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a b s t r a c t

A physically and chemically stable positively charged prednicarbate nanoemulsion was developed as a
carrier system for the treatment of atopic dermatitis. Phytosphingosine was used to obtain the positive
charge and also because of its supportive properties for the restoration of damaged skin. As production
method high pressure homogenization was employed. The optimal concentrations of phytosphingosine,
the oil phase, and the emulsifiers were investigated. The production was optimized by investigating
the influence of homogenization cycles, homogenization pressure, production temperature and type of
homogenizer with respect to particle size, physical stability of the emulsions and chemical stability of
prednicarbate. From the results the best formulation and the most appropriate production parameters
were identified. In addition it could be shown that during high pressure homogenization the drug is
relocated from the inner oil phase of the emulsion towards the stabilizer layer, which could be shown
igh pressure homogenization
hemical stability

by an increase in chemical stability of prednicarbate. The efficiency of incorporation is influenced by the
energy input during homogenization (e.g. number of homogenization cycles) but also by the production
temperature. It was found that the nanoemulsions should be produced at elevated temperatures, with
low homogenization pressures but higher numbers of homogenization cycles (e.g. 300 bar and 10 cycles).
The results prove that the efficiency of high pressure homogenization should not only be judged by
investigating the particle size and the physical stability of the emulsions alone, but also by assessing the

ncorp
chemical stability of the i

. Introduction

Atopic dermatitis means “inflammation of the skin”. It is char-
cterized by temporarily inflamed skin areas, typically next to skin
reases, e.g. wrists, the front of the elbows and the backs of knees.
he causes of the skin inflammation are not yet fully identified, thus
p today the only efficient therapy is the treatment of the symp-
oms (www.cks.library.nhs.uk, 2008). Symptoms are: dry skin, red
nd itchy skin, which is likely to be infected due to the invasion
f bacteria, mainly Staphylococcus aureus and Pseudomonas aerug-

nosa. The severity and duration of the inflammation varies from
ndividual to individual. Mild atopic dermatitis is characterized by
nly one or two small patches of inflammation and a rare occur-
ence. In severe atopic dermatitis the inflammation areas cover
any areas of the skin and the flare-ups can last several weeks or

ven longer. In such sincere cases of inflammation the application

f corticosteroids or calcineurin inhibitors (e.g. Tacrolimus) is nec-
ssary to inhibit the acute inflammation. In the past years many
ttempts have been made to improve the therapy with corticos-
eroids (Callen et al., 2007; Fleischer, 2008). The aim was to reduce

∗ Corresponding author. Tel.: +49 30 83850631; fax: +49 30 83850616.
E-mail address: ck@ckc-berlin.de (C.M. Keck).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.09.002
orated drug.
© 2009 Elsevier B.V. All rights reserved.

local and systemic undesired side effects, such as skin atrophy and
hypothalamic–pituitary–adrenal (HPA) axis suppression, which
limited the use of such drugs in the past. One successful outcome
of this was a chemical derivate of prednisolone–prednicarbate
(IUPAC name: (11�)-17-[(ethoxycarbonyl)oxy]-11-hydroxy-3,20-
dioxopregna-1,4-dien-21-yl propionate). Up today prednicarbate
(chemical structure Fig. 1A) was shown to possess the best bene-
fit/risk ratio of all the corticosteroids being on the market (Gupta
and Chow, 2004a,b).

In addition many efforts have been made to develop and
to improve delivery vehicles of pharmaceutical actives for
dermal application. Examples for pharmaceutical carriers are lipo-
somes, drug nanocrystals, and lipid nanocarriers, such as solid
lipid nanoparticles (SLN), nanostructured lipid carriers (NLC) or
nanoemulsions. The aim of each drug carrier is either to increase
the chemical stability of the incorporated active, to improve the
bioavailability of the drug and/or to target the drug to its desired
site of action. With regard to dermal delivery the use of positively
charged carriers is advantageous, because the positive charge pro-

motes an intensive adsorption to the negatively charged skin. This
increases the retention time and thus the bioavailability (Piemi et
al., 1999).

