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In the therapy of chronic inflammatory skin diseases, the epicutaneous application of anti-inflammatory
drugs in combination with maintenance therapy leads to ideal therapeutic long term effects. In this work,
the development of well-tolerated colloidal carrier systems (ME) containing tacrolimus is described. A
comprehensive physico-chemical characterization of the novel systems was performed using different
techniques. The potential of three ME compared to an ointment as suitable carrier for dermal delivery
of tacrolimus was determined. The penetration studies demonstrated that in comparison to the stan-
olloidal carrier system
icroemulsion

kin
enetration
acrolimus

dard vehicle ointment, all three ME resulted in higher concentrations of tacrolimus in the deeper skin
layers independent of the time of incubation. Particularly, the percentage of the bioavailable amount of
tacrolimus (sum of the amount found in the dermis and acceptor compartment) from the ME with con-
centrations up to 20.95 ± 12.03% after 1000 min incubation time differed significantly (p < 0.01), when
compared to the ointment which yielded a concentration of 6.41 ± 0.57%. As a result of these experi-

rrier s
unts p
soriasis
topic dermatitis
ermal targeting

ments, using colloidal ca
(p < 0.01). High drug amo

. Introduction

In therapy of chronic diseases especially atopic dermatitis and
soriasis, the treatment and prevention of acute inflammatory
rocesses is essential to avoid exacerbation of the diseases. Site
pecific cutaneous drug delivery is gaining ground because it has
dvantages, compared to other administration routes, in several
spects, i.e. to minimize side effects as well as first pass metabolism
Heuschkel et al., 2008a). Classically established drugs for the ther-
py are glucocorticoids which offer various therapeutic effects but
nfortunately also several side effects mainly skin atrophy. For that
eason an improvement of the therapy using different drug classes
s still required (Bornhovd et al., 2000). In this case the topical appli-
ation of immunosuppressants such as calcineurin inhibitors (e.g.
acrolimus) is of great interest.
Tacrolimus, a macrocyclic lactone, fermented by Strepto-
yces tsukubaensis is a strong immunosuppressant. Compared to

yclosporine A, its immunosuppressive activity is 50–100 fold
igher in vitro and 10–20 fold higher in vivo, respectively (Honbo

Abbreviations: APG, alkyl polyglucoside; DLS, dynamic light scattering; DSC,
ifferential scanning calorimetry; HET CAM, hen’s egg test-chorio allantoic mem-
rane; HLB, hydrophilic-lipophilic-balance; LDF, Laser-Doppler-fluxmetry; ME,
icroemulsion; SC, stratum corneum; TCL, tacrolimus.
∗ Corresponding author. Tel.: +49 345 5525000; fax: +49 345 5527292.

E-mail addresses: alexandra.goebel@pharmazie.uni-halle.de
A.S.B. Goebel), reinhard.neubert@pharmazie.uni-halle.de (R.H.H. Neubert),
ohannes.wohlrab@medizin.uni-halle.de (J. Wohlrab).
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ystems, the penetration profile of tacrolimus was enhanced significantly
enetrated the target site in a short period of time after applying the ME.

© 2010 Elsevier B.V. All rights reserved.

et al., 1987). Even though it is structurally unrelated to cyclosporine
A, its mode of action is similar. The target sites of both drugs are the
T-lymphocytes. There tacrolimus inhibits the enzyme calcineurin
phosphatase which causes an inhibition of transcription of the
IL-2 gene, resulting in suppression of the T-lymphocyte response
(Thomson et al., 1995; Wohlrab, 2006). Based on this mecha-
nism of action, there are drug products of tacrolimus available
which prevent organ rejection after liver and kidney transplanta-
tion (Rupprecht, 2005). Furthermore, tacrolimus has proven to be
effective for the therapy of atopic dermatitis (Carroll and Fleischer,
2006; Fleischer et al., 2007; Singalavanija et al., 2006) or psoriasis
(Freeman et al., 2003; Kroft et al., 2005; Lebwohl et al., 2005; Steele
et al., 2005). In 2002 Protopic®, a tacrolimus containing ointment
was launched for the therapy of atopic dermatitis.

Although it has not yet been approved for the local therapy
of psoriasis, tacrolimus can be classified as an effective anti-
inflammatory agent for psoriasis because studies on facial or
inverse lesions (Freeman et al., 2003; Kroft et al., 2005; Lebwohl
et al., 2005; Steele et al., 2005) as well as the use of modified vehi-
cles or occlusion showed promising results (Erdogan et al., 2002;
Pople and Singh, 2010; Remitz et al., 1999).

However, the standard vehicles currently available do not insure
adequate topical delivery of the substance into deeper skin lay-

ers when applied on plaque psoriatic lesions. The main target for
tacrolimus is the dermis with its lymphocytes. Therefore, it is highly
challenging to overcome the skin barrier stratum corneum (SC),
which is extended at psoriasis, and reach the dermis in sufficient
active drug concentrations because the physico-chemical proper-

dx.doi.org/10.1016/j.ijpharm.2010.11.029
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:alexandra.goebel@pharmazie.uni-halle.de
mailto:reinhard.neubert@pharmazie.uni-halle.de
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ies with respect to size (822.05 g mol−1), structure and lipophilicity
log P 3.96 ± 0.83 (SciFinderScholar, TM 2007)) of the macrolide
actone are very disadvantageous for dermal delivery.

