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Abstract. Upon topical administration, a high penetration rate of antifungal drug into the infected site is
desirable to reduce treatment length and systemic side effects which occur especially after a prolonged
peroral administration. Thermogelling formulations composed of poloxamer 407, medium chain
triglycerides, isopropyl alcohol, dimethyl isosorbide, and water for topical application were developed,
and a lipophilic drug terbinafine HCI (TBF) was incorporated. Previously, a remarkable high permeation
rate of a hydrophilic drug 5-aminolevulinic acid from this vehicle was evident compared to different
creams from German Pharmacopoeia. By varying the composition of vehicle constituents, a broad range
of consistencies and appearances was obtained. Up to 4% TBF could be solubilized in the vehicle. TBF
fluxes at steady state across human stratum corneum from these formulations were higher than those
from the German Pharmacopoeia Basiscreme Deutscher Arzneimittel Codex and a marketed product at
similar concentration of 1%. TBF fluxes increased along with a higher content of TBF in the formulation.
The amount of TBF retained in stratum corneum was higher compared to those from both standards of
comparison (p<0.01). The thermodynamic activity of TBF in the thermogelling formulation was lower
compared to those in other formulations. Therefore, the nature of the vehicle and its interaction with
TBF are suggested to play a significant role in explaining higher fluxes along with higher TBF content.
Differential scanning calorimetry measurements revealed comparable T2 and T3 endothermic shifts from
all examined formulations suggesting equal influences to the skin lipids.
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formulation.

INTRODUCTION

In the development of drug delivery system, block
copolymers composed of polyethylene oxide (PEO) and
polypropylene oxide (PPO) have achieved much attention
during the last decades due to their low toxicity and wide use.
Especially for transdermal delivery, poloxamer 407 with 30%
PPO content and molecular weight of 12,500 (1) has already
been intensively used for drug delivery across the skin (2,3).
A significant permeation enhancement of a hydrophilic drug,
such as 5-aminolevulinic acid (5-ALA, log P —1.51), through
human stratum corneum from a poloxamer 407-based ther-
mogelling formulation has been reported for photodynamic
therapy and diagnosis purposes (4,5). 5-ALA fluxes from this
thermogelling formulation were 7.5- and 19.5-fold higher than
those from Basiscreme Deutscher Arzneimittel Codex
(DAC) and water containing hydrophilic ointment, respec-
tively. Both bases are described in German Pharmacopoeia.
The thermogelling vehicle was composed of poloxamer 407,
Miglyol® 840, isopropyl alcohol, dimethyl isosorbide, and
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water. All ingredients proved to work synergistically; the
elimination of one component led to the decrease in 5-
ALA fluxes (6). The permeation enhancement of 5-ALA
from this base was independent of water content in the
formulation (5). From this result, the question arises
whether a high permeation rate can also be achieved with
the incorporation of lipophilic drug. Since many drugs are
lipophilic, they may reside within the hydrophobic cores of
poloxamer micelles. Hence, their incorporation into this
poloxamer-based formulation would be a valuable input
for the therapy improvement.

Terbinafine HCI (TBF) was chosen as a model of a
lipophilic drug with log P of 3.3 (7). TBF is intended for
treating mycosis caused by dermatophyte, e.g., tinea pedis/
Athlete’s foot or tinea unguium in the nail or onychomycosis.
Especially onychomycosis, its treatment is up to now still
problematic due to the long treatment (more than 6 months),
thus there is limited success because of non-compliance of the
patients. Therefore, the relapse incidence is high, at about 3—
20% after peroral administration with TBF (8,9). Moreover, a
prolonged peroral administration for severe onychomycosis
caused many cases of systemic side effects especially in
patients with diabetes and cardiovascular problem who
received an additional treatment (10). In accordance to all
those shortcomings, topical treatment is still the favorite
among other treatments. A good release and a high
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permeation rate of the drug into the infected site are a
prerequisite of a successful topical treatment.

TBF topical delivery is not only limited to the application
of the formulation onto the infected site, but also the use of
other methods has been described such as iontophoresis (11-17)
and penetration enhancer incorporation (7,18) to enhance TBF
fluxes across nails and skin. Nail lacquer containing TBF has
been developed as well (19). While those procedures are
applicable to nails only, a more convenient treatment of skin
infection is still required. A good topical formulation containing
TBF should be able to reduce or even substitute peroral therapy
of moderate to severe infection. Up to now, some research
associated with TBF delivery into the skin has been reported,
i.e., the use of microemulsions and chitosan hydrogels (20,21).

In the present study, 1% TBF was incorporated and in
contrast to the vehicle previously used for 5-ALA admin-
istration (5,22), Miglyol® 812N (caprylic/capric acid trigly-
ceride, a medium chain triglyceride) was used instead of
Miglyol® 840 (propylene glycol dicaprylate/dicaprate) as the
lipid component of the vehicle. This alteration did not affect
the physicochemical characteristics of the formulations. The
amount of drug permeated from the chosen thermogelling
formulations through stratum corneum was determined and
compared to those from Basiscreme DAC and the marketed
product Lamisil® Creme (Novartis AG).

