
P

S
c

S
K
a

b

a

A
R
R
A
A

K
S
E
S
S
D
C

1

t
t
(
l
s
e
a
2
2
e
u
t
a

d
L
P
s

D

0
d

International Journal of Pharmaceutics 390 (2010) 225–233

Contents lists available at ScienceDirect

International Journal of Pharmaceutics

journa l homepage: www.e lsev ier .com/ locate / i jpharm

harmaceutical Nanotechnology

LN for topical application in skin diseases—Characterization of drug–carrier and
arrier–target interactions

arah Küchlera, Werner Herrmanna, Grazyna Panek-Minkinb, Tobias Blaschkeb, Christian Zoschkea,
laus D. Kramerb, Robert Bittl b, Monika Schäfer-Kortinga,∗

Institut für Pharmazie, Freie Universität Berlin, Berlin, Germany
Institut für Experimentalphysik, Freie Universität Berlin, Berlin, Germany

r t i c l e i n f o

rticle history:
eceived 1 December 2009
eceived in revised form 1 February 2010
ccepted 4 February 2010
vailable online 11 February 2010

a b s t r a c t

The modes of drug–particle interactions considerably influence drug delivery by nanoparticulate carrier
systems and drug penetration into the skin. The exact mechanism of the drug loading and its release
are still ambiguous. Therefore, the loading process, the interaction of the agent and the lipid matrix of
solid lipid nanoparticles (SLNs) as well as the uptake of the loaded agent by skin lipids were analysed by
electron spin resonance (ESR) and parelectric spectroscopy (PS) using spin probes (TEMPO, TEMPOL, and
eywords:
olid lipid nanoparticles
lectron spin resonance
pin probes
kin penetration

CAT-1) as model drugs differing in their lipophilicity. The spin probes were closely attached to the particles
lipid surface (TEMPO) or located in the layers of the surfactant (CAT-1), respectively. Furthermore, two
distinct sub-compartments on the SLN were found. To simulate the processes at the phase boundary
SLN dispersion/skin, skin lipid mixtures were prepared and the transfer process of the spin labels was
followed by ESR tomography. Transfer rates were related to the lipophilicity of the spin probe, the lipid

harm
ated i
rug–carrier interaction
arrier–target interaction

mixture and the applied p
In particular, SLN acceler

. Introduction

To improve the notoriously low drug absorption of drugs from
he skin surface nanoparticulate carrier systems (e.g. lipid nanopar-
icles, liposomes, and microemulsions) were proven to be efficient
for review see Schäfer-Korting et al., 2007). Amongst others solid
ipid nanoparticles (SLNs) appear to be very promising. SLN disper-
ions are of superior stability as compared to liposomes (Manjunath
t al., 2005; Müller et al., 2002) and uptake enhancement, efficacy
nd local tolerability of SLN were shown repeatedly (Chen et al.,
006; Kalariya et al., 2005; Küchler et al., 2009b; Kuntsche et al.,
008; Lombardi Borgia et al., 2005; Santos Maia et al., 2002; Stecova

t al., 2007). Since skin lipids (epidermal lipids and sebum) build
p the penetration barrier a lipid exchange of the particles with
he skin surface was hypothesized as drug delivery mechanism
nd, in fact, intensive interactions of SLN with the skin surface

Abbreviations: Aiso, hyperfine splitting constant; c, concentration of the model
rugs; �ε(c), dipole density; fo(c), dipole mobility; ESR, electron spin resonance;
D, laser diffraction; PCS, photon correlation spectroscopy; PI, polydispersity index;
S, parelectric spectroscopy; �R, rotational correlation time; SCS, stratum corneum
ubstitute; SLN, solid lipid nanoparticle(s).
∗ Corresponding author at: Institut für Pharmazie, Königin-Luise-Str. 2-4,
-14195 Berlin, Germany. Tel.: +49 030 838 53284; fax: +49 030 838 54399.

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

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.02.004
aceutical formulation, SLN dispersion and aqueous solution, respectively.
n particular the distribution of the lipophilic agents.