A novel approach to improve the penetration of highly molec-
lar and lipophilic substances into the SC and deeper skin layers

s the application of colloidal carrier systems such as ME. These
ystems are thermodynamically stable, optically isotropic colloidal
ystems of water and oil, stabilized by surfactants and in some cases
dditionally by co-surfactants. They are transparent or slightly
palescent solutions of low viscosity with Newtonian behavior
nd can almost form spontaneously without any energy input. ME
btain small particle sizes of the colloidal phase (10–100 nm) and
ue to their fluctuating interfaces various resulting microstruc-
ures (Eccleston, 1994; Goebel and Neubert, 2008; Moulik and Paul,
998). Their excellent drug delivery potential as well as the solubi-

ization capacity is caused by a variety of factors depending on the
omposition and the resulting microstructures but mainly, the con-
inuously and spontaneously fluctuating interfaces of ME enable
igh drug mobility and might enhance the drug diffusion process
Delgado-Charro et al., 1997; Heuschkel et al., 2008a). Hereby, the
pplication of ME systems which feature several advantages like
ighly skin-tolerable surfactants and oils as well as low tenside
oncentration is an innovative concept for the development of cus-
omized drug carrier especially in the treatment of diseased skin.

The objective of the present work was the development of dif-
erent well-tolerated colloidal carrier systems for the enhanced
ermal delivery of tacrolimus containing lecithin, alkylpolyglu-
osides (APG) and mainly non-ethoxylated tensides as mild
urfactants, diols such as 1,2-pentylene glycol and 1,2-propylene
lycol acting as co-solvent and the emollient dibutyladipate (Cetiol
) representing the lipophilic phase. Different physico-chemical
arameters of tacrolimus were determined to select appropriate
ystems for cutaneous application. Additionally, a comprehensive
haracterization of the novel ME systems was performed by con-
tructing pseudoternary phase diagrams and regarding dynamic
iscosity, electric conductivity as well as performing differential
canning calorimetry (DSC). Furthermore, the size of the colloidal
hase was determined by dynamic light scattering (DLS) and hen’s
gg test-chorio allantoic membrane (HET CAM) was carried out to
valuate the irritating potential of the systems. The main purpose
f the study was to examine the potential of the developed ME sys-
ems as innovative vehicles for the dermal delivery of tacrolimus
nd thereby for a more effective and therapeutically improved
herapy of atopic dermatitis and especially psoriasis. Penetration
rofiles on full thickness human skin of tacrolimus were obtained
fter applying three different ME compared to the penetration pro-
le following the application of a commercially available standard
ehicle.

. Materials and methods

.1. Substances

Tacrolimus was purchased from Haorui Pharma-Chem Inc. (Edi-
on, USA). Plantacare 2000 UP and Cetiol B were kindly offered
y Cognis GmbH (Duesseldorf, Germany) and Phospholipid GmbH
Koeln, Germany) donated Phospholipon 90G. 1,2-Pentylene glycol
as obtained by courtesy of Symrise GmbH & Co. KG (Holzminden,
ermany). Span 80, Tagat S2, 1,2-propylene glycol were pur-
hased from Caesar & Loretz GmbH (Hilden, Germany). Formic acid

as supplied by Sigma–Aldrich Laborchemikalien GmbH (Seelze,
ermany). The standard vehicle Protopic® was purchased from
stellas Pharma GmbH (Munich, Germany). HPLC grade acetoni-

rile and methanol were obtained from J.T. Baker, Mallinckrodt
aker B.V. (Deventer, The Netherlands). Merck KgaA (Darmstadt,
Pharmaceutics 404 (2011) 159–168

Germany) supplied buffer substances. Water was of bidistilled
quality. Human breast skin had the approval of the independent
ethics committee of faculty of medicine at the Martin Luther Uni-
versity Halle-Wittenberg.

2.2. Saturation solubility

Tacrolimus was added in excess to the different test-media and
shaken for 48 h at room temperature. Afterwards samples were
filtrated using a 0.45 �m pore size filter, diluted and analyzed by
HPLC. All experiments were performed in triplicate.

2.3. Partition coefficient

Equal volumes of phosphate buffer-saturated octanol and
octanol-saturated phosphate buffer were mixed. Tacrolimus was
added in an appropriate amount meeting the saturation solubility
in both media. The partition coefficient was tested at three differ-
ent pH-values 5, 7.4, and 9. Samples were shaken for 48 h at room
temperature. After phase separation both media were diluted and
analyzed by HPLC. All experiments were carried out in triplicate.

2.4. Construction of phase diagrams

Phase diagrams were constructed at fixed surfactant/co-
surfactant mass ratio of Phospholipon 90G and Tagat S2 of 1:3 for
ME system B, Phospholipon 90G and Span 80 of 3:2 for ME system
C and Phospholipon 90G and Plantacare 2000 UP of 1:2 for ME sys-
tem A. Since Plantacare 2000 UP contains 53% active substance and
47% water the mass ratio was corrected only considering the active
substance to 1.06:1.

The different ME were prepared by shaking mixtures of 1,2-
pentylene glycol or 1,2-propylene glycol, the surfactant system,
Cetiol B and water in appropriate ratios. 2.5–5% increments were
chosen to determine the phase borders. All mixtures were stored
at room temperature for six months for equilibration. After that
time the samples were investigated visually and by polarization
light microscopy (Zeiss Axiolab Pol, Carl Zeiss MicroImaging GmbH,
Jena, Germany). ME were identified as transparent, low viscous and
optically isotropic systems.