Each of this carrier system has advantages. Nevertheless not
every carrier can be used for every pharmaceutical active, because

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:ck@ckc-berlin.de
dx.doi.org/10.1016/j.ijpharm.2009.09.002
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Fig. 1. Chemical structure of prednicarbate (A) and phytosphing

he physical properties (e.g. insufficient solubility) of the compound
ight be a limiting parameter for an effective incorporation. Fur-

her approaches to improve the dermal action of actives are the
dditional use of compounds which do not act as a drug in particu-
ar, but promote or accelerate the therapy by supplying additional
enefits (Williams, 2000).

In case of atopic dermatitis, additional benefits could be an
ncrease in skin hydration and skin elasticity and/or the prevention
f inflammation due to bacteria. In this regard phytosphingosine
eems to be a promising adjuvant.

Phytosphingosine is a compound of the mammalian stratum
orneum. It indirectly influences a wide variety of cellular functions
s, e.g. inflammation of the skin (Gupta et al., 1988) and takes part
n the formation of ceramides, which are essential constituents of

ammalian skin and are decreased in atopic dermatitis (Arikawa et
l., 2002; Melnik, 2006; Wertz et al., 1987). Phytosphingosine (PS)
ncreases skin hydration and skin elasticity (Yilmaz and Borchert,
006) and possesses antimicrobial activity (Arikawa et al., 2002;
ibel et al., 1992; Melnik, 2006). PS (Fig. 1B) is a free sphingoid
ase with a pKb of approximately 9, thus at a physiological skin pH
f approximately 5.5 it is positively charged (Yilmaz and Borchert,
005), which in theory should improve the absorption of pharma-
eutical actives when formulated together.

The aim of this study was to develop and to formulate a nano
rug carrier containing prednicarbate as active. Phytosphingosine
as chosen as additive because of its skin beneficial properties and

ts positive charge. Nanoemulsions were chosen as carrier system,
ecause preliminary studies revealed an insufficient solubility of PS

n solid lipids, which limits the production of solid lipid nanoparti-
les.

In this study it was aimed to develop a physically but also chem-
cally stable nanoemulsion. Firstly the optimal formulation was
nvestigated by varying the concentration of the emulsifiers and
he concentration of the oil phase. Secondly the influence of pro-
uction parameters (e.g. production temperature, homogenization
ressure, number of homogenization cycles) and different produc-
ion lines on particle size and stability (physical and chemical) was
nvestigated.

. Materials and methods

.1. Materials

Prednicarbate was purchased from mibe GmbH (Brehna, Ger-
any) and phytosphingosine (2S-amino-1,3S,4R-octadecanetriol)

as obtained from Degussa (Essen, Germany). As emulsifiers
olysorbate 80 (Tween® 80, Uniquema, Everberg, Belgium) and a

ess purified egg lecithin (Lipoid E 80, Lipoid KG, Ludwigshafen,
ermany) were chosen because of its known stabilizing effects for
anoemulsions (Yilmaz and Borchert, 2005). Eutanol® G (octyldo-
(B), which is positively charged at a physiological skin pH of 5.5.

decanol, Caesar and Lorentz GmbH, Hilden, Germany) is a liquid
wax and was used as oil phase, because in primary studies it
was found to be the only lipophilic compound possessing a suffi-
cient solubility for PS (Baspinar, 2009). As preservative, potassium
sorbate (Caesar and Lorentz GmbH) was used and as antioxidant
�-tocopherol (Synopharm, Barsbüttel, Germany) was added. Puri-
fied water was obtained using a MilliQ Plus (MilliQ, Schwalbach,
Germany). All other chemicals used were of pharmaceutical grade
and follow the specifications of the European Pharmacopeia.

2.2. Methods

2.2.1. Production of nanoemulsions
All nanoemulsions were produced by high pressure homoge-

nization using an LAB 40 (APV Deutschland GmbH, Unna, Germany).
Prior to homogenization the oil phase and the water phase were
prepared separately.

The oil phase consisted of prednicarbate as active, PS, Lipoid
E80, �-tocopherol and Eutanol as lipid base. It was produced
by adding PS to the heated Eutanol (105–110 ◦C). The disper-
sion was kept at 105–110 ◦C and stirred with a magnetic stirrer
until complete dissolution of PS was obtained. The solution was
than cooled to 75 ◦C and the more heat sensitive compounds �-
tocopherol and Lipoid E80 were added. Again the emulsion was
kept at 75 ◦C and stirred until complete dissolution of these com-
pounds was achieved. Afterwards the obtained oil phase was cooled
down to the desired production temperature (25 or 50 ◦C, respec-
tively). Finally prednicarbate was added and dissolved in the oil
phase.