© 2010 Elsevier B.V. All rights reserved.

were detected (Küchler et al., 2009b; Kuntsche et al., 2008). Yet,
the processes at the phase interface SLN/skin surface are not com-
pletely known, the nature of the carrier matrix and the mode of
drug interaction with the lipid matrix proved relevant. For exam-
ple, drug attachment to the SLN surface can allow for a targeting to
epidermal structures (Santos Maia et al., 2002; Sivaramakrishnan
et al., 2004; Stecova et al., 2007). This may be linked to the drug
release patterns of SLN. Burst release and prolonged release, respec-
tively, are explained by different drug distribution profiles within
the lipid carriers. Drug-enrichment in the superficial layers of SLN
or on its surface can result in burst release, whereas prolonged
release indicates intensive drug–lipid interactions and drug local-
ization in the core of the SLN (Müller et al., 2000; zur Mühlen et al.,
1998). Yet, also tensids used for particle stabilization can affect the
drug release considerably as observed with amiodaron loaded lipid
nanocapsules (Lamprecht et al., 2002).

Actually, predicting and regulating the drug distribution in the
lipid matrix and, hence, the drug release profile is quite difficult.
A detailed insight becomes possible by electron spin resonance
(ESR) imaging. For this purpose, spin probes are loaded to SLN and
the measured individual rotational correlation times �R reflect the

mobility of the spin probes. Low �R indicates high mobility and
thus, most likely, an attachment of the spin probe to the particle
surface. In contrast, very high �R indicates for a spin probe incorpo-
ration in the lipid matrix. Furthermore, using the highly lipophilic
cholestane probe recent studies revealed two sub-compartments of

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:msk@zedat.fu-berlin.de
dx.doi.org/10.1016/j.ijpharm.2010.02.004
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Fig. 1. Structure and lipophilicity (log P) of the spin probes.

LN: attachment to the flat surface (low cholestane probe mobil-
ty) and to the rim of disc-like SLN (higher mobility), respectively
Braem et al., 2007). Yet, the preconditions for drug incorporation
r attachment are still ambiguous. Besides the drug–carrier interac-
ion, ESR imaging is also a valuable tool to study physicochemical
roperties of biological systems, drug distribution in multiphase
ystems and processes taking place at phase boundaries including
kin penetration (Herrmann et al., 2007; Moll et al., 2008).

The first aim of this study was to unravel the loading of SLN
nd the drug localization in relation to the lipophilicity of the
oaded agents. Thus, the spin probes TEMPO, TEMPOL and CAT-1
Fig. 1) were chosen due to their comparable basic structures with
imilar molecular volumes but widely varying lipophilicity. Fur-
hermore, we aimed to simulate the processes at the phase interface
harmaceutical formulation/skin in relation to the physicochemi-
al properties of the drug and the acceptor. Hence, the transfer of
he spin probes from the formulation into two lipid matrices mim-
cking the lipids of the skin surface (artificial skin sebum mixture
nd stratum corneum substitute) was studied by ESR tomography.

. Materials and methods

.1. Materials

Compritol® 888 ATO (glyceryl behenate) was a gift from
attefossé (Weil a. Rh., Germany), the tensid Lutrol F68®

Poloxamer 188®) was obtained from BASF (Ludwigshafen,
ermany). The nitroxide spin probes 2,2,6,6-tetramethylpipe-

idin-1-oxyl (TEMPO, log P 2.3) and 2,2,6,6-tetramethyl-4-
rimethylammoniumpiperidin-1-oxyl-iodide (CAT-1, log P ≤ 0)
ere purchased from the Institute of Organic Chemistry, Russian
cademy of Science (Novosibirsk, Russia). 4-Hydroxy-2,2,6,6-

etramethylpiperidin-1-oxyl (TEMPOL, log P 0.6), the components
f the artificial sebum and the components of the stratum corneum
ubstitute (SCS) were obtained from Sigma–Aldrich (Munich, Ger-
any), except where noted. Pork lard came from Caelo (Hilden,
ermany), Witepsol® H5 from Sasol (Witten, Germany) and the
eramides I, III and VI from Evonik (Essen, Germany).