2.5. Viscosity measurements

Dynamic viscosity was carried out using a rotational rheometer
equipped with a cylindrical measuring cell and double slit (Anton
Paar GmbH, Graz, Austria). Equalization of temperature was done
with a peltier cell (Anton Paar GmbH, Graz, Austria). Measurements
were performed at a temperature of 25 ± 0.2 ◦C and shear rates
ranging from 0.1 s−1 to 100 s−1.

2.6. Conductivity measurements

Electrical conductivity measurements were accomplished at
room temperature using Cyberscan CON 11 instrument (Eutech
Instruments Europe B.V., Nijkerk, The Netherlands) with a cell con-
stant of 1.0 cm−1. Values, which remained stable for 1 min, were
considered.

2.7. Differential scanning calorimetry

DSC investigations were performed using a DSC 200 (Netzsch-

Gerätebau GmbH, Selb, Germany). All samples (approx. 15 mg)
were accurately weighed in and filled into aluminum pans and
hermetically sealed to avoid water evaporation. DSC-curves were
generated by cooling the samples from 40 ◦C to −60 ◦C with a cool-
ing rate of 10 K min−1). After equilibration of 5 min at −60 ◦C, the
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amples were heated to 120 ◦C with heating rate of 10 K min−1.
n empty pan was used as reference. Nitrogen with a flow of
0 mL min−1 was applied as purge gas.

.8. Dynamic light scattering

All samples were filtrated through a filter (pore size 0.45 �m)
Rotilabo Nylon-Spritzenfilter, Carl Roth GmbH & Co. KG Karl-
ruhe, Germany) before the DLS-investigations. Measurements
ere performed at a temperature of 25.0 ◦C using a compact-

oniometer ALV/SP 86 (ALV-Laser Vertriebsgesellschaft mbH,
angen, Germany) equipped with a Nd:YAG-Laser (ADLAS GmbH,

eil im Schönbuch, Germany) and a wavelength of 532 nm and an
utput of 140 mW.

Thirteen different scattering angles between 30◦ and 140◦ were
hosen for all measurements. The cylindrical sample cells con-
isted of Suprasil quartz glass by Hellma (Muellheim, Germany)
nd had a diameter of 10 mm. Refractive index of the main phase
or size calculation of the colloidal phase was obtained using an
bbé-refractometer (Abbemat, Dr. Kernchen, Seelze, Germany).

.9. Hen’s egg test-chorio allantoic membrane

Naturally fertilized hens eggs of New Hampshire breed were
sed to investigate acute irritative potential of the ME. Only eggs
roviding a living embryo and well-developed vascular systems
ere chosen. Storage conditions were a temperature of 37 ◦C and a
umidity of 55% for eight days. The eggs were turned every 12 h
xcept during the last 24 h. Afterwards the eggs were dissected
nder a laminar air flow box. A circular hole with a diameter of
.5 cm was cut into the weaker convex pole of the egg and the
mnion was wetted with saline solution. The CAM was exposed by
emoving the amnion. Each sample had a volume of 100 �L and was
pplied on the CAM followed by its illumination with monochro-
atic laser light (helium–neon laser light 632.8 nm – red). After
min visual examination was performed. Additionally, the vascu-

ar perfusion was determined using laser Doppler fluxmetry over
5 min (Wohlrab et al., 2002).

.10. Ex vivo penetration assay

Penetration experiments were performed using Franz diffusion
ells (Crown Glass Company, Somerville, NJ, USA) under finite-
ose conditions (Franz and Barker, 1977). Excised human breast
kin from reduction mammoplasty was used. The tissue sections
ere postoperatively cleaned with mull pads and isotonic NaCl

olution. Subcutaneous adipose tissue was mechanically dissected
nd discarded. Circular pieces of skin (20 mm in diameter) were
unched and stored for maximum six months at −20 ◦C until use.
t the time of the experiment, the pieces of skin were completely
efrosted at room temperature and the surface was dried using
otton pads. In the following, the specimens were stretched on
he diffusion cell that was preheated to 32 ◦C, enabling the under-
ide of the skin, with the filter gauze, to directly hit the acceptor
edium (20.0 mL phosphate buffered saline pH 7.4) that was con-

inuously stirred. Skin specimens of three donors, each with three
ieces of skin per test preparation and experimental periods of
0 min, 300 min and 1000 min were investigated. A defined amount
20 �L or 20 mg) of the formulation was directly applied onto
he skin surface (3.14 cm2). After the incubation times, the skin
pecimens were taken out of the diffusion cells. Remaining prepa-

ations (residues) were carefully removed from the surface using a
otton wool tip. Three punch biopsies (Kromayer punch, Stiefel-
aboratorium, Offenbach, Germany) were taken from each skin
ample (0.2827 cm2). The individual skin layers were separated
orizontally using a cryo-microtome (Jung, Heidelberg, Germany).
Pharmaceutics 404 (2011) 159–168 161

A histological analysis of mammalian skin was performed before
the penetration experiments for reliable separation of the different
skin layers. The stratum corneum (SC) was dissected by one 10 �m
cut. The viable epidermis (EP) was removed by 4 sections à 20 �m.
All dermis layers (DR 1–5) were dissected by 5 cuts à 40 �m each.
The remaining corium was also separated. The collected different
skin layer sections were extracted using methanol with a volume
between 300 �L and 500 �L depending on the expected amount
of tacrolimus in the skin sections. Furthermore, the tubes were
mixed with a vortex mixer for about 1 h, kept refrigerated overnight
and mixed again the next day for another 1 h before analysis. The
amount of tacrolimus that was removed from the skin surface with
the swap following application of the ME was extracted for 12 h
with 3 mL of methanol. The extraction procedure of the swab con-
taining the residue of Protopic® was more complex and is described
in previous work (Goebel et al., 2009b). Quantification of tacrolimus
in all skin samples, the cotton wool tip and the undiluted acceptor
fluid was carried out by HPLC. The average previously accomplished
recovery rate was 97.61 ± 7.68%.