The water phase consisting of Tween 80, potassium sorbate and
water, was obtained by dissolving the stabilizer and the preser-
vative in the water, which was either kept at 25 ◦C or heated to
50 ◦C.

The pre-emulsion was obtained by adding the water phase to the
oil phase, both being adjusted to the same temperature. Afterwards
high speed stirring using an Ultra Turrax T25 (Janke and Kunkel
GmbH, Staufen, Germany) was applied at 8000 rpm for 3 min. This
pre-emulsion was than subjected to high pressure homogenization.

In the first part of the study various formulation parameters
were checked, i.e. the influence of the concentration of PS, Tween
80, Lipoid and the oil phase. The concentration of either PS, Lipoid
E80, Tween 80 or Eutanol was varied, whereas the other concen-
trations were kept constant. The base formulation was 0.25% (w/w)
prednicarbate, 0.6% (w/w) PS, 2% (w/w) Lipoid E80 and Tween
80, respectively, 20% (w/w) Eutanol, 0.03% (w/w) vitamin E and

0.1% (w/w) potassium sorbate. In the first part of the study, the
concentrations for PS are 0.3, 0.4, 0.5, 0.6 and 0.7% (w/w). The con-
centrations 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0% (w/w) were explored for
each of the stabilizers Lipoid E80 and Tween, respectively. Finally
three different concentrations of Eutanol were studied (10, 15 and
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Table 1
Overview of the formulations of nanoemulsions produced. The composition was kept constant; only the production parameters were varied, leading to a total of 24 emulsions.

Formulation Production temperature 25 ◦C Formulation Production temperature 50 ◦C

HPH pressure No. of cycles HPH pressure No. of cycles

1

300 bar

3 cycles 13

300 bar

3 cycles
2 5 cycles 14 5 cycles
3 8 cycles 15 8 cycles
4 10 cycles 16 10 cycles

5

500 bar

3 cycles 17

500 bar

3 cycles
6 5 cycles 18 5 cycles
7 8 cycles 19 8 cycles
8 10 cycles 20 10 cycles

2
a

i
p
t
b
7
w
c
a
d
e

n
t
t

2
2
p
T
p
r
a
2
d
I
w
(
i
a
t
l
K
L
e
i
m
(
l
d

2
i
m
4
a

9

700 bar

3 cycles
10 5 cycles
11 8 cycles
12 10 cycles

0%, w/w). The resulting 20 formulations were produced at 50 ◦C
pplying 10 cycles and 300 bar.

In the second part the influence of production parameters was
nvestigated. For this purpose the best formulation from the first
art was chosen and subjected to different production parame-
ers. The influence of the homogenization pressure was determined
y applying 3 different homogenization pressures (300, 500 and
00 bar). The influence of the number of homogenization cycles
as investigated by applying either 3, 5, 8 or 10 homogenization

ycles, and finally the influence on the production temperature was
nalyzed by producing all the nanoemulsions from above at two
ifferent temperatures (25 and 50 ◦C). An overview of all the 24
mulsions produced in this second part is given in Table 1.

To investigate possible differences between different homoge-
izers the best formulation was used and was also produced using
he homogenizer Emulsiflex C5 (Avestin, Ottawa, Canada) applying
he optimal production parameters as described in part 2.

.2.2. Characterization

.2.2.1. Particle size analysis. The particle size of the freshly pre-
ared emulsions was measured immediately after their production.
he physical short and long term stabilities were investigated over a
eriod of 1 year at two different storage temperatures (25 and 40 ◦C,
espectively). In the stability study the size was measured 24 h
fter the production (d1) and then after 1 week, 2 weeks, 1 month,
, 4, 6 and 12 months. The mean particle size was obtained by
ynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern

nstruments, Malvern, UK). The technique yields a light intensity
eighted mean diameter (z-average) and the polydispersity index