.2. Particle preparation

SLNs, composed of 10% solid lipid (Compritol® 888 ATO) and
.5% surfactant, were prepared as described (Lombardi Borgia et al.,
005). In short, the spin probes TEMPO and TEMPOL were dissolved

n the melted lipid at 95 ± 5 ◦C. An aqueous solution of Poloxamer
88® of the same temperature was added and a pre-emulsion was
ormed using a rotor–stator mixer. The hydrophilic CAT-1 was dis-
olved in the aqueous tensid solution and then added to the melted
ipid. The premix was homogenized by an Emulsiflex C5 high pres-
ure homogenizer (Avestin, Mannheim, Germany) at 500 bar for

.5 min. Concentrations of the spin probes of the SLN dispersions
s well as the aqueous solution used for reference were as follows:
EMPO 0.0055–0.1%, TEMPOL and CAT-1 0.0055–0.025%. SLNs were
tored at 8 ◦C protected from light and used for tests within 1
onth.
harmaceutics 390 (2010) 225–233

2.3. Particle characterization

Photon correlation spectroscopy (PCS; Malvern Zetasizer ZS,
Malvern Instruments, Malvern, UK) was used for SLN size char-
acterization (z-average) and the polydispersity index, PI. Larger
particles with micrometer size were detected by laser diffraction
(LD; Coulter LS 230, Miami, FL, Müller et al., 2002). Differen-
tial scanning calorimetry (DSC) was performed on a Mettler DSC
821e (Mettler Toledo, Gießen, Germany). The SLN dispersions were
weighted in 40 �l aluminum pans. DSC scans were recorded at a
cooling rate of 5 ◦C/min down to 193 K.

2.4. Interaction of spin probes and the particles: parelectric
spectroscopy and ESR spectroscopy

Parelectric spectroscopy (PS) was applied in order to exclude
free spin probes in the aqueous phase of SLN dispersions. The theo-
retical background is described in detail elsewhere (Blaschke et al.,
2007; Braem et al., 2007).

ESR spectroscopy was performed to obtain a more detailed
insight into the loading process of SLN in relation to the physic-
ochemical properties of the loaded agents. Therefore, ESR spectra
of SLN loaded with various concentrations of the spin probes were
recorded on a laboratory-built X-band spectrometer (microwave
bridge ER 041 MR, BRUKER, Germany, electromagnet AEG, Berlin,
Germany, lock-in amplifier Stanford Research 810, Stanford, USA).
The SLN dispersions were studied at temperatures from 273 K
down to 213 K under non-saturating conditions. Spectra were sub-
mitted to a complete line-shape analysis according to Freed’s
interpretation (Budil et al., 1996). Additionally, the hyperfine split-
ting constant Aiso for TEMPO, TEMPOL and CAT-1 in water, SLN
and Compritol® were measured to obtain information about the
microviscosity of the environment of the spin probes and, thus, to
distinguish between a drug incorporation in the lipid matrix or an
attachment to the particle surface.

2.5. ESR tomography

In order to examine the distribution processes at phase inter-
faces spectral–spatial ESR imaging was carried out. The spectra
were recorded using an X-band spectrometer (ERS 220, ZWG,
Berlin, Germany) with a homebuilt imaging extension (Herrmann
et al., 2007). The samples were measured in a common TE102 cav-
ity with the following settings: microwave frequency, 9.5 GHz;
microwave power, 5 mW; modulation amplitude, 0.2 mT; scan
width, 8 mT; maximum gradient, 4.68 T/m; scan time per pro-
jection, 10 s; number of projections, 95; missing 12; points per
projection, 512. Filtered backprojection was used for image recon-
struction giving an image matrix of 256 × 256 points. The cavity
temperature was set to 32 ◦C, the surface temperature of the normal
skin (Schäfer-Korting et al., 2007). Aqueous solutions and SLN dis-
persions with TEMPO (0.1%), TEMPOL (0.025%) and CAT-1 (0.025%)
were tested, respectively.