2.11. Analytics

HPLC–MS analysis was carried out using Agilent 1100 LC System
(Agilent, Waldbronn, Germany) equipped with a vacuum degasser,
a binary pump, an autosampler and a diode array detector and
coupled with Finnigan LCQ ion-trap mass spectrometer (Thermo
Fisher, Egelsbach, Germany). The HPLC column used was YMC-ODS
AQ 150 × 2.1 S-3 �m, 200 Å (YMC Europe, Dinslaken, Germany)
maintained at a temperature of 60 ◦C. The isocratic mobile phase
consisted of 0.005% formic acid in a mixture of acetonitrile and
water (65:35, v/v) at a flow rate of 0.2 mL min−1. The injection
volume of each sample was 5 �L.

Mass spectrometric detection was performed with electrospray
ionization in a positive ion mode applying an electrospray voltage
of 4.5 kV and a capillary temperature of 250 ◦C. For analysis, the
peak area of tacrolimus, with a mass to charge ratio of 826.3 for the
[M+Na]+ ion, was detected in selected ion monitoring mode. Lower
limit of quantification was 5 ng mL−1 (Goebel et al., 2009b).

2.12. Statistics

Statistical significance was determined by one-way ANOVA fol-
lowed by Dunnett’s test as post hoc analysis. Differences were
considered as significant at p < 0.05.

3. Results and discussion

3.1. Development of the microemulsion systems

The development of a suitable vehicle for dermal administra-
tion of tacrolimus is highly challenging because of its lipophilic
properties. Available drug products are mainly based on lipophilic
components. Due to this, the liberation of the drug from those
lipophilic vehicles into the lipophilic SC is limited. The creation
of a more hydrophilic carrier for tacrolimus with solubilization
capacity and penetration enhanced properties could increase the
bioavailability of the drug in the skin. ME provide both features.
Therefore, the aim of the present work was the development of
hydrophilic oil-in-water ME for the incorporation of tacrolimus.
Hereby, the concentration of the surfactant systems should be not
more than 30% and the amount of the lipophilic phase should be at

least 5% to achieve a sufficient solubilization of the drug but also
a skin-tolerated system. The main focus was on the choice of sur-
factants like lecithin, alkylpolyglucosides, macrogol glycerol fatty
acid esters and non-ethoxylated tensides, e.g. Span 80. The use of
lecithin as surfactant in topical products is well established because
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Fig. 2. Pseudoternary phase diagram of the developed microemulsion system B.
Isotropic area is marked in dark grey.
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Table 1
Composition of the studied ME systems (%-m/m).

ME TCL A ME TCL B ME TCL C

1,2-Pentylene glycol 20% 20%
1,2-Propylene glycol 43.3%
Cetiol B 10% 10% 10%
Phospholipon 90 G 10% 6.25% 15%

a

Phospholipon 90G/Plantacare 2000 UP* (1:1.06) 

ig. 1. Pseudoternary phase diagram of the developed microemulsion system A.
sotropic area is marked in dark grey.

f its good tolerability and enhancer properties (Bonina et al., 1995).
articularly, phospholipid-containing ME has been proven to be
dvantageous for dermal penetration enhancement (Changez et al.,
006; Heuschkel et al., 2008a). Furthermore, alkylpolyglucosides
APG), a group of biodegradable, non-ionic and non-ethoxylated
urfactants with excellent skin- and environmental-tolerability
hat are already used in several cleaning and skincare products
Andree and Middelhauve, 1991; Heuschkel et al., 2008a) were cho-
en. The potential of APG-containing ME as colloidal carrier for the
ermal administration of highly lipophilic and hydrophilic compo-
ents has already been shown (Goebel et al., 2010; Neubert et al.,
005).

Regarding the co-surfactants, usually short chain alcohols have
een used to influence the curvature and fluidity of the interfacial
lm, which leads to a decreased interfacial tension (Attwood, 1994).
ince 1,2-alkanediols, which show good co-solvent properties, are
ess toxic compared to their corresponding alkanols (Kahlweit et al.,
995, 1996), they were used alternatively to create ME in this study.
urthermore, former studies showed that 1,2-alkanediols espe-
ially 1,2-pentylene glycol incorporated in standard vehicles and
E for dermal application resulted in good penetration enhancing

ffects (Duracher et al., 2009; Goebel et al., 2009a, 2010; Heuschkel
t al., 2008b).