PI) as a measure for the width of the size distribution. A PI below 0.2
ndicates a narrow size distribution. Dynamic light scattering has
n upper detection limit of approx. 3 �m. Thus, to exclude the exis-
ence or the occurrence of larger emulsion droplets, low angle static
ight scattering (laser diffraction (LD), LS 230, Beckman-Coulter,
refeld, Germany) with included PIDS technology was used. The
D results were analyzed using Mie theory with the optical param-
ters 1.456 (real refractive index) and 0.01 (imaginary refractive
ndex). To further exclude the existence of larger droplets also light

icroscopy using an Ortophlan (Leitz, Germany) was employed
data not shown). The magnification used was 160-fold, because
ow magnifications give the fastest information whether larger
roplets are present within the system or not (Keck, 2006).
.2.2.2. Zeta potential. The surface charge of the emulsions was
nvestigated by measuring the electrophoretic mobility (EM). All

easurements were performed by adding 20 �l of the sample to
0 ml of purified water. The pH was measured and, if required,
djusted to a pH of 5.5 ± 0.1 using diluted HCl. The mixture was
21

700 bar

3 cycles
22 5 cycles
23 8 cycles
24 10 cycles

than adjusted to a conductivity of 50 �S/cm using a NaCl solution.
The EM was measured using also the Zetasizer Nano ZS and the zeta
potential was calculated by applying the Helmholtz–Smoluchowski
equation (Malvern, 2002; Müller, 1996).

2.2.2.3. Chemical stability of prednicarbate. The chemical stability
of prednicarbate was investigated for the most physically stable
emulsions, using HPLC analysis. The concentration of prednicarbate
was determined by the HPLC method described in the European
Pharmacopeia. The HPLC system (Merck, Merck-Hitachi, Darm-
stadt, Germany) used consisted of a pump L 6200A with Interface
D 6000, a UV/vis detector L-4500, an autosampler AS-2000A and a
LiChroCART® column (125-4 mm) packed with LiChrospher® 100
RP-18, 5 �m, with a guard column RP-18 4.4 mm. The mobile phase
consisted of acetonitril and water (ratio 5:6) and was filtered
through a 0.45 �m polytetra-fluorethylene (PTFE) filter (Sarto-
rius, Goettingen, Germany) prior analysis. For each measurement
a sample volume of 20 �L was injected and the measurement was
performed with a flow rate of 0.7 mL/min. The retention time of
prednicarbate was approximately 17 min. The calibration curve
was calculated by plotting the area under the curve vs. the predni-
carbate concentration (cPC), with a linearity from 1 to 100 �g/mL
(AUC = 18424 cPC + 1620, correlation coefficient r2 = 0.9999).

3. Results and discussion

3.1. Formulation parameters

The influence of different concentrations of PS, Eutanol and
stabilizer was investigated with respect to changes in size, size
distribution (polydispersity index, PI), surface charge and the phys-
ical stability. The aim was to identify the formulation with a small
particle size, a high positive surface charge and highest physical
stability. All formulations produced revealed a small droplet size
ranging from about 120 to 240 nm and a very narrow size distri-
bution (PI range 0.06–0.16). Zeta potentials ranged from +41 mV to
+60 mV, indicating a sufficient high positive charge for the aimed
skin adhesion (Klang et al., 2000; Yilmaz and Borchert, 2006), as
well as a good electrostatic stability (Malvern, 2002; Müller, 1996).

3.1.1. Variation of the concentration of phytosphingosine
A small, however, negligible increase in size was observed when

the concentration of PS was increased. The increase in PS from 0.3

to 0.7% increased the size by only 12 nm and no significant trend
was found for the size distribution (Fig. 2A, left). The zeta potential
increased from +41 mV (0.3% PS) to +63 mV (0.7% PS), suggesting an
increasing physical stability with an increasing concentration of PS
(Fig. 2B). This expectation was not fully confirmed by the stability
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ig. 2. Influence on droplet size (PCS data), particle size distribution (viewed as PI
variation of concentration of either Phytosphingosine, Eutanol, Lipoid E80 or Twee
ue at day of production. (B) Influence on short term stability (LD data, viewed as d

easurements. Only the formulations containing 0.5 and 0.6% were
table when stored at room temperature and 40 ◦C (Fig. 2B). Thus
he best formulations were obtained with these PS concentrations.
his result was also confirmed by zeta potential measurements. A
ecrease in the zeta potential for the emulsion stabilized with 0.7%
S was observed but was not seen for the emulsion stabilized with
.6% PS.