In order to unravel the factors influencing the processes at the
phase interface formulation/skin an artificial sebum and a stratum
corneum substitute (SCS) were prepared. For the artificial sebum
pork lard (34%), stearic acid (25%), lanolin (23%), squalene (12%),
cholesterol (4%) and cholesterol sulfate (2%) were melted in a water
bath and stirred until homogeneity (Musial and Kubis, 2003). The
stratum corneum substitute was composed of a fatty acids mixture
(25%), cholesterol (20%), cholesterol oleate (10%), Witepsol® H5

(=triglycerides, 20%) and a ceramide mixture (25%). The ceramides
I (5.6%), III (27%) and VI (67.4%) were used. For the fatty acid mix-
ture, myristic acid (2.4%), palmitic acid (38.3%), stearic acid (10.7%),
palmitoleic acid (2.7%), oleic acid (33.5%) and linoleic acid (12.4%)
were blended by carefully melting on a water bath at 75 ◦C (Jaeckle
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Table 1
The rotational correlation time �R at 213 K in dependence on the spin probe
(0.0065%).

�R (high mobility) �R (low mobility)

TEMPO 23 ns 74 ns
TEMPOL 26 ns 178 ns
CAT-1 109 ns 252 ns

Table 2
The hyperfine splitting constant Aiso of the spin probes in water, Compritol® and
SLN.

TEMPO TEMPOL CAT-1

F
s
r

Fig. 2. Experimental arrangement of the ESR tomography measurements.

t al., 2003). The lipid mixtures were stored at 2–8 ◦C, respectively,
nd used for 1 month.

The investigation of the phase interface processes was per-
ormed according to the arrangement displayed in Fig. 2. The
cceptor lipid was transferred in the molten state into the capil-
ary and was carefully overlaid with the formulation avoiding air
ubbles at the interface region.

. Results

.1. Particle characterization

Particle size and size distribution of the spin probe-loaded SLN
ere measured by PCS and LD. PCS measurements showed an

verage size of 170–190 nm for the SLN loaded with TEMPO and
EMPOL. Interestingly, clearly larger particles of 250–420 nm in
ize were obtained when loading CAT-1. Increasing CAT-1 con-
entrations resulted in larger particles. Furthermore, the stability
f the CAT-1 SLN was influenced by the spin label concentra-
ion. Concentrations ≥0.05% facilitated an immediate gelation of
he SLN dispersion and those suspensions were excluded from
urther investigations. The particle sizes of TEMPO-/TEMPOL-
LN showed no concentration dependency; the PI was <0.250,
espectively. Micron-sized particles were not detected by LD mea-
urements.

DSC was performed in order to detect changes in the lipid
tructure of SLN during cooling down below the freezing point as
lso done for the ESR measurements. The recorded DSC runs dis-

layed an exothermic peak at temperatures about 250–260 ± 5 K,
espectively. This peak most likely depicts the freezing point of
he dispersion, as in consequence of high amounts of dispersed or
issolved substances the freezing point is significantly lowered.

ig. 3. The conformity of measured and fitted (sum of the slow and fast spectra) ESR sp
pin label sites conducting different rotational mobility of the molecules (TEMPO-SLN 0.0
esults were confirmed with at least three independent experiments, respectively.
Water 1.664 1.641 1.621
Compritol® 1.492 1.469 –
SLN 1.66 1.637 1.625

3.2. Interaction of spin probes and the particles: parelectric
spectroscopy and ESR spectroscopy

3.2.1. Parelectric spectroscopy
PS measurements in the frequency region 0.4–4.0 GHz were per-

formed in order to exclude free molecules of the hydrophilic CAT-1
in the water phase of the SLN and to ensure high loading capac-
ity. No CAT-1 molecules were detectable suggesting complete drug
loading of the SLN.

3.2.2. ESR spectroscopy
Former studies revealed two sub-compartments of the disc-like

SLN (Braem et al., 2007). This also holds true for the SLN loaded
with TEMPO, TEMPOL and CAT-1, respectively, as depicted exem-
plarily for TEMPO-SLN in Fig. 3. At low temperatures (213–245 K),
measurements of SLN loaded with TEMPO showed two correlation
times, a lower with �R = 10–25 ns, meaning a higher mobility and a
higher with �R = 70–140 ns, meaning lower mobility, with roughly
equal relative contributions (Fig. 4). The percentages of the corre-
lation times significantly changed at a temperature around 255 K
(Fig. 4) coinciding with the peak in the DSC measurements. These
results hold true for TEMPOL and CAT-1 loaded SLN, too. In contrast
to TEMPO, however, higher values of �R were measured with TEM-
POL and, even more pronounced, CAT-1 (Table 1). Mobility is least
with CAT-1.
To distinguish between drug incorporation in the lipid matrix
of SLN and an attachment to the particle surfaces Aiso values were
determined. In water and SLN Aiso was about 1.64 ± 0.015 for
TEMPO, TEMPOL and CAT-1, respectively (Table 2). In Compritol®