In summary, very mild and penetration enhancing substances
ere selected for generating an excellent ME system for the dermal

dministration of tacrolimus. Three different ME systems (ME A–C)
ere developed. The pseudoternary phase diagrams are shown in

igs. 1–3.
Only clear, low-viscous and optically isotropic systems were

dentified as ME. Based on those diagrams the phase borders of the
E systems could be estimated. All three systems showed ME areas

ver a wide range. The formation was probably positively influ-
nced by the co-solvents which contribute to the fluidity of the
urfactant rich interfaces. Particularly, phospholipid-containing
E which tend to form rigid films require the addition of co-

olvents to increase interface-flexibility (Aboofazeli et al., 1994).
E C resulted interestingly in a different phase position compared

o ME A and ME B probably affected by the low HLB-value of the
o-surfactant Span 80. Due to this, mostly ME with a lipophilic
ain phase could be realized. Nonetheless, it was possible to create

E providing a hydrophilic main-phase for all systems. The use of

hese oil-in-water ME should improve the liberation of lipophilic
acrolimus from the hydrophilic vehicle into the lipophilic SC. One

E was chosen from each diagram for further characterization and
Fig. 3. Pseudoternary phase diagram of the developed microemulsion system C.
Isotropic area is marked in dark grey.

penetration studies. Hereby, the surfactant concentration of the
selected ME should not be more than 30% and the amount of the
lipophilic phase was 10% to achieve a well-tolerated ME with suffi-
cient solubilization capacity and penetration enhanced properties.
The exact compositions of these microemulsions (ME TCL A–C) are
listed in Table 1.
Plantacare 2000 UP 10.6%
Span 80 10%
Tagat S2 18.75%
Water 49.4% 21.7% 45%

a Only active substance regarded.
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Table 2
Saturation solubility of tacrolimus in different media (n = 3, data given as
mean ± standard deviation).

Medium Saturation solubility, cs

(mg mL−1)
Solubility according
to Ph. Eur.

1,2-Pentylene glycol 35.61 ± 2.56 Soluble
1,2-Propylene glycol 27.29 ± 1.39 Sparingly soluble
Buffer pH 5 62.42 × 10−3 ± 34.51 × 10−3 Practically insoluble
Buffer pH 7.4 11.88 × 10−3 ± 16.45 × 10−3 Practically insoluble
Buffer pH 9 0.25 × 10−3 ± 0.35 × 10−3 Practically insoluble
Cetiol B 14.13 ± 2.38 Sparingly soluble
Octanol 36.20 ± 3.21 Soluble
Unbuffered water 2.15 × 10−3 ± 1.12 × 10−3 Practically insoluble
ME TCL A 11.84 ± 0.38 Sparingly soluble
ME TCL B 6.93 ± 0.61 Slightly soluble
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Table 4
Physico-chemical parameters of ME TCL A–C (data given as mean ± standard
deviation).

ME TCL A ME TCL B ME TCL C

Dynamic viscosity (mPas) 13.76 ± 0.02 100.75 ± 0.14 23.47 ± 0.06
−1
ME TCL C 10.93 ± 0.23 Sparingly soluble

.2. Tacrolimus – determination of physico-chemical parameters

Tacrolimus was physico-chemically characterized by determi-
ation of its saturation solubility in different media (Table 2) as well
s partition coefficients at different pH-values (Table 3).

The poor water solubility of the drug which can be found in lit-
rature (SciFinderScholar, TM 2007) could be approved. Tacrolimus
as practically insoluble at the chosen pH-values and unbuffered
ater. Nonetheless, solubility differed at the three pH-values.

acrolimus dissolved in lower amounts at higher pH-values prob-
bly not caused by a decreased solubility but rather by drug
nstability at basic pH-values as described in literature (Askin et al.,
989a,b; Tanaka et al., 1987). Due to this, the pH-value in all three
E was adjusted to pH 4.8 to assure drug stability and solubil-

ty. With respect to the other tested media, the drug was soluble
n octanol which approves its lipophilic character. However, the
olubility in the oily phase of Cetiol B (log P 4.22) was lower than
n 1,2-pentylene glycol (log P −0.28) and propylene glycol (log P
1.34) (SciFinderScholar, TM 2007). These hydrophilic diols proba-
ly lead to higher tacrolimus solubility because of their amphiphilic
tructure and thus co-solvent properties. Solubility of the drug in
he ME was quite similar. Only ME TCL B resulted in lower amounts
robably due to the use of 1,2-propylene glycol instead of 1,2-
entylene glycol.

For better assessment of the penetration properties of
acrolimus, partition coefficients in octanol and buffer at different
H-values were generated because correlation between the par-
ition coefficient of this two phases and the coefficient between
uman SC and water could be found in literature (Ohman and
ahlquist, 1994). Hereby, an acidic pH which is present on skin sur-

ace, the physiological pH of 7.4 and one basic pH-value was chosen.
he achieved log D (Table 3) showed only minor differences.

In summary, it is not possible to change partition behavior of
acrolimus by adjusting pH-value in the ME system. But it can
e assumed that the obtained log D values reveal an affinity of
acrolimus to the lipophilic uppermost layer and thereby disadvan-
ageous properties to overcome the SC and penetrate into deeper,
ore hydrophilic skin layers.

able 3
ctanol–buffer partition coefficients of tacrolimus (n = 3, data given as
ean ± standard deviation).

pH log D

5 3.56 ± 0.20
7.4 3.56 ± 0.1
9 4.12 ± 0.57
Electric conductivity (�S cm ) 2530 ± 60.28 11.17 ± 0.05 84.08 ± 0.88
DSC/existence of free water Yes No Yes
Hydrodynamic radius (nm) 3.82 ± 0.25 10.77 ± 0.61 8.20 ± 0.48

3.3. Microemulsions – physico-chemical characterization

Based on the chosen three ME, different physico-chemical char-
acterization methods were applied to obtain different information
about the microstructure or the ME type.