.1.2. Variation of the volume of the oil phase
In contrast to PS the increase of the Eutanol concentration led

o a clear increase in size (from 121 to 167 nm) but to a decrease
n PI (from 0.18 to 0.11, Fig. 2A). The result obtained is in line with
he homogenization theory. A higher amount of the disperse phase
ill increase the final particle size when all the other formulation

nd homogenization parameters are kept constant. This is because
higher volume of the disperse phase requires more energy to

reak the emulsion droplets, hence if the energy input is kept con-
tant an increase in the particle size is obtained (Jahnke, 2001).
he decrease in the size distribution (decrease in PI) is observed,
ecause a larger volume of the oil phase increases the shear stress
nd thus it promotes a more homogeneous size distribution.

The formulation containing 10% lipid phase was found to be
ost stable (Fig. 2B). Interestingly it was found that the formula-

ion containing 20% lipid phase is more stable than the formulation
ontaining only 15%, despite the zeta potential of the formulation
ontaining 15% oil was highest directly after the production. When
ooking at the zeta potentials (ZP, Fig. 2B) after storage it turns
ut that only for the formulation containing 20% oil phase the ZP
emains unchanged, whereas it was decreased for the formulations

ontaining 15% stored at 40 ◦C as well as for both formulations
stored at 25 and 40 ◦C) containing 10% oil phase (Fig. 2B). The
ecrease in ZP indicates the chemical degradation of Lipoid E80
hich is sensitive to oxidation. Formation of lysolecithin increases

he number of negative charges (Müller et al., 1995) thus con-
potential and short term stability due to variation of the formulation composition
(A) Influence on droplet size (PCS data) and particle size distribution (viewed as PI)
%) after 1 month of storage at either room temperature (RT) or 40 ◦C.

sequently reducing the positive zeta potential. The destabilizing
effect was more pronounced at a small droplet size. Therefore it
can be assumed that the driving force of this instability is due to
the larger total surface of the smaller droplets, meaning the expo-
sure of Lipoid E80 to oxygen and so lysolecithin formation is higher.
Therefore the only stable formulation is the formulation containing
20% Eutanol. It does not possess the smallest size, but a constant
zeta potential and unchanged size.

3.1.3. Variation of the concentration of stabilizers (Lipoid E80 and
Tween 80)

The increase in concentration of the two stabilizers led to a
decrease in size (Fig. 2A). The observed effects were most pro-
nounced for Tween 80. While for Lipoid E80 the size decreased
from 208 to 150 nm for Tween the size decreased from 237 to 131.
No significant increase in PI could be observed for Lipoid 80. How-
ever, when the concentration of Tween 80 was increased the PI
increased from 0.06 to 0.15. It is known that the concentration
of stabilizer influences the final particle size of an emulsion. As
a rule of thumb a ratio of oil phase: stabilizer of 5:3 will lead to
the smallest droplet size (Jahnke, 2001). Nevertheless the addition
of stabilizer also changes other parameters, e.g. the viscosity of
the oil or the water phase which also can influence the homoge-
nization results. Thus the observed increase in the size distribution
(PI) might be related to this fact. A broad size distribution indi-
cates physical instability. Therefore the optimal concentration of
the stabilizers, leading to sufficient small droplets but in parallel to
a narrow size distribution should be in the range between 1.5 and
2.5% (Fig. 2A).
The influence of the different concentrations of the two stabiliz-
ers on the physical stability revealed that the emulsions stabilized
with 2% were most stable (Fig. 2B). All other concentrations showed
either an increase in the size or non-constant zeta potentials. Based
on these results, the formulation containing 0.6% phytosphingo-
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ig. 3. Influence on droplet size (PCS data) and particle size distribution (viewed as
n size an size distribution with increasing homogenization cycles, the opposite tre

ine, 20.0% Eutanol and 2.0% Lipoid E80 and Tween 80, respectively,
as selected for further studies.

.2. Influence of production parameters

In this part of the study the influence of production temper-
ture, homogenization pressure, and number of homogenization
ycles on size, physical stability of the emulsions and the chemical
tability of prednicarbate were investigated.