ectrum is depicted in A (exemplary at 238 K). Two distinct sub-compartments of
1%) computed by line-shape analysis according to Freed (Budil et al., 1996) (B). The
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attached to the particle surface. Values about 1.64 ± 0.015 were
n SLN (� = fast compartment, � = slow compartment). By increasing the tempera-
ure, the percentages of the molecules in the sub-compartments change. The results
ere confirmed by measurements of independent SLN batches and, additionally,

arying spin probe concentrations (0.005–0.01%).

alues about 1.48 ± 0.011 were measured for TEMPO and TEMPOL,
o values could be specified for CAT-1.

.3. ESR tomography

Next we studied the relation of spin probes loaded onto SLN and
ts transfer to skin substitutes (Figs. 5–7). The processes at the phase
oundaries were surveyed up to 24 h to obtain information about
he time dependence of the test compound distribution into the
ipid acceptor phase. The shown ESR spectra depict no equilibrium
tate but the time point of first relevant changes.

The diffusion of TEMPO from the formulations into artificial
ebum and the SCS proceeded almost completely and very quickly.
lready after 5 min a remarkable amount had penetrated into the

ipid, after 2 h, at the latest, the distribution process was almost fin-
shed (Fig. 5). As to be anticipated from skin penetration of lipophilic
gents (Kalariya et al., 2005; Küchler et al., 2009b; Lombardi Borgia
t al., 2005; Stecova et al., 2007) SLN accelerated the diffusion of
EMPO significantly compared to the aqueous solution (Fig. 5).

ith TEMPOL the transfer into the artificial sebum proceeded

lowly, after 3.5 h small amounts were detectable in the lipid mix-
ure but only after application of the SLN (Fig. 6). In contrast, no
EMPOL distribution was observed in the SCS. Considering CAT-1,
harmaceutics 390 (2010) 225–233

following the application of the aqueous solution, a slight amount
was detectable in the sebum after 8.5 h (Fig. 7). Interestingly, less
spin probes were penetrated within the same time after applica-
tion of the CAT-1 loaded SLN. No diffusion into the SCS could be
detected with the CAT-1 solution and SLN.

4. Discussion

Solid lipid nanoparticles improve the skin penetration and toler-
ability of various topically applied drugs (Chen et al., 2006; Kalariya
et al., 2005; Santos Maia et al., 2002; Schäfer-Korting et al., 2007;
Stecova et al., 2007). Interestingly, SLN can induce epidermal tar-
geting (Chen et al., 2006; Santos Maia et al., 2002; Stecova et
al., 2007), too. Therefore it is important to understand the load-
ing process, particle structure and particle–drug interactions to
enable a prediction of the drug release, penetration and effective-
ness at the skin. The close relation of intracutaneous distribution
and the location of the agents in the formulation – whether incor-
porated into the lipid matrix or attached to the particle surface
– was already shown (Lombardi Borgia et al., 2005; Santos Maia
et al., 2002; Stecova et al., 2007). By applying the methods of ESR
and TEM more detailed insight was obtained about the structure
of SLN and the localization of the highly lipophilic spin probes in
those carriers (Ahlin et al., 2000; Braem et al., 2007; Jores et al.,
2003).

Aiming to unravel the loading process and the localization of the
loaded agent in dependence on the physicochemical properties the
spin labels TEMPO, TEMPOL and CAT-1 of rather similar molecular
structure but varying in lipophilicity (Fig. 1) were studied.