A simple method to obtain information about the microstruc-
ture and stability of ME is the determination of the dynamic
viscosity, the parameter of the internal friction. Due to the low
viscosity of ME, a differentiation to liquid crystalline structures
can be accomplished. Hereby, o/w and w/o ME systems generally
show Newtonian behavior. However, non-ideal viscosity was par-
tially observed for bicontinuous systems (Moulik and Paul, 1998).
All tested ME resulted in Newtonian behavior with a very low vis-
cosity, according to their definition, less than 110 mPas (Table 4)
and no crystalline structures were observed. In addition, conduc-
tivity measurements were performed to achieve information about
conductivity values of the ME. An increased conductivity can be
observed if bicontinuous or o/w ME are present because here con-
ductive paths are available which typically lead to a high mobility
of charges (Alany et al., 2001; Bennett et al., 1982; Georges and
Chen, 1986). The measurements resulted in values (Table 4) which
indicate conductivity paths caused by a bi- or monocontinuous
hydrophilic phase, but ME TCL A showed very high conductivity
because of the APG surfactant Plantacare 2000 UP which contains
electrolytes derived from the production process (Hensen, 2009).

Further investigations using differential scanning calorimetry
(DSC) were performed in order to get information about the
microstructure by investigating the water behavior in the ME. In
the respective cooling curves, the size and position of the water
peak refer to its physical state inside the ME. Because in case of
strong interactions of water and the surfactant molecules the freez-
ing peak appears at lower temperature compared to peaks of weak
interacting or free water (Podlogar et al., 2004, 2005). Therefore, a
differentiation between o/w ME, which contains amounts of free
water and bicontinuous and w/o systems with a stronger bonded
aqueous phase is accomplishable. Aside from the measurements of
the three ME, DSC-scans of systems components were performed
for an efficient interpretation. The results are presented in Fig. 4.

The cooling curves of the surfactant system dispersed in penty-
lene glycol resulted in no freezing peak (not shown). Although the
surfactant mixture of ME TCL A contained a water concentration of
22.3% brought by Plantacare 2000 UP, no peak occurred. One expla-
nation for that observation is that strong interactions of water and
the surfactant molecules proceeded a shift of the water solidifi-
cation towards lower temperatures than −60 ◦C and furthermore
a reduced freezing enthalpy (Podlogar et al., 2005). In addition,
solidification could also be influenced by the co-solvents penty-
lene glycol and propylene glycol which lead to a cryo-protective
effect (Boutron and Kaufmann, 1979; Heuschkel et al., 2009). Cetiol
B accomplished an exothermic peak at temperature of −60 ◦C.
Measurement of pure water reference showed a freezing peak at
−22.5 ◦C, indicating the presence of super-cooled water (Podlogar

et al., 2004).

The DSC-curves of the ME showed exothermic water peaks for
ME TCL A and ME TCL C with water concentrations of 49.5% and
45%, respectively. With decreasing water concentration the peak
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biological reaction pattern due to increased LDF-index and perfu-
sion, respectively. In conclusion, with regard to visual inspection
ig. 4. DSC cooling curves of the microemulsions TCL A–C, pure water and pure
etiol B.

hifted to lower temperatures and the freezing enthalpy decreased.
owever, the cooling curves of both ME indicate the existence of

ree water at higher concentrations probably located in the mono-
ontinuous phase. O/w ME, characterized by lipophilic droplets
eparated by surfactant rich domains located in a hydrophilic
onocontinuous phase, could be presumed for ME TCL A and
E TCL C. For ME TCL B containing a water concentration of

1.7% no peak representing solidification was observable. Here the
ater was possibly involved in hydrating surfactant molecules and

ccording to this, bicontinuous or w/o ME systems are presumable
r the cryo-protective effect of the high content of propylene gly-
ol adulterated the results of ME TCL B. Since for the most part
/w ME provide better penetration enhancement properties than
icontinuous or w/o systems (Heuschkel et al., 2008a) especially
or lipophilic drugs, an o/w character was required for the selected
olloidal carrier systems. The results of the conductivity and DSC-
nvestigations suggest a monocontinuous hydrophilic phase and
iscosity measurements offer Newtonian behavior with low vis-
osity. Therefore, o/w systems with spherical lipophilic particles
an be assumed.

Determinations regarding the size of the colloidal dispersed
hase were performed using dynamic light scattering (DLS) (Shukla
t al., 2002). In literature light scattering methods are frequently

escribed (Aboofazeli et al., 2000; Attwood and Ktistis, 1989; Saint
uth et al., 1995). DLS investigations of the ME TCL A–C at dif-

erent scattering angles resulted in dissimilar hydrodynamic radii
Table 4). ME TCL B and ME TCL C revealed an usual colloidal size
Fig. 5. LDF-index of the microemulsions ME TCL A–C, the negative control NaCl 0.9%
and the positive control SLS 0.5% (data given as mean ± standard deviation, n = 12).

diameter about 20 nm whereas the average radius of ME TCL A with
3.82 nm ranged at lower level of the colloidal size of ME and could
correspond to micelles formed by the surfactant system. An expla-
nation of the small particle size of the ME could be the presence
of APG acting as surfactant, because radii in the same range of
ME containing sugar ester were already published (Fanun, 2009;
Glatter et al., 2001; Goebel et al., 2010). Another approach could be
the occurrence of an inter-penetration of the surfactant molecules
in adjacent micelles, whereby the size of each micelle decreases
(Fanun, 2009). In summary, according to investigations of Shukla
et al. the results of DLS support the existence of spherical par-
ticles consisting of the lipophilic phase and bounded surfactant
molecules dispersed in a hydrophilic main phase (Shukla et al.,
2002).