MATERIALS AND METHODS
Materials

TBF was purchased from Suzhou Leader Chemical Co.,
Ltd, China and was used as received. The purity was
determined to be 100-101% (potentiometry) according to
the monograph in Eur. Ph. 6.0 (2008). TBF from Sigma-
Aldrich Chemie (Steinheim, Germany) was used as the work
standard for high performance liquid chromatography/HPLC
measurements. Poloxamer 407/POX (Lutrol® F 127) was
kindly donated by BASF (Ludwigshafen, Germany), and
dimethyl isosorbide/DMIS was from Dolorgiet (St. Agustin/
Bonn, Germany). Medium chain triglyceride/MCT (Miglyol®
812N) was purchased from Sasol GmbH (Germany) and
isopropyl alcohol/TPA (HPLC grade) from VWR Int.
(Leuven, Belgium). To produce phosphate buffer pH 5.8
(Eur. Ph. 6.0, 4002100), disodium hydrogen phosphate
dihydrate and potassium dihydrogen phosphate were pur-
chased from Merck KGaA (Darmstadt, Germany). Trypsin
was obtained from Carl Roth GmbH (Karlsruhe, Germany)
and trypsin inhibitor, type II-O, chicken egg white from
Sigma-Aldrich Chemie (Steinheim, Germany). Methanol was
purchased from Fisher Scientific Ltd. (Leicestershire, UK)
and triethylamine from Merck-Schuchardt (Hohenbrunn,
Germany). Water was used in double distilled quality, except
for HPLC analysis. For this purpose, water was processed
with an EASYpure™ LF from Barnstead (Dubuque, USA)
to produce type I reagent-grade water with low organic
content and a high resistivity of up to 18.3 MQ-cm.

Lamisil® Creme was purchased from a local pharmacy,
and a ready-to-use Basiscreme DAC was purchased from
Caelo (Hilden, Germany). Lamisil® Creme is a semisolid
formulation containing 1% TBF, purified water, isopropyl
myristate, polysorbate 60, stearyl alcohol, cetyl alcohol, cetyl
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palmitate, sorbitan stearate, benzyl alcohol, and sodium
hydroxide. Basiscreme DAC was composed of glycerol
monostearate 60 (4%), cetyl alcohol (6%), medium chain
triglycerides (7.5%), white soft paraffin (25.5%), macrogol-
20-glycerol monostearate (7% ), propylene glycol (10%), and
purified water (40%) (23).

Manufacture of Formulations and Physicochemical
Characterization

Formulations were given codes according to the drug
content and the collective content of POX/MCT and IPA/
DMIS in the vehicle alone. The ratios of POX/MCT and IPA/
DMIS in all cases were fixed in accordance to the work of
Griining and Miiller-Goymann (5) at 4:1 and 1:1, respectively.
For example, 1P5025 contained 1% TBF, while the vehicle
itself was composed of 50% POX/MCT (4:1), 25% IPA/
DMIS (1:1), and 25% water (all w/w). Some examples are
given in Table 1. About 30 formulations were manufactured
to construct the pseudoternary phase diagram for each
characterization (Figs. 1 and 2). Semisolid formulations
received a higher priority for topical application. Thus,
formulations composed of “binary components” only, e.g.,
without water or without POX/MCT, were not manufactured.
POX/MCT was used in concentration above 25% since below
this concentration, especially in the area with a high content
of TPA/DMIS (=40%), these systems were no longer semi-
solid and were rated of minor interest for topical application.

TBF solubility in the vehicle was determined in 1% step
until undissolved TBF crystals were visible under the polarizing
microscope. The 21 final formulations which were saturated
with TBF are displayed in Fig. 3(a). In all cases, pseudoternary
phase diagrams represented vehicle position without drug, e.g.,
P5025 and 1P5025 were marked on identic position to assist
interpretation.

All materials were weighed in a special jar designed for
Cito unguator 2000 Konietzko GmbH (Bamberg, Germany)
and were mixed at 1,450 rpm for 1.5 min. The composition of
the vehicle constituents was varied and depended on the
characterization requirement; TBF, POX/MCT, and IPA/
DMIS ranged from 0% to 4%, 25% to 75%, and 10% to
70% (all w/w), respectively.

Physicochemical characterization was carried out after
24 h to allow sufficient equilibration of the microstructure.
The characterization was performed visually in terms of
appearance and ringing effect, as well as microscopically in
terms of isotropy and TBF concentration at saturation. The
ringing effect was examined by knocking the jar to a hard
surface. A “ringing” gel would respond to agitation with a
particular back resonance. Isotropy and TBF concentration
at saturation were examined under a polarizing microscope
Leica LMDM equipped with camera Olympus DP12
(Hamburg, Germany). The lowest TBF concentration
representing detectable crystals was defined as the saturation/
solubility concentration.