Despite of the lower lipophilicity of our test agents, the exis-
tence of two sub-compartments on SLN was confirmed, as already
described for very lipophilic spin probes (Ahlin et al., 2000; Braem
et al., 2007). The ESR spectra (Figs. 3B and 4) displayed one
compartment characterized by high rotational mobility and one
compartment of lower rotational mobility indicating different loca-
tions of the spin probes on the SLN (Table 1). The percentages
of the sub-compartments were dependent on the temperature
(Fig. 4). At temperatures of about 255 K we observed significant
changes in the percentages of the two correlation times indicat-
ing a change of the distribution of the spin probes within the SLN,
respectively (Fig. 4B). The temperature of this transition is well in
accordance with the results of the DSC measurements. The exother-
mic peak at 250–260 ± 5 K marks a change in the structure of SLN,
most likely the freezing point. The freezing causes an alteration
of the whole system and, thus, a reallocation of the spin label
molecules is initiated resulting in the change of the percentages.
Thus, we favour the model of a dynamic localization of the spin
labels in SLN formulations instead of the idea of fixed drug localiza-
tion. Thereby, environmental conditions, e.g. the temperature, have
great influence and will influence drug release when the formula-
tion is applied onto the skin (Schäfer-Korting et al., 2007). In fact,
SLN application to the skin can induce burst release of the loaded
drug (Jenning et al., 2000a,b) as well as a major change in the parti-
cle structure as to be detected by scanning electron microscopy of
pig skin after 0.5–4 h (Küchler et al., 2009b).

In contrast to previous studies (Braem et al., 2007), with less
lipophilic agents, however, a clear distinction between the local-
ization on the rim or on the surface of the SLN is not possible here.
Though, the Aiso values clearly indicate that TEMPO, TEMPOL and
CAT-1 are not incorporated into the lipid matrix of the SLN but
obtained in water and in SLN for the three spin probes, respec-
tively, meaning a low viscosity of the microenvironment of the spin
probes (Table 2). In contrast Aiso values measured in Compritol®

were about 1.48 ± 0.011 for TEMPO and TEMPOL indicating high
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ig. 5. After 2 h TEMPO was almost completely diffused into sebum and SCS follow
lower following the application of the aqueous solution (B). A depicts the starting p
ot (yet) diffused into the acceptor lipid are encircled. The experiments were repea

icroviscosity. With CAT-1 no evaluable spectra were obtained,
ost likely due to its hydrophilicity.

Previous studies already demonstrated that lipophilic sub-

tances are closely attached to the particle surface (Ahlin et al.,
000; Jores et al., 2003), which is well in accordance with the results
or TEMPO in this study. For additional information the evaluation
f the rotational correlation time �R was proven to be a suitable
e application of SLN (C and D). In contrast the diffusion process takes places much
the arrow indicates the direction of spin probe distribution. The amounts of TEMPO
ice.

tool. Comparing the rotational mobility of the sub-compartments
of SLN, significantly higher rotational correlation time values were

measured for TEMPOL and, even more pronounced, CAT-1 as com-
pared to TEMPO (Table 1). This effect appoints to different locations
of the spin probes. The molecules of TEMPO, located at the par-
ticle surface have more rotational freedom and are not subject
to intense interactions with the aqueous phase. In contrast, we
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ave to assume that TEMPOL is located in the deeper layers of the

oloxamer covering the SLN surface, whereas CAT-1 is most likely
ocated in the outermost surfactant layers due to its hydrophilic-
ty. These locations condition the rotational mobility of TEMPOL,
nd in particular, of CAT-1 which is reduced by additional inter-

ig. 6. Primarily after 3.5 h a small amount of TEMPOL was detected in sebum following
olution and with SCS as acceptor lipid (B and D). A depicts the starting point; the arrow
wice.
harmaceutics 390 (2010) 225–233

actions with the Poloxamer and the aqueous phase, as e.g. the

formation of hydrogen bonds and in case of CAT-1 even of ionic
interactions. Concerning CAT-1 this assumption is affirmed by
the increasing particle sizes with higher spin probe concentra-
tions. The ease of gelation in the case of SLN loaded with high

an application of SLN (C, encircled). No diffusion was observed with the aqueous
indicates the direction of spin probe distribution. The experiments were repeated
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mounts of CAT-1, is well in accordance with a location close

o the aqueous phase. Then, strong interactions with the sol-
ent molecules like hydrogen bonds are possible and, hence, the
gglomeration of SLN is facilitated. We observed a concentration-
elated particle size with another hydrophilic agent, Rhodamin B
Küchler et al., 2009a), too. Moreover, gelation phenomena and