3.4. Microemulsions – tolerability test

In addition to physico-chemical characterization of the ME sys-
tems their acute irritant potential was determined using hen’s
egg test (HET) chorio allantoic membrane (CAM). HET CAM rep-
resents a suitable method to evaluate the tissue toxicity for
dermal application of substances. Hereby, irritating effects become
visible in alteration of the vascular system like membrane discol-
oration and hemorrhage and in increased perfusion (Wohlrab et
al., 2002). The evaluation of the perfusion can be measured by
Laser-Doppler-fluxmetry (LDF) in defined time intervals. Followed
by calculation of LDF-index, that contains the perfusion differences
divided by baseline values before application and thereby includ-
ing differences caused by vascular diameter, number and blood
pressure.

In this study HET CAM was performed on ME TCL A–C com-
pared with a negative and a positive control represented by NaCl
0.9% and sodium lauryl sulphate (SLS) solution 0.5%, respectively.
Visual inspection after 5 min showed numerous membrane dis-
colorations as well as weak hemorrhage for the positive control,
whereas ME TCL A–C and the negative control resulted in nearly
no effects. Furthermore, LDF-measurements (Fig. 5) demonstrate
that LDF-index of the ME was similar to the negative control
and differed from the SLS solution, which showed a different
and LDF-index, no indication for an irritating or vascular active
effect of all three ME TCL A–C could be found. Hence, the devel-
oped ME might be a suitable skin-tolerated vehicle for dermal
administration.
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Fig. 6. Comparison of relative amounts of tacrolimus in the stratum corneum (SC) and the viable epidermis (EP) following application of the microemulsion ME TCL A–C and
ointment at different incubation times (data given as mean ± standard deviation, n = 9; #p < 0.05, *p < 0.01 versus ointment).
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tems. However, with regard to the acceptor compartment (Fig. 7)
ME TCL B resulted in the highest drug amounts compared to ME
TCL A and ME TCL C. One explanation for the different penetra-
tion profile could be that as a result of the saturation solubilities
ig. 7. Comparison of relative amounts of tacrolimus in the dermis (DR) and the ac
intment at different incubation times (data given as mean ± standard deviation, n

.5. Penetration studies ex vivo

Penetration profiles of tacrolimus were generated using full
hickness human skin. The different developed microemulsion
ystems ME TCL A–C were tested. For better assessment of the
enetration behavior also a standard vehicle was investigated rep-
esented by an ointment drug product. Drug concentration in all
ehicles was 0.1%. The formulations were tested at three differ-
nt incubation times (30 min, 300 min, and 1000 min) to obtain
etailed penetration profiles at initial phase, medium incubation
ime and a long-term period. The results plotted in percentage of
pplied dose are presented in Figs. 6–8. Furthermore, depth profiles
ere compiled and are visualized in Fig. 9.

The obtained results of the three ME systems reveal that ME TCL
–C lead to a fast penetration of the drug into the skin. TCL reached

he dermis with its lymphocytes which represents the target site in
igh amounts especially after time periods of 30 min and 300 min
Fig. 7). Penetration behavior of TCL after applying ME TCL C was
omparable to ME TCL A but lower drug amounts reached the der-
is and rather stayed in the viable epidermis. The concentrations in
he acceptor compartment were similar for both ME. The penetra-
ion results of TCL following application of ME TCL B differed from
he other systems. At shorter incubation times lower amounts of
he drug were found in the skin but at longer experimental periods
f 1000 min equal concentrations were measured for all three sys-
r compartment (AC) following application of the microemulsions ME TCL A–C and
< 0.05, *p < 0.01 versus ointment).
Fig. 8. Bioavailable amount of tacrolimus (sum of the amount found in the dermis
and acceptor compartment) in percentage of applied dose following application of
the microemulsions ME TCL A–C and ointment at different incubation times (data
given as mean ± standard deviation, n = 9; #p < 0.05, *p < 0.01 versus ointment).
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ig. 9. Depth profiles of tacrolimus concentration in the viable skin layers (viable ep
ions ME TCL A–C and ointment at different incubation times (data given as mean ±

Table 2) and thereby a lower solubilization capacity for TCL of ME
CL B the thermodynamic activity of TCL in that system was higher
ompared to ME TCL A and C. Due to this and the increased con-
entration gradient the drug did not remain in the skin but rather
ermeate through all skin layers into the acceptor compartment.
onetheless, all developed ME showed high concentrations in the

arget site and therefore good properties for the therapy of chronic
kin diseases.

In comparison to the standard vehicle represented by an oint-
ent, all ME resulted in higher penetration rates at all incubation

imes especially in the deep skin layer compartment dermis (excep-
ion ME TCL B at 30 min). Furthermore, acceptor compartment
oncentrations of TCL after applying the ME were significant higher
han after applying the ointment. The drug did not reach the accep-
or compartment at any incubation time following administration
f the standard vehicle (Fig. 7). Possible transdermal effects could
ot be measured with the performed penetration experimental
esign.

However, in the upper skin layers SC and viable epidermis the
intment resulted in similar concentrations compared to the ME
ecause TCL was not able to penetrate deeper skin layers and rather
ccumulated in the epidermis (Fig. 6).

