
sponding effects may not be observable in DSC because medium
chain triglycerides have no phase transitions in this temperature
range and the transition enthalpies of cholesterol esters are dis-
tinctly smaller than those of triglycerides and thus too small
for detection.

Only cubic nanoparticles enhanced corticosterone perme-
ation. Due to the relatively large size of cubic nanoparticles
(~400nm) a penetration of the intact nanoparticles into
the stratum corneum is unlikely. The surface-active glycerol
monooleate might, however, enter the stratum corneum and act
as penetration enhancer (Lopes et al., 2005). Since drug perme-
ation was higher in human epidermis than in the ROC model,
surface lipids seem to be important for these nanoparticles as
well. An interaction with stratum corneum lipids was clearly
observed by DSC in human skin whereas the effect on the ROC
stratum corneum phase transition was only minor.

Results of the fluorescence assays and preliminary fluores-
cence microscopic investigations are in good agreement with
results of permeation studies and DSC measurements: Lipid
nanoparticles with a continuous matrix did not cause a dis-
turbance of the skin liposome bilayer and the fluorescence of
human epidermis after incubation with Dil-labeled solid lipid
nanoparticles was very weak. In contrast, cubic nanoparticles
clearly disturbed the lipid bilayer of the skin liposomes and a
distinctly higher fluorescence of the epidermis was observed in
fluorescence microscopy.

In conclusion, lipid nanoparticles with a continuous matrix of
non-polar lipids seem to act more passively by an adhesion onto
the skin surface rather than to deliver their drug load actively
into or through the skin. A potential advantage of nanoparticle
adhesion onto the skin and therefore a possible depot forma-
tion remains to be investigated in greater detail. In contrast, the
application of cubic nanoparticles led to an enhanced perme-
ation of corticosterone in human epidermis probably caused by
the penetration of the polar lipid monooleate into the stratum
corneum; an alteration of the thermal behavior of the stra-
tum corneum was clearly seen in DSC measurements. Since
lipids on the skin surface seem to play an important role for
the action of lipid nanoparticles and a contamination of the
epidermis used in this work with subcutaneous lipids can-
not be excluded, it remains to be investigated if physiological
sebum lipids cause similar effects particularly for triglyceride
and cubic lipid nanoparticles. The present study focused on the
stratum corneum as barrier of drug permeation using human
separated epidermis and a cell cultured epidermis as mod-
els. Considering nanoparticles for (trans)dermal drug delivery,
skin appendages can, however, not be neglected. During the
last years, in particular the hair follicles received increasing
attention with respect to drug delivery and targeting (Meidan
et al., 2005; Bernard et al., 1997). An accumulation of poly-
meric nano- and microparticles (Alvarez-Roman et al., 2004)
and recently also of solid lipid nanoparticles has been described
in the literature (Miinster et al., 2005). Due to the homogeneous
structure of the stratum corneum and the lack of special struc-
tures present in human skin, like hair follicles, glands and sebum
lipids, cell culture models might be useful for an estimation
of the importance of such structures on drug permeation and
effects of different formulations particularly in an early stage of
evaluation.
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