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Nanosized particles are of growing interest for topical treatment of skin diseases to increase skin pene-
tration of drugs and to reduce side effects. Effects of the particle structure and size were studied loading
nile red to dendritic core-multishell (CMS) nanotransporters (20-30 nm) and solid lipid nanoparticles
(SLNs, 150-170 nm).

Interaction properties of CMS nanotransporters with the dye molecules — attachment to the carrier sur-
face or incorporation in the carrier matrix — were studied by UV/Vis and parelectric spectroscopy. Pig skin
penetration was studied ex vivo using a cream for reference. Interactions of SLN and skin were followed
by scanning electron microscopy, internalisation of the particles by viable keratinocytes by laser scanning
microscopy.

Incorporating nile red into a stable dendritic nanoparticle matrix, dye amounts increased eightfold in
the stratum corneum and 13-fold in the epidermis compared to the cream. Despite SLN degradation at
the stratum corneum surface, SLN enhanced skin penetration less efficiently (3.8- and 6.3-fold). Viable

human keratinocytes showed an internalisation of both nanocarriers.
In conclusion, CMS nanotransporters can favour the penetration of a model dye into the skin even more
than SLN which may reflect size effects.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Due to the lower risk of systemic side effects, topical treatment
of skin diseases appears favourable. Yet the stratum corneum
counteracts the penetration of xenobiotics into viable skin, and
only a few percent of the applied drug is absorbed. Particulate car-
rier systems can improve dermal penetration [1]. Since skin lipids
greatly contribute to the penetration barrier, lipid carriers, which
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saline; PCS, photon correlation spectroscopy; PEE, penetration enhancing effect; PG,
polyglycerol amine; PI, polydispersity index; PS, parelectric spectroscopy; SE,
standard error of the mean; SEM, scanning electron microscopy; SLN, solid lipid
nanoparticle(s); r.t., room temperature.

* Corresponding author. Institut fiir Pharmazie der Freien Universitdt Berlin,
Konigin-Luise-Str. 2-4, D-14195 Berlin, Germany. Tel.: +49 30 838 53283; fax: +49
30 838 54399.

E-mail address: msk@zedat.fu-berlin.de (M. Schafer-Korting).

0939-6411/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejpb.2008.08.019

may allow lipid exchange with skin surface, appear very promising.
These are liposomes [2,3], solid lipid nanoparticles (SLNs), nano-
structured lipid carriers (NLCs), lipid microspheres [1,4], micro-
emulsions [5], and hexagonal phase nanodispersions [6]
attaching themselves to the skin surface. Indeed, the nature of
the lipid particle and the mode of drug interaction with the lipid
matrix proved relevant [7]. SLN can enhance the skin penetration
of drugs and the dye nile red more than NLC and microspheres
[8,9]. Especially when the drug is located at the particle surface,
SLN can also induce epidermal targeting [9,10]. Although tretinoin
absorption was not influenced by loading to SLN, tolerability was
improved [11]. Also liposomes enhancing tretinoin uptake [12] re-
duce local side effects [13]. This is also seen with triamcinolone
acetonide and skin thinning - which is the most relevant side ef-
fect after the long-term topical application of potent glucocorti-
coids [14] - is therefore less severe [15].

Besides lipid nanoparticles, polymer particles can enhance der-
mal uptake or improve tolerability as described for benzoyl perox-
ide [16,17], fluorouracil [18] and once more for nile red [19].
Currently, however, polymer particles are only rarely studied for
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topical application yet have gained special interest due to their po-
tential for drug targeting in tumor therapy [20]. Nanosized poly-
meric carriers are of well controllable sizes and surface polarity
[20-22], allowing adaptation to the intended target. Dendritic
core-multishell (CMS) nanotransporters can be build up from
hyperbranched polymeric cores composed of polyglycerol sur-
rounded by a double-layered shell consisting of a Cyg-alkyl chain
and of monomethoxy poly(ethylene glycol). Above a critical con-
centration, single nanocarriers with sizes of 8-9 nm form larger
aggregates too, with the diameters of 20-50 nm. These supramo-
lecular aggregates can encapsulate lipophilic as well as hydrophilic
agents and transport them into polar as well as nonpolar environ-
ments [20,21].