.2.1. Influence on particle size and size distribution
The best formulation of part 1 was homogenized at 25 and

0 ◦C and by varying the number of homogenization cycles and
he homogenization pressure. The results reveal clear differences
etween the two different production temperatures. The produc-
ion at 25 ◦C gave smaller particles and smaller polydispersity
ndices with an increasing homogenization pressure, whereas the
roduction at 50 ◦C revealed the opposite. In this case it was found
hat the higher the homogenization pressure the larger was the par-
icle size obtained (Fig. 3). With a production temperature of 25 ◦C
he smallest particles were obtained at homogenization pressures

f 700 bar, whereas for 50 ◦C production temperature the smallest
izes were obtained with a homogenization pressure of 300 bar.
ll over the smallest particles were obtained at production tem-
eratures of 25 ◦C when applying 5 cycles and 700 bar (144 nm, PI
.09).

ig. 4. Influence on physical stability (PCS data) due to variation of the production param
urther investigations.
e to variation of the production parameters. Production at 25 ◦C leads to a decrease
bserved for the production at 50 ◦C (explanation cf. text).

Even when it seems to be controversial—the results are in agree-
ment with the state of the art of high pressure homogenization.
When looking at milk production, where high pressure homog-
enization is used to avoid creaming of the naturally larger fat
droplets, it is suggested to use a two step homogenization process
(Jahnke, 2001). The first homogenization step is used to com-
minute the fat droplets and a second homogenization step is used to
separate agglomerates which were formed during the first homog-
enization step. The agglomeration or even coalescence of droplets
after the first homogenization step is due to an insufficient coverage
of stabilizer of the newly created surface, because the transport of
stabilizer molecules to the new surface takes a certain time. Hence
shortly after the homogenization the newly formed emulsion is
sensitive to agglomeration and coalescence. This is due to a high
level of energy and a not yet fully covered surface of the droplets.
In the two step homogenization the time between the first and
the second homogenization step is sufficient for the stabilizer to
diffuse into the interface and to decrease the interfacial tension
and thus to stabilize the emulsion droplets. The second homoge-
nization step is than performed at low pressures (typically being
approx. 15% of the first pressure applied (Jahnke, 2001)). This pres-

sure is high enough to separate agglomerates, but does not further
comminute the emulsion droplets, which would cause a further
destabilization. In this study a one step homogenization process
was used, therefore the emulsions tended to re-agglomerate and
re-coalesce shortly after the homogenization. As the stability of an

eters. The most stable emulsions (indicated by black bold arrows) were chosen for
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ig. 5. Chemical stability of prednicarbate investigated for the physically stable em
emperature of 50 ◦C, at low pressures and with 10 homogenization cycles.

mulsion also depends on the rigidity (microviscosity) of the emul-
ifier film formed, it can be assumed that the emulsions produced
t 25 ◦C showed a higher microviscosity and thus the tendency of
nstability phenomena was decreased when compared to the emul-
ions produced at 50 ◦C. Therefore the effect of an increasing size
ith increasing homogenization pressures for the emulsions pro-
uced at 50 ◦C can be explained by an increasing energy input with
n increasing homogenization pressure. This destabilizes the emul-
ions, leading to an increase in size with increasing pressure. In case
f the emulsions produced at 25 ◦C the rigidity of the emulsifier film
verwhelmed the destabilizing effect and avoided re-coalescence
fter the homogenization. Thus the increasing energy input with
ncreasing homogenization pressures leads to a more effective
omminution of the emulsion droplets.

.2.2. Influence on physical stability
The physical stability was assessed by size measurements. The

article sizes obtained after 4 months of storage are shown in Fig. 4.
t clearly shows that the physical stability of the emulsions stored
t 40 ◦C is better than for the emulsions stored at room temper-
ture. All emulsions stored at 40 ◦C are physically stable and no

ignificant changes in size could be obtained, neither from DLS nor
rom LD measurements (Fig. 4). For the emulsions stored at room
emperature significant differences were obtained. At a production
emperature of 25 ◦C, the three emulsions produced with 500 bar
nd 3, 5 or 8 cycles and the emulsion produced with 700 bar and 10

ig. 6. Principle of chemical stabilization. (Left) Low temperature and low numbers of h
hase, the drug is not protected from chemical degradation. (Middle) An increasing tem
he stabilizer film, which leads to an increased chemical stability. (Right) The further incr
tabilizer film, yielding maximal stability.
ns. The highest chemical stability of prednicarbate is obtained with a production

cycles were most stable (Fig. 4, left, black arrows). For the emulsions
produced at a temperature of 50 ◦C only the emulsions produced
with 300 bar and 8 or 10 homogenization cycles and the emulsion
produced with 500 bar and 10 cycles were stable (Fig. 4, right).