Rheometrical Measurements

Rheometrical measurements were performed in an
oscillation mode using a controlled stress rheometer CVO
50 from Bohlin (Bamberg, Germany) with a conical disk plate
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Table I. Compositions of Some Thermogelling Formulations (All in % w/w)
POX MCT IPA DMIS

Formulation (4:1) (1:1) Water TBF
P2525 20.00 5.00 12.50 12.50 50.00 0
1P2525 19.80 4.95 12.38 12.38 49.50 1.00
2P2525 19.60 4.90 12.25 12.25 49.00 2.00
P3030 24.00 6.00 15.00 15.00 40.00 0
1P3030 23.76 5.94 14.85 14.85 39.60 1.00
2P3030 23.52 5.88 14.70 14.70 39.20 2.00
1P4030 31.68 7.92 14.85 14.85 29.70 1.00
4P4030 30.72 7.68 14.40 14.40 28.80 4.00

of an angle of 1° (@ 20 mm). Gelation temperatures and
complex viscosities were measured within the linear viscoe-
lastic regions of the formulations which were previously
determined with an amplitude sweep at a fixed frequency of
0.5 Hz. This low frequency was chosen to prohibit any major
change in the microstructure during the subsequent measure-
ments, especially during gelation point detection (24). Com-
plex viscosities (17*) were measured at 32°C to make sure that
the formulation was in its viscoelastic state, ie., storage
modulus G’ > loss modulus G”. Gelation temperatures were
determined within the temperature range from 30°C to 5°C
using a temperature gradient program with a rate of 2°C/min.
The samples of approximately 1 g were applied and renewed
prior to the proximate measurement. The cone/plate rheo-
meter including the sample was placed under a protecting
cover during the measurements to prevent any excessive
evaporation of volatile ingredients. The gelation temperature
was considered to be the temperature where G’ and G”
crossed over (G’=G") (24) or when the phase angle §=45° or
tan 0=G"/G’'=1 (25).

Stratum Corneum Isolation and In Vitro Permeation Study

Isolated human stratum corneum was used for the
permeation studies. The skin was donated from a plastic
surgery of the abdominal region of 38- and 55-year-old
women with the consent of the patients and the ethical
approval according to the Declaration of Helsinki of the
World Medical Association. After removing the fat tissue, the

a Without TBF b

skin was immediately frozen with liquid nitrogen and stored
at —20°C. The isolation of the stratum corneum was
performed using the trypsination method described by Kligman
and Christophers (26). The dried stratum corneum was kept in a
desiccator prior to use to protect it from humidity. The isolated
stratum corneum was used within 2 months to avoid any skin
lipid degradation. Stability has been reported in literature for
up to 4 months (27,28). After a complete hydration in water, it
was mounted on a TMTP (pore size 5 um) polycarbonate filter
Isopore™ Millipore (Ireland) to support its mechanical stability
and clamped between donor and receiver compartments. This
filter did not represent any diffusion barrier. Since the inter-
subject skin variability for the permeation study was larger than
the intrasubject variability (29), the results of the permeation
studies were always compared to those from the same donor.
Prior to permeation, the intactness of the membrane was
checked through the measurement of its transepithelial electric
resistance [TEER] using an EVOM instrument (World Pre-
cision Instruments, US-Sarasota) with a measurement range of
up to 20 k(). This method was developed by Fokuhl and Miiller-
Goymann (30). An intact membrane shows a high resistance
represented by a TEER value of >20 kQ (the maximum
measurable value of the instrument). A damaged membrane
shows a TEER value of less than 20 k).

Modified Franz diffusion cells were used for the perme-
ation study. Permeation areas varied between 0.418 and
0.534 cm® while receiver compartment volumes were set
between 5.18 and 6.37 mL. The phosphate buffer pH 5.8 was
chosen as the receiver solution. pH 5.8 was chosen in

With addition of 2% TBF
0

100 cream-like

A
@ gellike
P paste-like
) O liquid, transparent
& o) O  liquid, white/milky
:f." 40 &0 -{_;‘; A liquid heterogeneous
& Ao 5 3
60 semisolid area 40 /é,
Z

liquid area

=]

40 60 80
IPA/DMIS (1:1)

0 20

20 40 60 80

IPA/DMIS (1:1)

100

Fig. 1. Appearances in pseudoternary phase diagram a without and b with 2% TBF; the line in the middle
separates liquid from semisolid systems
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O isotropic
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Fig. 2. a Ringing effect and b isotropy of formulations with and without 2% TBF

accordance to the previous TBF stability report from Lebo et
al. and the works of Ozcan et al. and Sachdeva et al.
(13,21,31). This buffer was also sufficient to maintain the
sink condition for TBF partitioning, i.e., TBF concentration in
the receiver compartment during permeation study does not
exceed 10% of the initial concentration in the donor
compartment. TBF solubility in buffer pH 5.8 was determined
in the next section to confirm this. Approximately 2 g of
the formulation was filled into the donor compartment. A
concentration of 1% TBF was firstly chosen to be incorporated
in P2525, the original thermogelling formulation for 5-ALA
since the marketed product contains similar drug concentration.
Other formulations such as 1P3030, 1P4030, and Basiscreme
DAC containing 1% TBF were prepared as well. Subsequently,
the influence of TBF content on the permeation rate was
assessed by including 2P2525, 2P3030, and 4P4030 in this study.
All prepared formulations were equilibrated for 24 h after
manufacture. An examination by means of polarizing
microscope showed that TBF was soluble in all tested
formulations for the permeation study. Following the
permeation from formulations with more than 1% TBF, an
enhancement factor from each formulation could be calculated
as follows:

Enhancement factor

__ Flux from the formulation containing more than1% drug
Flux from the formulation containing 1% drug

(1)

100 0

20 40 60 80 100
IPA/DMIS (1:1)

L=1

The diffusion cells were thermostated at 32°C, and the
receiver compartments were stirred at 300 rpm. The receiver
solutions were probed (250 pL) for over 40 h and replaced by
the same amount of fresh buffer. The samples were kept in a
refrigerator (6-8°C) and were analyzed within 48 h without
any necessary dilution. TBF fluxes were obtained from the
slope of a plot of the permeated amounts [g/cm?] vs. time [s].
The slope was taken from the steady state part of the plot in
accordance to Fick’s 1st law.