In order to determine the influences of the nature and size of
nanocarriers on dermal uptake of the loaded agent, we compared
the skin penetration of nile red loaded to dendritic nanotransport-
ers and SLN and studied the fate of SLN when applied to the skin.
Moreover, we investigated the cellular uptake of both types of
nanocarriers by human keratinocytes, since the internalisation of
particles may become relevant with damaged skin. To our best
knowledge, lipid carriers and dendritic core-multishell carriers
have not yet been compared.

2. Materials and methods
2.1. Materials

Compritol® 888 ATO (glyceryl behenate) was a gift from Gat-
tefossé (Weil a. Rh., Germany), oil-in-water cream (as described
by the “Deutscher Arzneimittelcodex 2004” containing: glycerol
monostearate 60 4.0 g, cetylalcohol 6.0 g, medium chain triglycer-
ides 7.5 g, white vaseline 25.5 g, macrogol 20-glycerolmonostearate
7.0 g, propylenglycol 10.0 g, water 40.0 g) was supplied by Caelo
(Hilden, Germany). The emulsifier Lutrol F68® (Poloxamer 188)
was obtained from BASF (Ludwigshafen, Germany). Nile red was ob-
tained from ABCR (Karlsruhe, Germany) and Sigma-Aldrich (Mu-
nich, Germany). Sodium azide, 2-desoxy-p-glucose, formaldehyde,
ethanol, methanol, fatty acid free bovine serum albumin (BSA), re-
agents and media, except where noted, were purchased from Sig-
ma-Aldrich (Munich, Germany). 1,18-octadecanoic acid was
obtained from Cognis (Langenfeld, Germany). Chemicals for the
synthesis of the CMS nanotransporters were purchased from Fluka
(Seelze, Germany), except polyglycerol amine (PG1gggo) Which was
prepared according to the published procedures [21,23,24].

Pig skin of the axillary region from donor animals (breed:
“Deutsche Landrasse, 45-55 kg, 8-12 weeks old) was provided
by the Department of Comparative Medicine and Facilities of
Experimental Animal Sciences, Charité (Berlin, Germany). Immedi-
ately after withdrawal, the skin was placed in an ice-cold cloth and
transferred to the laboratory taking care to avoid any contamina-
tion of the skin surface by lipids of the subcutis. In the laboratory
subcutaneous tissue was removed and the skin was stored at a
temperature of —20 °C for up to 6 months [25].

Human keratinocytes were isolated from juvenile foreskin and
cultivated as described elsewhere [26]. Cells were grown in kerat-
inocyte basal medium supplemented with epidermal growth fac-
tor, insulin, gentamicin sulphate, amphotericin B, hydrocortisone
and bovine pituitary extract (KBM) which were purchased from
Lonza (Walkersville, MD, USA).

2.2. Particle preparation

SLNs, composed of 10% solid lipid (Compritol® 888 ATO), 0.004%
dye and 2.5% emulsifier, were prepared as described [8]. In short,
nile red was dissolved in melted lipid at 955 °C. An aqueous

solution of Poloxamer 188® of the same temperature was added
and a pre-emulsion was formed using an ultra turrax. The premix
was homogenized by an Emulsiflex C5 high pressure homogenizer
(Avestin, Mannheim, Germany) at 500 bar for 2.5 min. SLNs were
stored at 8°C and used for penetration experiments within
1 month after preparation, though stable for almost 3 months [8].

The CMS nanotransporters have the empirical formula
PG10000(—NH>)0.7(C1smPEGg)1 o (Fig. 1). Polyglycerolamine [23]
and 1-(2,5-dioxopyrrolidin-1-yl)-18-methoxy-poly(ethylene gly-
col)yl octadecanedioate [21] were synthesized using the previously
published procedures. Polyglycerolamine was dissolved in metha-
nol and a solution of 1-(2,5-dioxopyrrolidin-1-yl)-18-methoxy-
poly(ethylene glycol)yl octadecanedioate in methanol was added
dropwise. The reaction mixture was stirred for 24 h at room tem-
perature and then concentrated in vacuum. The obtained crude
product was dissolved and dialyzed in methanol to give, after dry-
ing under vacuum, a solid product.