From the results obtained it is clear that optimal produc-
tion parameters, e.g. number of homogenization cycles and
homogenization pressure are temperature dependent. For a lower
production temperature higher homogenization pressures were
required (500 or 700 bar), than for the higher production tempera-
ture, at which a homogenization pressure of 300 bar was found to
be sufficient.

3.2.3. Influence on chemical stability of prednicarbate
After 4 months of storage the chemical stability of prednicar-

bate was assessed for the most physically stable emulsions (cf.
Section 3.2.1 and Fig. 4). The results of this study are shown in Fig. 5.
The emulsions produced at 25 ◦C applying 500 bar clearly show an
increasing stability of prednicarbate with an increasing number of
homogenization cycles. The amount of non-degraded prednicar-
bate was 42% when 3 homogenization cycles were used, 67% when
5 cycles were applied, but 72% when 8 cycles were applied (Fig. 5).

80% of non-degraded prednicarbate was found in the emulsion pro-
duced at 25 ◦C applying 700 bar and 10 cycles. The same result was
obtained for the emulsion produced at 50 ◦C applying 300 bar and 8
homogenization cycles. This again demonstrates that different pro-
duction temperatures require different production parameters, to

omogenization cycles lead to the location of the drug more towards the inner oil
perature and more homogenization cylces allow the drug to partially diffuse into
ease in homogenization cycles further promotes the relocation of the drug into the
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ig. 7. Comparison of particle sizes obtained with different types of homogenizers.

btain similar results (in this case 80% chemical stability of pred-
icarbate). The highest stability (95% prednicarbate) was obtained

or the emulsion produced at 50 ◦C, applying 300 bar and 10 cycles.
or the emulsion produced at 50 ◦C with 500 bar and 10 cycles the
hemical stability of prednicarbate was found to be 92% (Fig. 5).

The pronounced dependency of the chemical stability of
rednicarbate on the production parameters indicates that the dis-
ribution of the drug within the emulsion droplets obviously differs
or the different production parameters. It can be assumed that

high chemical stability of the drug incorporated is related to a
ocalization of the drug within the stabilizer layer, whereas a low
hemical stability of the drug is related to drug localization within
he lipid phase of the emulsion droplet (Fig. 6). In previous work by

üller et al. it could be shown that high pressure homogenization
ncreases the solubility of poorly water soluble drugs, when homog-
nized with lecithin based oil in water emulsions, e.g. Lipofundin
Müller, 2000). The process is known as SolEmuls technology and
as been studied extensively (Akkar and Müller, 2003a,b; Akkar et
l., 2004; Buttle, 2004; Müller et al., 2004). The increase in solubil-
ty via SolEmuls technology is due to the incorporation of the active
nto the lecithin layer of the emulsion during the homogenization
rocess. Due to the localization of the drug within the lecithin layer
drug reservoir is formed, which means the drug is tightly associ-
ted with the drug nanocarrier (Junghanns et al., 2007). Processing a
rug via SolEmuls technology is different to the process used in this
tudy. In SolEmuls technology a drug crystal or drug nanocrystal is
ispersed in the water phase of a readymade emulsion (e.g. Lipo-
undin or Intralipid) and the obtained dispersion is homogenized
ntil a complete dissolution of the drug is obtained. In our case
he drug was dissolved in the oil phase prior the homogenization
rocess, however, the data indicate that also via this production
rocess the drug seems to be incorporated into the lecithin layer of
he emulsion. From the data it is suggested that a higher chemical
tability of the drug – and thus a more efficient incorporation into
he stabilizer film – is obtained with a high number of homogeniza-
ion cycles and at elevated production temperatures. The latter is
robably due to a less rigid stabilizer film, which allows the drug to
iffuse easily between the stabilizer molecules. It was also found
hat the optimum was reached not at the highest homogenization
ressure (700 bar) but at the lowest (300 bar).