High Performance Liquid Chromatography Analysis

The permeation samples were analyzed with HPLC
which consisted of a pump 515, autosampler 717 plus, and a
UV tunable absorbance detector 486 from Waters (Milford,
USA). Mobile phase was modified from Cardoso and
Schapoval (32) being composed of methanol/water (95:5)
with an addition of 10 mM triethylamine (694 pL for 1 L
mixture). The flow rate was set at 1.5 mL/min with detection
at the wavelength of 254 nm. The samples were eluted
through a column Zorbax SB-C18 (Agilent, USA) with a
particle size of 5 um and a dimension of 4.6x250 mm for
5 min with retention time at 4.1 min. Peaks were integrated
and evaluated using software Clarity V. 2.6.3.313. Sample
injection volume was 40 pL. Calibration was made in
phosphate buffer pH 5.8 from 0.1 to 50 pg/mL with 7 of
more than 0.999. The limit of detection (LOD) and the limit
of quantification (LOQ) were determined according to the

Fig. 3. a TBF concentrations at saturation and b an example of insoluble TBF crystals under
polarizing microscope; square <2%, filled circle 2%, filled square 3%, filled triangle 4%
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ICH Guideline (33), and the values were 0.122 and 3.446 pg/mL,
respectively.

Quantification of TBF Retained in Stratum Corneum

The stratum corneum was isolated directly after termi-
nating the permeation. Excess formulation was cleaned by
wiping off the surfaces with cotton swabs followed by tissue
paper. This was done to assure that no formulation residues
remained on the surface. The residual humidity was absorbed
once more with tissue paper, and the membranes were finally
placed in the reaction vessels of 1.5 mL volume (Roth,
Karlsruhe-Germany). These vessels were stored without lids
in a refrigerator (6-8°C) for 48 h. The dried membranes were
afterwards transferred into fresh vessels, extracted with 1 mL
methanol and agitated with an orbital shaker (IKA Vibrax-
VXR) at 150 rpm for 24 h. The amount of TBF extracted was
determined by injecting the extract into HPLC with the same
parameter as in the earlier section. Calibration curves were
made in methanol within the range of 0.1-50 pug/mL (*>
0.9999) with LOD and LOQ of 0.014 and 1.654 pg/mL,
respectively.

Recovery of the Extraction Process

Stratum corneum with the size of 1x1 cm were given
about 10 pL drop of a defined concentration of TBF solution
in methanol and then weighed. The solution concentrations
(Cstandara) Were 4.88 and 0.488 mg/mL. Blank was dropped
with methanol only. Drying and extraction process were
carried out in the same manner as in the previous section.
Stratum corneum surface was not cleaned or wiped since TBF
is freely soluble in methanol. The recovery of the extraction
process was calculated as follows:

Detected concentration|ug/mL)

% Recovery = -100%  (2)

Actual concentration|[pg/mL)

The detected concentration was obtained through HPLC
measurement, meanwhile the actual concentration was calcu-
lated with Eq. 3. The density of TBF solution was determined
with a pycnometer.

Actual conc.[ug/mL]

_ Weight of the solution|g] - Csandaralg/mL] - 10°
B Density of the solution[g/mL] - 1[mL]

3)

TBF Solubility in Aqueous Media at 32°C

An excessive of TBF was given into 5 mL of each
examined solvent, i.e., water and phosphate buffer pH 5.8.
The mixtures were placed and sealed in air-tight glass vials
and then stirred at 300 rpm, 32°C for 24 h to mimic the in
vitro permeation condition. The insoluble drug was removed
through filtration using a cellulose acetate filter with a pore
size of 0.2 pm from Sartorius AG (Gottingen, Germany)
before being analyzed with HPLC. The samples were diluted
100-fold with the corresponding solvent prior to analysis. The
standard solutions for the HPLC analysis were prepared in
the corresponding solvents water or buffer pH 5.8.

Lusiana and Miiller-Goymann

Differential Scanning Calorimetry Studies

Any changes in the stratum corneum due to its inter-
action with the formulation component can be well recorded
by means of differential scanning calorimetry (DSC) which
enables the detection of heat transitions and even measures
the amount of enthalpy involved quantitatively. Stratum
corneum was first hydrated to gain the water content of
20% in a desiccator filled with saturated sodium chloride
solution in water for at least 48 h at ambient temperature. A
size of 1.5x1.5 cm was eligible for each measurement. The
formulation to be tested was equilibrated at 37°C before the
stratum corneum was inserted for incubation at 37°C for
30 min. After incubation, an excess of the formulation was
wiped off by means of tissue paper and weighed in a
hermetically closed aluminum crucible of 40 uL volume
(ME-27331, Mettler Toledo). Sample was directly measured
from 20°C to 120°C with a heat rate of 5 K/min using DSC 1
Star® System (Mettler Toledo, Schwerzenbach, Switzerland).
An empty aluminum crucible was used as reference. Care was
taken to assure a uniform contact time between stratum
corneum and formulation and to perform the DSC
measurement immediately after incubation. Up to four
endothermic thermal transitions could be recorded, denoted
as T1-T4, but only the middle transitions (T2 and T3) were
reliable for further interpretation. The transition
temperatures were determined and evaluated using software
STARe DB V9.20.