For nile red (0.004%) encapsulation, PG10g00( NH2)o.7(C1smPEGe)1 0
was dissolved in water, the dye was added and the obtained suspen-
sion was vigorously stirred for 72 h. Afterwards it was filtrated to re-
move any traces of insoluble residues of nile red.

2.3. Particle characterisation

Photon correlation spectroscopy (PCS, Malvern Zetasizer ZS,
Malvern Instruments, Malvern, UK) was used for particle size char-
acterisation of the SLN and the CMS nanotransporters to evaluate
the mean particle size (z-average) and the polydispersity index
(PI) as a degree for the width of the distribution. Larger particles
with micrometer size were detected by laser diffraction (LD, Coul-
ter LS 230, Miami, FL [4]).

To follow the loading and diffusion process of nile red to the
CMS nanotransporters, UV/Vis spectra were recorded on a Scinco
S-3150 spectrometer (range: 187-1193 nm; resolution: 1024
points). Calibration was performed at 360.85 nm and 453.55 nm
with holmium oxide glass. All spectra were recorded at room tem-
perature and evaluated with the programs LabPro® Plus (Scinco
Co., Ltd., GroR-Umstadt, Germany), Microsoft® Excel 2000 (Micro-
soft Corporation), and Origin® 7.0 (OriginLab Corporation, North-
ampton, MA, USA).

The mode of interaction of nile red molecules and CMS nano-
transporters was studied by parelectric spectroscopy (PS). PS al-
lows to measure dipole density Ae¢(c) and mobility frequency
fo(c) of the CMS nanotransporters as a function of increasing nile
red concentrations c¢ (0-0.004%). The experimental PS set-up con-
sisted of a frequency analyzer (type ZVR, Rohde & Schwarz, Miin-
chen, Gemany) with a notebook for the transmitter steering and
data evaluation. Parelectric dispersion ¢'(f,c) and absorption &"(f,c)
were recorded, each of the curves containing 200 logarithmically
equidistant frequency points fin the range f= (0.1 ... 100) MHz. Di-
pole density Aé&(c) and mobility frequency fo(c) were extracted
from these 400 values. Both A¢(c) and fo(c) have different charac-
teristics for the cases of agent attachment (non-covalently bond)
to the surface or incorporation into the carrier matrix and thus al-
low a clear distinction [27]. The underlying theoretical model has
been successfully applied before to various lipid nanocarriers and
is described elsewhere [10]. In particular, it has been used to show
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Fig. 1. Chemical structure of the dendritic core-multishell nanotransporters
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that nile red is incorporated into the lipid matrix of SLN [8,27].
Interestingly, the dependence of the concentration c¢ of the dye
on the diffusion time t is a monotonously increasing, nonlinear
function, which allows to connect both quantities by the relation
¢ = ¢(t). Furthermore, the dye loading to the CMS nanotransporters
was studied by UV/Vis measurement.

2.4. Nile red loaded cream

Nile red cream 0.004% [8] served as a reference in the skin pen-
etration studies. The dye dispersed in some paraffin oil droplets
was incorporated into base cream. The cream was stored at 8 °C.

2.5. Skin penetration

For characterization of the nile red penetration, the fluorescence
intensities of stratum corneum, viable epidermis and dermis were
evaluated by validated test procedures for the Franz cell set-up
[25,28] and picture analysis [8]. CMS nanotransporters, SLN and
cream were tested in parallel using skin of the same donor animal
(n=4)[1,25]. On the day of the experiment, pig skin was thawed
and 1000 £ 100 pm skin sheets were prepared using a Derma-
tome™ (Aesculap, Tuttlingen, Germany). Punched discs of 2 cm
diameter were mounted to static-type Franz cells (diameter
15 mm, volume 12 ml, PermeGear Inc., Bethlehem, PA, USA) with
the horny layer facing the air and the dermis having contact with
the receptor fluid phosphate buffered saline pH 7.4 (PBS; 33.5 °C,
skin surface temperature about 32 °C) stirred at 500 r/m. After
equilibration for 30 min, 35 pl of the test formulations was applied
onto the skin surface (finite-dose approach) and remained there for
6 h, sealing the donor compartment with Nescofilm®. Then the skin
was removed from the Franz cells, and surplus formulations were
gently removed by carefully washing the skin using PBS. Subse-
quently, treated skin areas were punched, embedded in tissue
freezing medium (Jung, Nussloch, Germany) and stored in Peel-
Aways® (Polyscience, Eppelheim, Germany) at a temperature of
—80°C.