Nevertheless, the bioavailable amount of TCL (Fig. 8) is repre-
ented by the sum of the amount found in the dermis and the
cceptor compartment because here the lymphocytes are located,
hich is the target of the calcineurin phosphatase inhibition. Drug

mounts which permeated through or accumulated in the target
ite constitute the bioavailable amount. After 30 min incubation
ime, 6% of the applied drug dose was bioavailable from the ME
hereas only 1.4% TCL reached the deeper skin layers after apply-

ng the ointment. That difference increased with longer incubation
imes. After 300 min ME TCL C showed concentrations of 15.6% and
fter 1000 min ME TCL B resulted in bioavailable amounts of 21%
hile following application of the standard vehicle only 2.95% and

.41% TCL concentrations were measured, respectively.
Furthermore, the generated depth profiles of TCL (Fig. 9) reveal

hat the standard vehicle was able to reach the dermis, but the drug
enetrated only into a skin depth up to 700 �m and did not reach
eeper dermis layers. The same trend was evident with longer incu-

ation times. Nonetheless, all ME demonstrated drug quantities in
he deeper skin layers as well as in the acceptor compartment.

Improved tacrolimus concentrations are required in the target
ite for a successful chronic skin diseases especially psoriasis ther-
py. In contrast to atopic dermatitis, here thickened skin barrier
th / µm

is and dermis) at different incubation times following application of the microemul-
ard deviation, n = 9; #p < 0.05, *p < 0.01 versus ointment).

occurs because of a keratinocyte hyper-proliferation which leads to
plaque formation. That means a larger barrier for the penetration
of drugs. The hyper-proliferation is caused by an immune reac-
tion pattern which has already to be suppressed in the dermis by
inhibition of the calcineurin phosphatase. The obtained penetration
results expose that the penetration behavior of tacrolimus was sig-
nificantly increased using colloidal carrier systems. The skin barrier
SC was permeated to a greater extend compared to the standard
vehicle. The significantly improved bioavailability was achieved
by that novel carrier systems without any physical enhancement
e.g. ultrasound or occlusion whereby the patient compliance espe-
cially in the treatment of larger body regions could be enhanced.
Erdogan et al. already successfully investigated the penetration
improvement of tacrolimus by using an innovative vehicle named
liposomal lotion. Liposomes were effective in the treatment of
immune-mediated skin diseases tested in murine models. Unfor-
tunately, the comparison to a standard vehicle is missing in this
study (Erdogan et al., 2002). Additionally, Pople and Singh (2010)
studied the effect of tacrolimus loaded nanoparticles for targeted
drug delivery into deeper skin layers. The authors found a signifi-
cantly improved penetration to the deeper skin layers compared to
the standard vehicle Protopic® confirmed in vivo in albino rats by
skin localization studies. In vitro diffusion cell studies indicated the
same effect of the innovative drug carrier. Unfortunately, the results
of this study cannot be compared to the results of the microemul-
sions because pig ear skin was used and the results are plotted in
�g without any further information.

However, the developed ME showed significantly improved
bioavailability compared to the ointment and furthermore differed
in their penetration profiles of tacrolimus. Due to this, the influence
of the used excipients is obvious whereby further modulation and
optimization of tacrolimus penetration profiles is possible.

4. Conclusions

Three different well-tolerated stable colloidal carrier systems
for the dermal administration of tacrolimus were developed. The
generated pseudoternary phase diagrams showed isotropic areas
over a wide range. All three chosen ME revealed spherical colloidal

particles dispersed in a hydrophilic main phase with a colloidal size
between 8 nm and 22 nm confirmed by different characterization
techniques. The favored o/w character can be assumed. Further-
more, according to HET CAM, the developed ME systems can be
classified as well-tolerated.
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The penetration studies demonstrated that applying o/w ME
ystems resulted in different penetration profiles of tacrolimus
sing diverse ME particularly confirmed by the penetration behav-

or of the drug after administration of ME TCL B. Due to this, a
enetration modulation by varying excipients of the ME is possi-
le. In comparison to the standard vehicle ointment all three o/w
E resulted in higher concentrations of tacrolimus in the deeper

kin layers independent of the time of incubation. 9–14% of applied
ose reached the dermis and 3–12% the acceptor compartment
rom the ME whereas 6.5% at most of the active ingredient could
e detected in the dermis after applying the ointment. Tacrolimus
id not reach the acceptor compartment after applying the stan-
ard vehicle at any incubation time. Particularly, the percentage
f the bioavailable amount of tacrolimus (sum of amount found
n the dermis and acceptor compartment) from the ME with con-
entrations up to 16.67 ± 3.88% (ME TCL A), 20.95 ± 12.03% (ME
CL B) and 18.25 ± 8.32% (ME TCL C) after 1000 min incubation
ime differed significantly (p < 0.01), when compared to the oint-

ent which yielded a concentration of 6.41 ± 0.57%. Furthermore,
enetration profiles revealed that tacrolimus only penetrated the
pper dermis compartment and did not reach the deeper skin layers
hereas the drug penetrated all dermis layers after a short period of

ime of 30 min following application of the ME. As a result of these
xperiments, using a colloidal carrier system, the penetration pro-
le of tacrolimus was enhanced significantly (p < 0.01). High drug
mounts penetrated the target site dermis in a short period of time
fter applying the ME. Hence, the ME with its beneficial vehicle
roperties for the liberation and penetration process might be an

nnovative vehicle for the delivery of tacrolimus to the dermis. The
alenical conditions for an improved therapy of atopic dermati-
is and particularly psoriasis might be generated. All ME showed
romising data but clinical studies especially on diseased skin are
ecessary to confirm the results.
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