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Abstract

On the basis of Pluronic® P104 as primary emulsifier and Lauroglycol® 90 as amphiphilic oil phase, two nanoemulsion systems were developed
with Pluronic® L62 or L81 as secondary emulsifiers. The possible nanoemulsion region of combinations of these excipients was described in ternary
phase diagrams. Three formulations were selected from the nanoemulsion region and their potential impact on oral absorption was examined in
the Caco-2 monolayer model of the small intestine. The apparent permeability of the BCS class III compound Atenolol was enhanced 2.5-fold, of
BCS class I compound Danazol 3.2-fold and of BCS class I compound Metoprolol 1.4-fold. The three formulations were very well tolerated by
the Caco-2 cells, which was confirmed by TEER measurements, a MTT test and a LDH release test.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Nano- and microemulsions can be excellent vehicles for the
oral delivery of poorly permeable and/or highly lipophilic drugs
since they can be manufactured from excipients that have solubi-
lizing or even permeation enhancing properties. Oral nanoemul-
sions, which are understood in this article as emulsion droplets
of a size below 150 nm, are almost exclusively from the o/w
type. Similar to ordinary emulsions, they promote enhanced
gastrointestinal absorption and reduced inter- and intraindivid-
ual variability for a variety of drugs. Additionally, due to their
very large interfacial area, they exhibit excellent drug release
properties. Furthermore, nanoemulsions may offer a certain
degree of protection against degradation or may improve dif-
ficult organoleptic properties of the active (Eccleston, 2002).
Some nanoemulsions tend to self-emulsify in aqueous media,
which makes them interesting for oral formulations. The self-
emulsifying formulations can be administered as water-free
preconcentrates that in situ form nanoemulsions in the fluids
of the gastrointestinal tract. The preconcentrate can be easily
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manufactured at any scale and filled into softgels or sealable
hard gelatine capsules. Another use of nanoemulsion preconcen-
trates can be found in early drug development. Nowadays, many
new drug candidates show poor aqueous solubility (Strickley,
2004). They need to be solubilized in order to characterize their
intestinal permeability. This task can be accomplished very well
by nanoemulsion preconcentrates, if a good tolerability of the
excipients in in vitro cell cultures like Caco-2, test animals and
finally humans is assured.

Pluronics® are class of non-ionic surfactants that are well
known for their very low toxicity, as shown on the example of
Poloxamer 188 for injectables (e.g. Orringer et al., 2001)
and ophthalmic solutions (e.g. Neosporin®, MedlinePlus
website). The Pluronics®, also known as poloxamers, are tri-
block copolymers of poly(oxyethylene)—poly(oxypropylene)—
poly(oxyethylene) [(EO),(PO),(EO),]. They are used as solubi-
lizers, wetting agents, emulsifiers for microemulsions (Varshney
et al., 2004; Siebenbrodt and Keipert, 1993) and as microcon-
tainer for drugs after micellization (Kataoka et al., 1993). It has
been demonstrated that Pluronics® may influence the carrier-
mediated transport of drugs, depending on their structural com-
position (Batrakova et al., 2003). This effect might be advan-
tageous for the treatment of drug-resistant tumors as well as to
enhance the oral bioavailability of actives (Kabanov et al., 2002).
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It was the aim of this study to:

1. Manufacture nanoemulsion formulations based on Pluronic®
P104, L62 and L81.

2. Investigate their effects on the passive transport of a BCS
class I, IT and III substance each.

Atenolol was selected as model compound for paracellulary
transported drugs. Atenolol is a highly water soluble drug with
a clog P of —0.1, a molecular weight (M) of 266 Da, present-
ing in its molecular structure five H-bond acceptors and three
H-bond donors and a polar surface area (PSA) of 95 (Vieth et al.,
2004). Due to its high water solubility, the interaction with cellu-
lar membranes is limited, making it a class III drug (Vogelpoel
et al., 2003) according to the Biopharmaceutics Classification
System (BCS).

Metoprolol was chosen as model drug for transcellular dif-
fusion, being the most common route of intestinal absorption.
It has a clog P of 1.4, a M of 287 Da, four H-bond acceptors
and two H-bond donors in its structure and a PSA of 60 (Vieth
et al., 2004). Its higher lipophilicity, compared with Atenolol,
facilitates membrane interactions. Metoprolol is classified as a
BCS class I drug (Kasim et al., 2004).