For fluorescence reading, the skin discs were cut into vertical
slices of 20 um thickness using a freeze microtome (Frigocut
2800 N, Leica, Bensheim, Germany). Slices were stored at +4 °C
and analysed within 24 h, then subjected to normal light and
fluorescence light. Nile red amounts in the stratum corneum, via-
ble epidermis and dermis were determined using an inverted
fluorescence microscope (20x magnification, Axiovert 200, Zeiss,
Jena, Germany) equipped with a monochrome camera (AxioCam
HR, version 5.05.10, Zeiss). Exciting the samples at 546 nm and
setting the camera integration time to 10 ms, fluorescence re-
corded in the red band (beam splitter wavelength 585 nm) was
quantified by image analysis software (Axiovision 3.1.3.1, Zeiss).
The integration of arbitrary pixel brightness values (ABU) gives
the relative dye content within the randomized areas located in
the stratum corneum, epidermis and superficial dermis (100 pm
below the basal membrane). Pixel intensities were corrected by
subtracting background fluorescence intensity units obtained
from the measurement of the native fluorescence of the respec-
tive skin layers of untreated skin (mean values of 3 skin samples).
The respective background levels are stratum corneum 165 ABU,
viable epidermis 160 ABU and dermis 55 ABU. Corrected ABU val-
ues are reported.

2.6. Interactions of SLN and skin

To study the interactions between SLN and skin by scanning
electron microscopy pig skin (2 donor animals) was prepared as
described above and transferred to 6-well plates (TPP, Trasadingen,
Switzerland) with cell culture inserts (Nalge Nunc International,

Wiesbaden, Germany). Dulbecco’s modified Eagles medium Nutri-
ent Mixture F12 Ham® (DMEM; PAA Laboratories, Pasching, Aus-
tria) was used for nourishing the skin via the dermal
compartment. SLNs were applied on the skin surface, incubated
at 32 °C and left in place for 0.5, 2 or 4 h. Then the skin was re-
moved, conserved in Karnovsky solution and postfixed in 1% os-
mium tetroxide solution (Chempur, Karlsruhe, Germany). The
tissue was dehydrated in an ascending ethanol series for 10-
30 min, treated twice with hexamethyldisiliazane (HMDS, Ted Pel-
la Inc., Redding, CA, USA) for 15 min and air-dried over night. After
fixation with fluid carbon dioxide, the samples were dried under
vacuum condition for 24 h. Finally, skin surface sputtered with
gold (layer thickness 40-45 nm, SCD 050 Sputter Coater, Bal-Tec,
Balzers, Liechtenstein) was visualized with DSM 950 (Zeiss,
Oberkochen, Germany).

2.7. Cellular uptake

Primary human keratinocytes of the first or the second passage
were grown to a confluence of about 70%, washed with PBS and
trypsinated. DMEM with 10% FCS was added and the cell suspen-
sion was centrifuged at 1000 rpm and 4 °C for 5 min. Cells were
resuspended in PBS and counted.

For laser scanning microscopy (LSM), 2 x 10* keratinocytes per
well were seeded in 8-well chamber slides (Lab-Tek™ Il Chambered
Coverglass, Nalge Nunc International, Wiesbaden, Germany). Cells
were exposed to SLN and CMS nanotransporters suspended in KBM
(suspension stabilised by 1.5% Poloxamer 188) for 0.5 h at 37, 4 °C
and under energy depletion. For experiments under energy deple-
tion, cells were pre-treated with a solution of 25 mM 2-desoxy-p-
glucose and 10 mM sodium azide in Dulbecco’s phosphate buffered
saline with calcium and magnesium (PBS wCa?*, Mg?*; PAA Labo-
ratories, Pasching, Austria) for 1 h. The same medium was then
used for preparation of the nanocarrier suspensions and as a neg-
ative control. KBM served as negative control.