Statistical Analysis

All data were showed as meanszstandard deviations.
Statistical analysis was performed with the software program
SPSS® v. 17.0. The Kolmogorov—Smirnov test was applied to
assess the normality of the data. Since all data (flux, lag time,
endothermic shifts in DSC measurements) were normally
distributed, F test was performed to examine the variances
between the groups, continued with the Student’s ¢ test (two
tails, a=0.05) for testing the significance of the difference
between the means. The p values of <0.05 and <0.01 were
considered as significant and highly statistically significant,
respectively.

RESULTS
Manufacture and Physicochemical Characterization

The produced five-component systems resulted in a broad
range of consistencies and appearances, from liquid to paste-like
consistencies. The semisolid area of the pseudoternary phase
diagram could be distinguished as cream-, gel-, and paste-like
meanwhile the liquid area included milky/white and transparent
appearances. The liquid formulations could be further charac-
terized as homogeneous and heterogeneous.

As can be seen from Fig. 1(a), the border between the
liquid and semisolid area was mainly determined by IPA/
DMIS content. More than 35% IPA/DMIS resulted in liquid
formulations; except for low POX/MCT, a liquid formulation
was already achieved with 30% IPA/DMIS. In some areas
with POX/MCT<35%, some liquids were heterogeneous. An
area of transparent mixtures, possibly microemulsions, could
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be found within this liquid area as well. Semisolid formula-
tions existed in an area with low content of IPA/DMIS
(<40%), while appearances and consistencies varied. The
consistency rather increased with the increasing amounts of
POX/MCT, whereas the appearances changed from a cream-
like (25-50% POX/MCT) to a highly viscous gel-like (50—
70% POX/MCT) and then paste-like (=70%). The addition
of 2% TBF to these bases extended the liquid area and
transformed some of their appearances, e.g., transparent to
heterogeneous as shown in Fig. 1(b).

Formulations with the ringing effect were located in a
particular area with 30-60% water, 25-50% POX/MCT, and
10-30% IPA/DMIS (Fig. 2(a)). The addition of 2% TBF
shifted this area slightly to the upper level of the phase
diagram, now ranging from 30% to 60% POX/MCT. The
anisotropic formulations could only be found in the area with
a high content of POX/MCT. The addition of 2% TBF also
enlarged the anisotropic area as shown in Fig. 2(b) from
>70% POX/MCT to >60% POX/MCT.

TBF solubility up to 4% was achieved for several
formulations and these formulations resided just next to the
border between semisolid and liquid area (Fig. 3(a)). An
example of insoluble TBF in the formulation examined under
polarizing microscope is shown in Fig. 3(b). Since TBF
solubility up to 4% has already been achieved with the
semisolid formulations, the liquid area (where POX/MCT<
25% and IPA/DMIS>40%) was no longer taken into account
for topical application in this study.

On the other hand, only up to 1% TBF was soluble in
the Basiscreme DAC and an attempt to incorporate more
TBF in Lamisil® Creme up to 1.5% was not successful either.
These results could be used as an orientation to assess TBF’s
thermodynamic activity in the formulations.

Rheometrical Measurements

Several formulations containing TBF from the semisolid
area of the pseudoternary phase diagram were rheometrically
characterized in terms of their complex viscosities and
gelation points. As shown in Fig. 4, TBF had a stronger
influence on gelation points than on complex viscosities. The
incorporation of TBF up to 2% resulted in only slight changes
in complex viscosities. The mean values oscillated with an
upwards trend towards higher POX/MCT contents. A drop in
complex viscosity was observed initially at 3% TBF for the
formulation with a low content of POX/MCT, e.g., P2525 (see
Fig. 4(a)). In contrast, gelation points increased remarkably
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upon TBF addition. The changes were dramatic with increas-
ing POX/MCT. TBF addition from 2% to 3% increased
gelation point temperatures from below 5°C (lower temper-
ature limit applied) to 25°C for P3535, whereas P3030
changed its gelation point only from 8°C to 15°C (Fig. 4(b))
for equal TBF concentrations. A linear correlation between
TBF content and gelation point increase could be drawn for
P3030, but this was not the case for other formulations.
Formulations with higher POX content needed appa-
rently more stress to enable the gelation point detection. All
examined formulations could be tested rheometrically at
shearing stress of 100 Pa, except for the gelation point
detection of P3535. Its gelation point could only be measured
at TBF contents of 3% and 4% under a shearing stress of
200 Pa. Further formulations with even higher POX/MCT
contents (=35%) were no longer measurable, with respect to
gelation points, even with increasing shearing stress up to
400 Pa. Since gelation points of 1P3030, 1P3535 and 2P3535
could not be detected by rheometer within the temperature
range applied (30-5°C), they were not plotted on the graph

(Fig. 4(b)).