ig. 7. After 8.5 h CAT-1 had diffused into the sebum out of the aqueous solution (B, enci
tarting point; the arrow indicates the direction of spin probe distribution. The experime
harmaceutics 390 (2010) 225–233 231

the increase in particle sizes when loading higher spin probe

amounts onto SLN did not occur with TEMPO or TEMPOL. Our
results clearly account for the potential of SLN to serve as drug car-
riers for hydrophilic drugs, too, although this approach failed with
other agents such as a nonsteroidal antiandrogen (Münster et al.,
2005).

rcled). None was diffused following the application of SLN (C and D). A depicts the
nts were repeated twice.
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To obtain a clearly more detailed insight into the interactions
etween SLN formulation and skin, model lipid mixtures were pre-
ared and the processes at the phase boundary after application
f a pharmaceutical formulation were studied by ESR tomography.
he lipid mixtures proved to mimic in vitro the barrier properties of
uman skin suitably (Jaeckle et al., 2003; Musial and Kubis, 2003).
he transfer processes depended considerably on the applied spin
robes, the formulation and the lipid acceptor. The spin probes of
oth SLN and aqueous solution diffused more easily into the sebum
s compared to the SCS (Figs. 6 and 7), which we used to mimic
he human stratum corneum (Jaeckle et al., 2003). The lipophilic
EMPO penetrated fast and almost completely into all tested lipid
ixtures within 2 h (Fig. 5) as TEMPO (log P = 2.3) fits best with

he demands of good skin penetration (log P = 1–3) (Degim et al.,
003; Potts and Guy, 1992), whereas the other spin probes are
ore hydrophilic. Of the rather hydrophilic model agent TEMPOL

ust a slight amount had diffused into the sebum after 3.5 h and
lmost no diffusion was observed with the highly hydrophilic CAT-
even after 8.5 h (Figs. 6 and 7). These results are well in accordance
ith the notoriously poor skin penetration of compounds with

og P < 0 (Schäfer-Korting et al., 2008). Moreover, the penetration
ate proves the time dependency of transfer processes which is well
n accordance with previous studies using TEMPO and TEMPOL, too
Herrmann et al., 2007).

Loading of the spin probes onto SLN accelerated the transfer
onsiderably for TEMPO (almost complete diffusion into acceptor
ipid after 2 h compared to the aqueous solution) and, less pro-
ounced, for TEMPOL (Figs. 5 and 6). The penetration enhancement
f lipophilic substances by SLN is already well documented (Küchler
t al., 2009b; Lombardi Borgia et al., 2005; Schäfer-Korting et al.,
007). No influence, however, was observed on CAT-1 diffusion

n this study (Fig. 7). In contrast, a considerable increase in skin
enetration of the hydrophilic dye Rhodamin B was shown when

oaded onto SLN (Küchler et al., 2009a). Apparently, the penetra-
ion profile of hydrophilic substances differs notably from lipophilic
gents. The study showed enhanced penetration most pronounced
n the (more polar) viable epidermis (8.8-fold higher values with
LN compared to cream). Considering the stratum corneum the
ffect was marginal (1.3-fold higher values compared to cream;
üchler et al., 2009a). Obviously the very lipophilic character of

he stratum corneum prevents an accumulation of hydrophilic
gents like CAT-1 and Rhodamin B but an accumulation in the
utermost cell layers of the viable epidermis is possible and facil-
tated by carrier systems (Küchler et al., 2009a; Moll et al., 2008).
hus, the failure of SLN in this study is explainable by the simpli-
ed lipid mixtures used here, just simulating the most superficial
nd most lipophilic parts of the skin and not the complex system
kin.

. Conclusion

The loading of agents onto SLN is considerably determined
y the physicochemical properties and structure of the agents.
ipophilic agents are closely attached to the particle surface,
hereas more hydrophilic agents appear to be located within the

oloxamer shell. A dynamic localization of the drug molecules is
ssumed. The distribution processes at the phase boundaries of car-
ier and lipids are related to the properties of the applied drug, the
ipids and the time.
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