After incubation, medium was removed, cells were washed
twice with PBS and surveyed immediately. An invert confocal laser
scanning microscope LSM510 (Carl Zeiss Microlmaging, Jena, Ger-
many) was used. Excitation was performed at 543 nm using a he-
lium-neon laser and a dichroitic mirror HFT 543 for wavelength
selection. Emission was measured using a cut-off filter LP560. To
distinguish between particle adsorption and internalization, a
solution of trypan blue (0.4%; w/v) was finally added. Accumula-
tion in the intact cell membrane is registered by a pronounced in-
crease in the fluorescence. Thereby a differentiation of living and
dead cells was possible, too. To verify that the fluorescence of the
cells is due to the cellular uptake of the SLN and not due to an up-
take of the dye which was released from the nanoparticles, control
experiments were performed applying the dispersion of SLN into
cell inserts (0.02 pm, Nalge Nunc, Wiesbaden, Germany) which
separated the lipid nanoparticles physically from the cells. Kerati-
nocytes were observed by LSM [29]. This experimental approach is
not possible with CMS nanotransporters which pass through the
cell insert because of the smaller size (20-30 nm).

To quantify nile red uptake, 2.5 x 10* keratinocytes per well
were seeded into 12-well plates (TPP, Trasadingen, Switzerland),
incubated with the test preparations at 4 and 37 °C for 0.5 and
4 h and then washed 8 times with PBS. Following the addition of
400 pl methanol per well, the affiliated amount of nile red was
quantified immediately using a microplate reader (FLUOstar Opti-
ma, BMG Labtech, Offenburg, Germany), setting the excitation
wavelength to 550 nm and emission wavelength to 640 nm (gain
3000, 10 flashes per well/cycle). Each well was aligned three times
per measurement and the average was calculated for data evalua-
tion taking native fluorescence of untreated keratinocytes into
account.
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2.8. Biostatistics

For skin penetration experiments, corrected ABU values ob-
tained from dye uptake following CMS nanotransporters and SLN
were related to uptake data from nile red loaded cream. The result-
ing penetration enhancing effect (PEE) was calculated for all the
skin layers of interest (horny layer, viable epidermis, superficial
dermis). The PEE of the cream is 1 by definition. The results are
presented as average values + SE obtained from 5 independent
experiments (skin from 5 donor pigs). Statistical analysis is based
on the H-test of Kruskal and Wallis and subsequently, a post hoc
test using X2-approach. p < 0.05 indicates a difference.

3. Results and discussion

Drug penetration into the skin is often rather poor. This is espe-
cially true for the agents of higher molecular mass (>500 Da) [30]
and high hydrophilicity [28]. Furthermore, local side effects can
be a matter of concern while systemic side effects often are less
relevant as compared to oral or intravenous application. Carrier
systems, which increase the drug penetration and tolerability are
thus of great interest although the systems currently are only at
the start of commercial use [4]. Using the lipophilic dye nile red,
superiority of SLN over NLC and conventional cream was shown
when applying an infinite dose to pig skin ex vivo [8]. Moreover, in-
creased nile red delivery from polymer nanoparticles was shown
[19,31]. In this study, we investigated the enhancing effect of
SLN using the finite-dose approach which is close to the clinical
application. Moreover, efficiency of SLN was compared to the effi-
ciency of new dendritic core-multishell nanoparticles (Fig. 1).
These appear very interesting for a topical use as lipophilic and
hydrophilic molecules can be loaded onto them and the PEG-shell
enables the CMS nanotransporters to deliver the loaded agent to
polar as well as nonpolar environments [21]. Moreover, the PEG-
shell reduces the cytotoxicity of the nanoparticles [22].