In Vitro Permeation Studies Across Human Stratum
Corneum

A formulation containing 1% TBF was chosen, ie.,
1P2525, and its permeation flux across stratum corneum was
compared with Basiscreme DAC and Lamisil® Creme, with
respect to their comparable creamy consistencies. A steady
state could be achieved as shown in Fig. 5 by all formulations
with slight differences in their lag times. The order of the
permeated amounts, as can be seen from Fig. 5, was
1P2525>Lamisil® Creme>Basiscreme DAC. However, all
fluxes were not significantly different (p>0.05). 1P2525 fluxes
were around 1.4-fold higher compared to Lamisil® Creme
and Basiscreme DAC. This was also the case for lag times
where they were comparable (see Fig. 6). A possible effect of
the minor permeation enhancement from 1P2525 on the
microstructure of the stratum corneum was to be studied via
DSC measurements in the next section.

The enhancement factors from formulations with more
than 1% TBF are listed in Table II. Increasing TBF
concentration in the formulation led to an increase in TBF
fluxes. The enhancement factor was significant (p<0.05) for
4P4030 only. In comparison to systems with 1% TBF, the
enhancement factors of 2P2525 and 2P3030 were not
significant due to their high standard deviations.
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Fig. 4. a Complex viscosities and b gelation temperatures of semisolid formulations (n=3). All
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Quantification of TBF Retained in Stratum Corneum

The recovery of TBF extraction process from stratum
corneum was 75%. TBF amount obtained after extraction
from stratum corneum was adjusted according to this
recovery result. The amounts of TBF retained from all
formulations are displayed in Table III. 1P2525 revealed the
highest amount of TBF retained followed by Basiscreme
DAC and Lamisil® Creme. These amounts from 1P2525 and
Basiscreme DAC were both significantly different from
Lamisil® Creme (p<0.01).

TBF Solubility in Aqueous Media

TBEF solubility in water and phosphate buffer pH 5.8 (32°
C) was 0.698% and 1.360%, respectively. TBF solubility in
buffer pH 5.8 was sufficient to maintain the sink condition
during the permeation.

DSC Study

DSC enables the visualization of the microstructural
changes within stratum corneum upon contact with formula-
tion. From Fig. 7(a), it can be seen that every formulation had
its own style in affecting the lipid mobility of the stratum
corneum. 1P2525 showed the weakest transitions, corre-
sponding to the lowest transition enthalpies, ie., T2 and T3
only, while Lamisil® Creme exhibited three transitions (T2-
T4) and Basiscreme DAC exhibited an additional endother-
mic transition at about 45°C belonging to residues of
Basiscreme itself on the stratum corneum. The transitions
were reproducible for every tested formulation with standard
deviations of maximum 1.1°C from triple measurements. The
resume from all transitions shifts can be seen in Fig. 7(b).
Albeit close to the standard deviation, the order for T2 shifts
were 1P2525>Basiscreme DAC>Lamisil® Creme. T3 shifts
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were about the same for 1P2525 and Basiscreme DAC, being
slightly greater than Lamisil® Creme’s T3 shift. T2 and T3
from all examined formulations were not significantly different
from each other (p>0.05).

DISCUSSION
Physicochemical Characterization

From the pseudoternary phase diagram in Fig. 1, it can
be seen that water and IPA/DMIS play an important role
in terms of consistencies and appearances of the formula-
tions. Appearances and consistencies depend on the degree
of POX swelling especially by water, considering that POX
swells better with water than with organic solvents. A lack
of water and an excessive amount of IPA/DMIS led to
heterogeneous systems. On the other hand, TPA/DMIS
enables a complete solubilization of POX and the oily
component (MCT); this was evident from the liquid area
with transparent appearance. An optimum composition of
all components resulted in stable formulations, e.g., cream-like
or milky-white (macro)emulsions.

The enlargement of the liquid area upon addition of 2%
TBF hints at the participation of TBF in POX micellization.
TBF, a lipophilic drug with log P of 3.3, would preferably
reside close to poloxamer hydrophobic part/PPO; any inter-
action with this block will hamper the dehydration process,
the origin of the gelation process (1). As a consequence, the
liquid area was larger compared to that without TBF.

A special feature of the cream-like systems is the
existence of a so-called “ringing effect” which is noticeable
upon an application of slight mechanical agitation. This
phenomenon is however not specific for POX containing
formulations, but mostly occurs in systems of liquid crystalline
cubic phases (34,35) which are highly elastic with shear
modulus between 10* and 10° Pa (36). Nevertheless, shear
moduli of these thermogelling formulations were far too low,
around 10° Pa, so that a further elucidation, e.g., by means of
small angle X-ray diffraction, is needed to confirm this. The
ringing formulations were located in a particular area, and
TBF incorporation moved this area to the upper part only
whilst area broadness remained unchanged.