Finally, Danazol was selected as model for BCS class II com-
pounds (Dressman and Reppas, 2000), which have poor aqueous
solubility but good membrane permeability. It has a clog P of
3.9, a M of 338 Da, three H-bond acceptors and one H-bond
donor and a PSA of 49 (Vieth et al., 2004). Applying Lipinski’s
Rule of Five (Lipinski et al., 1997), this drug has no membrane
permeation problem, its fraction absorbed will be mainly lim-
ited by its poor solubility. In contrast to Atenolol and Metoprolol,
Danazol should therefore benefit the most from solubilizing for-
mulations.

2. Materials and methods
2.1. Nanoemulsion excipients

Pluronic® P104 (HLB 13, pasty at 20 °C, av. Myej: 5900 Da),
Pluronic® L62 (HLB 7, liquid at 20°C, av. My: 2500 Da)
and Pluronic® L81 (HLB 2, liquid at 20 °C, av. M¢): 2750 Da)
(BASF website, 2006) were a gift of BASF AG (Ludwigshafen,
Germany). Transcutol® HP (liquid at 20 °C, My: 134 Da) and
Lauroglykol® 90 (liquid at 20 °C, Me|: 261 Da) were obtained
as samples from Gattefossé (Weil-am-Rhein, Germany).

2.2. Drugs

Atenolol, Metoprolol tartrate and Danazol were obtained
from Sigma Aldrich GmbH (Schnelldorf, Germany).

2.3. Caco-2 experiments

Caco-2 is a human adenocarcinoma cell line derived from
colon. The experiments were carried out with Caco-2 tissue
culture ACC 169, obtained from the DSMZ being the Ger-
man Collection of Human and Animal Cell Cultures (Braun-

schweig, Germany). Passage numbers 42-57 were used. Cells
were seeded at a starting concentration of 100,000 cells/cm?
and cultured for 21-28 days on Transwells No. 3460 from
Corning Costar Co. (Cambridge, USA). The culture medium
consisted of Dulbecco’s Modified Eagle’s Medium, contain-
ing 3.7 g/l sodium hydrogen carbonate and 4.5 g/L. D-glucose
and was supplemented with 100 U/mL penicillin, 100 wg/mL
streptomycin, 1% NEAA (non-essential amino acids), 2 mM
glutamine and 10% fetal calf serum. All media components were
purchased from Biochrom KG (Berlin, Germany). The medium
was exchanged every second day. The cells were kept in an incu-
bator at 37 °C and 90% relative humidity, supplied with 5% CO,.
During the experiment a HEPES—carbonate buffer at pH 7.2 was
used as transport medium. Samples were drawn from the apical
compartment (0.1 mL) at start and end of the experiment and
from the basolateral compartment (1.0 mL) at 15, 30, 60, 90 and
120 min.

The samples were analyzed using HPLC, consisting of a
Waters W717 autosampler together with a W474 fluorescence
detector at excitation/emission wavelengths of 230/300 nm
for Atenolol and Metoprolol and a W2996 PDA detector at
287 nm for Danazol. The data examination was performed using
Millennium™ software. A Phenomenex Sphereclone® C6 col-
umn, 5 um, 150 mm x 4.6 mm was used to analyze Atenolol
and Metoprolol. The eluent consisted of 0.5M KH>PO4
buffer/acetonitrile 87/13 (v/v) with 0.1% acetic acid at a flow
rate of 1.5 mL/min.

For Danazol a Waters Symmetry® C18 column (3.5 wm,
150 mm x 4.6 mm) was applied with an eluent consisting of
acetonitrile/purified water 60/40 (v/v). The flow was set to
1.5 mL/min.

Apparent permeabilities (Pypp) were calculated according to
the following equation (Chen et al., 2002):

AQ/At
Pare = 60 % Aco %
where AQ is the cumulative drug amount (g); At the sampling
time (min), A the transwell area (cm?); ¢ is the drug starting
concentration ( g/cm3).

2.4. Cell viability and monolayer integrity

Monolayer integrity was controlled by TEER measurements
using an Ohmmeter and cell viability by a MTT test and a
Cytotox96® assay from Promega (Mannheim, Germany). While
the MTT test checks for mitochondrial dehydrogenase activity
in living cells, the Cytotox96® assay reacts with lactate dehy-
drogenase (LDH) released from dead cells.