3.1. Particle characterization

Particle size and size distribution of the dye-loaded SLN were
measured by PCS and LD. PCS measurements showed an average
size of 150-170 nm with a polydispersity index of <0.250, respec-
tively. LD measurements confirmed the PCS results. The average
size of the CMS structure aggregates was 20-30 nm.

Nile red-loaded SLN incorporate the dye into the lipid matrix
[8]. In contrast, nile red loading properties of the CMS nanotrans-
porters have not yet been studied. Evaluation of PS data showed
that the dependence of dipole density 4¢(c) and mobility fo(c) on
the nile red concentration c passes extreme values at concentra-
tions around c=2.1 mgyg x gpe | (Fig. 2). In this relatively small
region, the dye molecules are assumed to be non-covalently bound
(attached) to the surface of the aggregates and intermolecular cav-
ities. For increasing concentrations, i.e. longer diffusion times dur-
ing the formulation process, the nile red molecules are assumed to
diffuse into the CMS nanotransporters. The intramolecular interac-
tion is visualized by Fig. 3. The validity of this model is well in
accordance with the results of UV/Vis measurements taken at a
variety of diffusion times t (Fig. 3A). Extraction of the time-depen-
dent amplitudes of both contributions to the UV/Vis spectra re-
veals the early saturation of the contribution from nile red in
hydrophilic surrounding compared to the behavior of the second
component representing the lipophilic surrounding (Fig. 3B). The
shift in the maximum wavelength (Fig. 3A) is connected to the
fluorophore surroundings, due to the change from hydrophilic to
lipophilic character with increasing nile red concentration. These
findings underline the above given explanation.
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Fig. 2. Dipole mobilities and densities of nile red-loaded dendritic core-multishell
nanotransporters for different relative nile red to CMS structure concentrations. For
small concentrations, a curved relation between concentration and dipole density
(mobility) was obtained, which peaks around a concentration of about c=2
mgne x gpg . The two different abscissa scales reflect the dependence c(t) of the
concentration c¢ on the diffusion time t which is a monotonously increasing,
nonlinear function.

The interpretation, on the basis of the theory of rate processes
[32,33], is a pronounced attachment of the dye molecules to the
surface of CMS nanotransporters. With increasing nile red concen-
tration, the surface is assumed to be totally clad with the dye mol-
ecules. From this concentration on, corresponding to a diffusion
time of 10-20 min, nile red diffuses into the agglomerate of the
particles occupying first sites between the particles and, with still
increasing diffusion time, sites in the matrix of individual particles
(Fig. 3). The latter step cannot be followed by the PS method. UV/
Vis spectra show that even after a complete coverage of the carrier
surfaces, the absorbance with a maximum amplitude at a wave-
length of 1=505nm still increases with the increasing nile red
concentration. The maximum amplitude at a wavelength of
/=548 nm tends towards a steady state value which is reached
after a diffusion time exceeding 20 min.

3.2. Cutaneous uptake

Nile red penetration into pig skin has been studied when apply-
ing Compritol and Precirol-based SLN, NLC made up of these solid
lipids and by using miglyol or oleic acid as liquid lipid, nanoemul-
sions made from miglyol and from oleic acid as well as nile red
loaded oil-in-water cream [8]. Here, we compared the uptake from
CMS nanotransporters to the uptake from the most efficient and
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stable SLN dispersion as well as the cream. All preparations con-
tained nile red at the identical concentration of 0.004%. Application
conditions were changed from the infinite-dose approach to the fi-
nite-dose approach which is closer to the use of topical dermatics
in the therapy of skin diseases. Fig. 4A-C shows representative
fluorescence microscopy pictures of the vertical pig skin slices ob-
tained after a contact time of 6 h. As to be expected, fluorescence is
fading from stratum corneum towards the deeper skin layers with
any preparation. The fluorescence pictures already indicate an en-
hanced dye penetration into the different skin layers when apply-
ing the nanocarriers as compared to the cream. Corrected arbitrary
pixel brightness values of the skin sections give more detailed
information (Fig. 4D). Loaded to SLN, dye penetration increased
about fourfold compared to the cream (p < 0.05). This holds true
when using both the finite- and the infinite-dose approach [8]. Nile
red loading to CMS nanotransporters enhanced the uptake about
eightfold in the stratum corneum and even up to 13-fold in viable
epidermis. The increase in nile red stratum corneum penetration
by loading to CMS nanocarriers significantly exceeded the uptake
from cream and for SLN. Moreover, nile red amounts in viable epi-
dermis and superficial dermis were significantly higher following
the CMS nanotransporters as compared to the cream (p < 0.05). A
major improvement in skin penetration was also seen by loading
nile red to biodegradable poly(&-caprolactone) nanoparticles [31].
Moreover fluorescein isothiocyanate and ciclosporin A uptake by
the skin increased twofold when applying a hexagonal phase nan-
odispersion as compared to a hydroalcoholic solution and a solu-
tion in olive oil [34].