Compared to formulations containing Miglyol® 840,
Miglyol® 812N did not change the location of the systems
with ringing effect at all, but the anisotropic area became
somewhat narrower (22). The anisotropic area of the drug-
free systems with Miglyol® 840 was observed at IPA/DMIS >
90% and POX/Miglyol® 840>40%, whereas with Miglyol®
812N, the anisotropic area was first observed when POX/
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Fig. 6. Flux and lag time of TBF from different formulations across stratum corneum (n=4-9)
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Table II. TBF Fluxes and Enhancement Factors from Thermogelling
Formulation with TBF of More than 1%

Flux at steady Enhancement

Formulation  [% TBF]  statex10 ' [g/em®s]  factor [fold]
1P2525 1 4.56+0.84
2P2525 2 15.00+£12.60 3.3
1P3030 1 3.38+0.89
2P3030 2 8.11+4.14 2.4
1P4030 1 4.72+0.98
4P4030 4 17.33+2.77 3.7%

*p<0.05, n=3, donor: 55-year-old woman

MCT exceeded 70%. The anisotropic formulations were a
result of POX solubility decrease within the systems; this was
confirmed by the appearance of characteristic POX reflection
in the wide-angle X-ray diffractograms (22). Miglyol® 812N was
apparently able to accommodate POX in the system better than
Miglyol® 840, so that POX solubility in this system was higher.
In this present study, TBF extends the anisotropic area and this
can be explained through the water competition between POX
and TBF, regarding that TBF is partially soluble in water.
Thereafter, POX crystallizes out easier which is the birefringent
under the polarizing microscope.

Rheometrical Studies

TBF showed a stronger influence on the gelation process
than on the complex viscosities of the formulations (at least
up to 2% TBF). The measurement at 32°C guaranteed for the
viscoelastic state needed. However, this temperature was
apparently not appropriate to detect any influence of TBF on
the complex viscosity. Furthermore, all formulations exam-
ined showed gelation temperatures below 32°C; above the
gelation temperature, no sharp change in viscosity can be
observed.

Other substances, which increased POX gelation temper-
ature, have been documented, such as diclofenac, propylene
glycol, sodium dodecyl sulfate, and alcohol, and also vice
versa, substances which decreased it: vitamin B,, sorbitol, 5-
ALA, and NaCl (5,37-39). Those substances can modify
water activity or interact with PPO or PEO block. The
increase in gelation temperature upon TBF incorporation was
however not in line with the expected effect of chlorine salts.
The latter favor gelation due to their salting-out effect (40) or
what has recently been described as water-structure-forming
salts (40-42). Therefore, TBF cation must have a major role
in affecting POX gelation process compared to its chloride

Table III. Amount of TBF Retained in Stratum Corneum

Formulation Amount [pg/cm?]
1P2525 19.83+3.18"
Basiscreme DAC 15.60+2.33%
Lamisil® Creme 8.93+2.11

“Significant compared to Lamisil® (p<0.01), n=3-6; skin donor: 38-
year-old woman
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anion. This phenomenon has also been observed from lithium
chloride (42).

Permeation Studies and Amount of TBF Retained in Stratum
Corneum

TBF was completely soluble in all tested formulations for
the permeation study, including Lamisil® Creme and the
Basiscreme DAC containing 1% drug. 1P2525 contained
more water than Basiscreme DAC (50% vs. 40%), and this
could be an advantage for the permeation. The water content
of Lamisil® Creme is unfortunately not known for comparing
this result, but its fluxes were similar to those from
Basiscreme DAC. Water ability in increasing drug diffusion
across skin has been assigned to its interaction with the polar
head groups of stratum corneum lipid. This interaction
loosens the lipid packing and provides more spaces for
diffusion (43,44).

Up to 2% TBF was dissolved in P2525, meanwhile in the
Basiscreme DAC drug dissolution was only possible up to
1%. This showed that the thermodynamic activity of 1P2525
was actually lower than that in the Basiscreme DAC, while
the drug activity in the Basiscreme DAC was close to
maximum. TBF thermodynamic activity in Lamisil® Creme
was close to maximum as well since the vehicle did not enable
TBF loading up to 1.5%. If the permeation was only
depending on the thermodynamic activity of the formulation,
then Basiscreme DAC and Lamisil® Creme should have
given higher fluxes than 1P2525 did, but this was not the case.
The nature of the vehicle and its interaction with TBF might
thus play also a more important role.

Differences in vehicle nature, tortuosity, and construction
of a gel network will affect TBF binding with the vehicle and
thus its release rate. For example, Gendy et al. (45) found that
flurbiprofen release from carbomer gel was higher than from
poloxamer 407 gel. They suggested that this was due to the
different structures and release mechanisms from both gelling
agents. Despite similar appearances of P2525, Basiscreme DAC,
and Lamisil® Creme, POX vehicle contains more hydrophilic
ingredients than other creams so that TBF binding with this
vehicle is apparently weaker. A strong influence to the skin
lipids such as their fluidization or disruption of lamellar sheets
could enhance drug permeation rate as well and measurements
by means of DSC could help in visualizing this.