To our best knowledge it was not reported before, that an
ncreasing number of homogenization cycles can lead to an increas-
ng chemical stability of the drug incorporated into an emulsion.
o our opinion this is a very important finding, because in general

rug loaded emulsions are considered to being not able to protect
n active from chemical degradation (Schmidt, 2002). The incor-
oration of the drug into the stabilizer layer also means that the
rug becomes closely associated to the drug carrier. This might not
nly be important for the chemical stability of the drug but also
Lab 40. (Right) Emulsiflex C5 (given sizes: nm). The results can be judged as similar.

for dermal delivery, because for SLN it could be shown that an effi-
cient epidermal targeting with corticosteroids can only be achieved
if the drug is closely associated to the carrier (Santos Maia et al.,
2002).

3.3. Comparison of homogenizers

The LAB40 requires a sample volume of 40 mL. This is a conve-
nient sample volume for screening procedures, because a certain
amount of sample is required for the standard stability measure-
ments.

However, if only low quantities of drug are available (e.g. NCEs)
or only low quantities are needed, a smaller sample volume would
be beneficial. In case of the prednicarbate nanoemulsions in the
future only small sample quantities will be required for the drug
release or absorption studies. The Emulsiflex C5 only requires a
minimum sample volume of 7 mL, making it an interesting alter-
native for the production of the nanoemulsions. However, the set
up of the C5 homogenizer (e.g. design of homogenization chamber)
is different to the LAB 40. Thus it was of interest to investigate if
comparable results can also be achieved with the Emulsiflex. For
this 10 g of the optimized formulation were homogenized at 50 ◦C
with a pressure of 300 bar. The optimal homogenization time, lead-
ing to the smallest and most stable emulsion was found to be 5 min
(data not shown). Shorter homogenization time resulted in less sta-
ble emulsions and higher homogenization times did not further
improve the final particle size or the stability. The particle size
obtained after 5 min of homogenization time and the short time
stability (1 month) was compared to the results obtained with the
LAB 40. The results are shown in Fig. 7. The data reveal practically
identical results for both homogenizers. With PCS diameters of 157
and 166 nm (LAB 40 vs. Emulsiflex), the mean sizes are within the
standard deviations of PCS measurements and the batch to batch
variation of homogenization. In addition, the LD diameters d(v)
99% are not different, considering the resolution of the method
(Keck and Müller, 2008). Thus in the future smaller quantities of
the developed nanoemulsion can be produced using the Emulsiflex
C5.

To sum up: in this study a physically stable, positively charged
nanoemulsion was developed. Due to its positive charge this for-
mulation should lead to an improved adsorption to the skin when
compared to negatively charged emulsions (Klang et al., 2000). Due
to the achieved incorporation of prednicarbate into the lecithin
layer of the emulsion the formulation should also show an altered

release profile, when compared to conventional emulsions (Buttle,
2004) and a dermal drug targeting effect (Lombardi Borgia et al.,
2007) upon dermal application. Thus, further studies will now
investigate the release and the skin absorption of the optimized
formulation.
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. Conclusion

The investigation of both, the formulation parameters and the
roduction parameters, led to the conclusion that the optimal
anoemulsion formulation should contain 0.6% phytosphingosine,
0.0% Eutanol and 2.0% Lipoid E80 and Tween 80, respectively. The
ptimal production parameters are: a production temperature of
0 ◦C, a low homogenization pressure, e.g. 300 bar and 10 homog-
nization cycles. Identical results are obtained using either the LAB
0 or the Emulsiflex C5. Interestingly it was found that an increasing
umber of homogenization cycles and a higher production temper-
ture increases the chemical stability of the drug incorporated. This
s attributed to an enrichment of the drug in the surfactant layer.
his finding is of importance, because it clearly demonstrates that
n active might have different localizations within an emulsion, and
hat this location obviously can be influenced by the production
arameters, e.g. number of homogenization cycles. Because it can
e assumed that the location of a drug also influences the release
nd thus the bioavailability, the influence of different production
echniques or parameters will be a subject for further investigations
n the future. These findings show that the optimal formulation is
ot only characterized by the smallest particle size and the best
tability, but also due to the fact that the smallest particles do not
ave the highest chemical stability. The findings might be exploited
ot only for emulsions but also for the production of solid lipid
anoparticles or nanostructured lipid carriers. Further studies will
ow investigate the release and the skin absorption of the opti-
ized formulation.
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