The superiority of penetration enhancement by CMS nanotrans-
porters over SLN may result from the smaller size of the polymeric
particles (20-30 nm) as compared to the lipid particles (150-
170 nm), which then even surmounts the expected effects of lipid
exchange. Accumulation of the nanoparticles within the furrows
between the corneocytes can facilitate dye transport towards dee-
per skin layers [19]. This holds true both for CMS nanotransporters
and SLN. By freeze-fracture transmission electron microscopy we
know that Compritol-based SLNs are shaped like platelets
[35,36], which supports intense contact with the skin lipids and
the sliding of SLN between the superficial corneocytes. Thus, we
next tested our hypothesis that SLN platelets may deliver the
loaded substance by an interaction of the lipid building up the par-
ticles, and skin surface lipids. Indeed, scanning electron micros-
copy results indicate a pronounced change of the lipid particles
over the time when having contact with the skin surface (Fig. 5).
Thirty minutes after application, SLN spread over the skin surface
were consistently detected in all viewed parts of the skin. Two
hours after application, some of the SLN had lost their primary
shape and seemed to have melted. Moreover, the number of visual
nanoparticles had declined. After 4 h, SLNs were only found spo-
radically and SLNs were not detectable in many surveyed areas.
This result supports our hypothesis of the mechanism of drug
delivery to the skin, which is a mixing of the lipids of particle
and skin surface. Moreover, SLN can enhance skin penetration also
by occlusion, a high degree of crystallinity (95%) is of great impor-
tance [37]. If the polyethylenglycol shell of the CMS nanotransport-
ers, which has the property to adapt within hydrophilic as well as
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Fig. 4. Staining of pig skin (n =4 donor animals) following the application of 0.004% nile red loaded cream (A), SLN (B) and CMS nanotransporters (C). The pictures are
obtained by superposing normal light and fluorescence images of the same area. (D) The arbitrary pixel brightness values (ABU) corrected for background fluorescence
(cream, black columns; SLN, grey columns; CMS nanotransporters, white columns) are presented. The inserted numbers give the respective enhancement of penetration over

cream (PEE), ‘differences (p < 0.05).

A

Fig. 5. Interaction of SLN and skin surface. SLN dispersion was applied to the skin of
a single donor pig for 0.5h (A), 2h (B) and 4 h (C), respectively (skin surface
temperature: 32 °C). (D) Untreated pig skin is shown. Representative SEM pictures
(magnification 5000x ). The same result was obtained when using the skin of the
second donor pig.

lipophilic environments, favours drug delivery to the skin as de-
scribed for bio-adhesive layer systems [38] needs future investiga-
tion. Particle size is too small to be detectable by SEM. Yet the
improved skin penetration of the dye from the CMS nanocarrier
is well explained by its smaller size (20-30 nm) and thus a higher
ratio of particle surface and volume facilitating dye release.
Moreover, polymeric nanoparticles 20 and 200 nm in size la-
belled by covalent binding of fluorescein isothiocyanate (FITC)
accumulate in skin appendages [31] and for particles of 750 nm
to 10 um in size, a preferred dye uptake via hair follicles was de-
scribed [39,40]. SLN and CMS nanotransporters penetrating to
the orifices of porcine hair follicles and releasing the dye into the

deeper strata may contribute to an enhanced dye penetration of
pig skin. Our results do not indicate that intact nanoparticles pen-
etrate into the horny layer.