Increasing TBF content in the POX formulations led to a
flux increase. 1P2525, 1P3030, and 1P4030 were not yet
saturated with TBF, and higher permeation fluxes were
obtained by increasing TBF amount (see Table II). The
enhancement factors from P4030 and P2525 were almost
similar, although the latter referred to a drug content increase
from 1% to 2%. This could be assigned to the difference in
drug release from the vehicle. The dependency of drug
release on POX concentration has already been reported by
Gilbert et al. (46) where the increase in POX concentration
was followed by the decrease in the apparent diffusion
coefficient (D,pp) of the examined solutes benzoic acid and
p-hydroxybenzoic acid. This was also the case for piroxicam
where its release was dependent on the POX concentration in
the examined gels. The permeation rate of piroxicam across
synthetic cellulose membranes and rat skin decreased as the
concentration of poloxamer increased (47). It has been
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hypothesized that the growth of the micelle size due to the
increase in POX content could reduce the water channels of
the gel matrix. Hence, the tortuosity increases, and this is
followed by D,p, decrease (48). Nevertheless, the drug
release from a POX gel was also determined by the gel
dissolution upon contact with water (49).

In comparison to the flux value achieved for 5-ALA (5)
which was incorporated into P2525 at an amount of 10% (w/
w), the increase in TBF fluxes in the present study was not
pronounced. Compared to Basiscreme DAC, the permeation
enhancement across skin from P2525 was 7.5-fold for 5-ALA
and 1.4-fold for TBF only (with 1% incorporated drug). TBF
possibly resided inside the micelles; meanwhile the hydro-
philic 5-ALA filled the aqueous channels between micelles.
The latter is the region from which the solute is directly
available for release from POX system (46). When TBF is
located inside the micelles, this could enlarge micelle size as
well. As a consequence, drug diffusion decreased due to
similar reasons as explained above.

The lag time exhibited by 1P2525 was not significantly
different from the other non-POX formulations suggesting
that all formulations needed about the same time to penetrate
and permeate across the stratum corneum. Furthermore, this
implies that lag times were quite independent of the
formulation ingredients.

1P2525 showed the highest TBF amount retained in
stratum corneum among all. The order of the TBF retained
corresponded well with their flux order. This result indicated
a higher and a faster drug partition rate from the vehicle of
1P2525 into the stratum corneum.

DSC Studies

Barry (43) mentioned up to four endothermic transitions
T1-T4 observed by means of DSC when stratum corneum is
heated up to 120°C. While T1 (~40°C) and T4 (~100°C) are
unfortunately not always visible, the presence of T2 (~70°C)
and T3 (~85°C) are more reliable. T1 and T4 were found to
be strongly dependent on the skin source and its water
content during measurement (43). The interaction of stratum
corneum with a penetration enhancer loosens its tight micro-

structure, thus the lipid mobility increases. The increase in
lipid mobility aids drug penetration, and higher fluxes are
obtained. The endothermal transition shifts, measured by
means of DSC, due to the increase in lipid fluidity were also
demonstrated by Glombitza and Miiller-Goymann using an in
vitro model of the skin lipid matrix (50).

1P2525 produced the highest endothermic transition
shifts (T2 —6.3°C; T3 —8.5°C) and the lowest enthalpy of the
stratum corneum lipid matrix compared to other formula-
tions. Although the difference was not statistically significant,
the most negative enthalpy produced by 1P2525 indicated a
relative stronger influence of the vehicle to the stratum
corneum towards an increase in lipid fluidity. This influence
was comparable for Basiscreme DAC and Lamisil® Creme.
An additional endothermic peak given by Basiscreme DAC
at 45°C resulted from one of the vehicle components since T1
happened earlier at about 37°C (44) whereas three endother-
mic peaks exhibited by Lamisil® Creme were consecutive
peaks of T2-T4. Comparing both, Basiscreme DAC is
relatively more effective in disrupting the stratum corneum
lipid than the commercial formulation although their TBF
permeation fluxes were in the same order of magnitude.
According to the DSC results, the interaction between POX
vehicle and stratum corneum matrix was not powerful enough
in explaining TBF higher permeation rate, especially towards
higher content in the formulations (>1%). Therefore, we
suggest that the nature and the microstructure of the
thermogelling formulation play an important role in enhanc-
ing TBF permeation rate across stratum corneum despite its
low thermodynamic activity in the vehicle.

Referring to the previous work of Griining and Miiller-
Goymann (5), DSC measurements following stratum cor-
neum treatment with P2525 containing 5-ALA, the decreases
of the endothermic shifts T2 and T3 were greater than those
from Basiscreme DAC (i.e., 4.6°C and 4.3°C for P2525 vs.
2.0°C and 0.2°C for Basiscreme DAC). The incorporation of
a lipophilic drug into the thermogelling vehicle modifies
apparently the vehicle ability in interacting with the skin lipid
matrix. The thermodynamic activity of 5-ALA 1in this vehicle
has not been determined due to its high aqueous solubility,
but it was evident that the vehicle interaction with skin lipid
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matrix played an important role for 5-ALA remarkable
penetration enhancement.

CONCLUSION

Poloxamer 407-based thermogelling formulation shows
advantages to some extent as a vehicle for topical admin-
istration of TBF. By varying the composition of the ingre-
dients, appearance and consistency of the formulation can be
modified and adjusted to the therapy needs. In contrast to
5-ALA, the lipophilic nature of TBF apparently hampers its
permeation across stratum corneum. DSC study disclosed
that the permeation enhancement from the poloxamer-based
formulation was not due to its significant interaction with the
skin lipid matrix but originated rather from the physicochemical
nature of the vehicle.
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