Epidermal targeting of drugs attached to SLN surfaces [9,10,41]
and loaded to liposomes build up from epidermal lipids [42] as
well as to transfersomes [15] is possible. No targeting effect was
seen for SLN and CMS carriers in this study, which is well in accor-
dance with the incorporation of nile red into the lipid matrix of SLN
[8] and the CMS nanotransporters (Figs. 2 and 3).

3.3. Cellular uptake

Since intact nanoparticles can have contact with viable kerati-
nocytes when applied to injured skin, we next studied if keratino-
cytes may take up SLN and dendrimers as previously shown for
liposomes [43,44]. Cellular uptake of nanoparticles including SLN
by various cell types has been already described [34,45-47]. This
holds true especially with respect to cancer cell lines like human
cervix carcinoma cells [45] and human breast carcinoma cells
[47], which offer new approaches of the carriers as tumor
therapeutics.

Cellular uptake of fluorescent-labelled SLN and CMS nanotrans-
porters was detected by LSM. Differences concerning the uptake of
both were not seen. Already, after 0.5 h of incubation at 37 °C fluo-
rescence was detectable in the cytoplasm of the keratinocytes, but
not in the nucleus (Fig. 6A and B). Particles accumulate with time,
although more than 50% of the fluorescence intensity measured
after 4 h is already attained at 0.5 h. Only a very weak fluorescence
was detectable by LSM, when the SLNs were separated physically
from the cells. Therefore, fluorescence after incubation with SLN
is due to the particle uptake and not to a staining by a released
dye. The highly solvent-dependent fluorescence of nile red and
its rapid fading in hydrophilic environments [48] exclude dye re-
lease experiments with both nanoparticulate systems. Yet, nile
red encapsulation by the particles should retard dye release and
in all probability the fluorescence after application of the CMS,
too, is a result of cellular uptake and not of a staining by released
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Fig. 6. Endocytotic uptake of SLN (A and C) and CMS nanotransporters (B and D) by
keratinocytes after incubation at 37 °C for 0.5h (A and B) and under energy
depletion (C and D) depicted by LSM. White arrows mark endocytotic vesicles.
Cellular uptake quantified by a microplate reader shows time and temperature
depended uptake (E; SLN, grey columns; CMS nanotransporters, black columns).

dye. In contrast to the dispersions, cream cannot be tested in
monolayer cultures.

Incubation at 4 °C did not exclude yet decreases cellular uptake
as seen by LSM (data not shown) and ensured by the quantification
of the fluorescence in the microplate reader. Fluorescence intensi-
ties do not increase from 0.5 to 4 h at 4 °C (Fig. 6E). As monitored
by LSM, no decrease of particle uptake was observed with incuba-
tion under energy depletion (Fig. 6C and D). The results suggest
that partially energy independent processes are involved in the up-
take process. And at least partially ATP-independent glycoprotein-
related uptake process is also documented for hepatocytes [49]
and a fibroblast cell line [50]. Human microvascular endothelial
cells internalized dendritic nanotransporters of the Newkome-type
by a non-active process, too [51].

Considering cellular uptake by keratinocytes, SLN and CMS
nanotransporters do not differ fundamentally from liposomes
[43,44]. Cellular uptake of drug-loaded nanoparticles can become
clinically relevant when applied to the damaged skin.

4. Conclusions

SLNs as well as dendritic core-multishell nanotransporters are
efficient carriers for drug delivery to the skin. Due to the superior

ratio of particle surface to volume, small sized CMS nanotransport-
ers were most promising. This mechanism even surmounts the ef-
fect of mixing of epidermal lipids and the matrix lipids of SLN,
which can facilitate penetration especially of drugs, too. With re-
spect to both wanted benefit and unwanted adverse effects, a ma-
jor increase of drug concentration within keratinocytes has to be
kept in mind, if nanoparticles are applied to the damaged skin.
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