The Cytotox96® assay had to be adapted from 96- to 12-well
inserts in the following way: 50 pL of each testing solution
were transferred to a 96-well plate to calculate the background
at the beginning of the experiment. Fifty microliters were
removed apically from each test- and control-well after the
end of the experiment. The control was used to calculate the
spontaneous LDH release during the experiment. The control
wells were emptied and 100 wL of lysis-solution (supplied
in kit) were added, followed by 400 uL transport buffer to
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adjust the volume. The control wells were incubated for
45 min, afterwards 50 pL samples were drawn to calculate the
maximum LDH release. All 50 pL samples were spiked with
50 pL substrate-mix (supplied in kit) and incubated for 30 min.
The conversion of a tetrazolium salt into a red formazan dye
was stopped by addition of 50 pL stop-solution (supplied in
kit). The plate was measured with a standard VIS-plate reader
at 490 nm.

Results were calculated using the following equation
(adapted from Promega, 2006):

cytotoxicity (%)

_ (testwell — background — spontaneous) x 100

@

maximum release + spontaneous

Monolayer integrity was controlled by TEER measurements
using an Millicell-ERS® ohmmeter from Millipore (Billerica,
USA) equipped with a chopstick electrode.

Cell viability was monitored by a MTT test utilizing the
Biochrom-Alphakit from Biochrom (Berlin, Germany), which
was adapted to match the well size as follows.

After end of the experiment, all wells were washed twice
with phosphate buffered solution (PBS) and culture medium
was added, then the cells were incubated for 12 h. The medium
was washed off twice and 250 p.L. of MTT-solution (5 mg/mL)
were added followed by an incubation of 2h. The wells were
washed twice and were allowed to dry for 2h. The blue for-
mazane crystals were dissolved in 500 pL ethanol/hydrochloric
acid (99/1, v/v), transferred to a 96-well plate and measured with
a VIS-plate reader at 570 nm.

2.5. Evaluation of self-emulsifying properties

The influence of separate components on self-emulsification
was judged according to the following method. Four mixtures,
containing Lauroglycol®:Pluronic® L62 or L81 in ratios 3:1,
2:1, 1:2 and 1:3 were prepared. An amount of 200 mg was
dripped cautiously in a vessel containing 20 mL of purified water
each. The vessels were left for 5 min without stirring. After-
wards, the turbidity resulting from emulsification was judged
visually.

PRIMARY
EMULSIFIER

(A) WATER

xx mL WATER = 250 mL gastric fluid

2.6. Ternary phase diagrams

Mixtures of the pasty primary emulsifier (P104) and
ethanol/Transcutol® were prepared at ratios of 4.6:1:1.5 (L81
diagram) and 4.6:0.8:1 (L62 diagram) to gain pipettable
surfactant solutions. Varying amounts of these solutions, a
secondary emulsifier (Pluronic® L62 or L81) and Lauroglycol®
90 were mixed until a homogeneous phase was obtained. The
final formulations (100 mg) were diluted with purified water to
25 mL in volumetric flasks, gently shaken by hand and allowed
to equilibrate at room temperature for 45 min. The resulting
emulsions were evaluated by visual observation and PCS mea-
surement. The nanoemulsion region, including micelles, mixed
micelles and swollen micelles, was defined as a system, which
appeared transparent or translucent and showed particle sizes
below 150 nm. Emulsions were cloudy white and displayed a
particle size above 150 nm. The set-up of the ternary diagrams
was changed to suite the requirements of oral formulation devel-
opment. Usually, the phases depicted in each corner are primary
emulsifier/oil/water. This set-up is practical for technical appli-
cations, e.g. lubricant development or for topical application
development, to take an example from the pharmaceutical field.
In peroral drug delivery, the relation of summed up primary
emulsifier/oil to water is outbalanced to the waterside. On the
one hand, the amount of preconcentrate deliverable in a capsule
is roughly 1.0 g only. On the other hand, even in the fasted stom-
ach, there are about 50-100 mL of gastric fluid (Abrahamsson
and Lennernis, 2003), the intake of water to aid swallowing of
the capsule adds another 150-200 mL. So the area of interest
(200-250 mL) is in the far corner of the water phase, close to
100% water. Furthermore, oral micro- and nanoemulsions usu-
ally comprise one or even more secondary emulsifiers, cosurfac-
tants or solubilizers. The formulator is interested in the possible
design space of these components, because they contribute to
the overall loading capacity for drugs, have an influence on self-
emulsifying properties of the preconcentrate and on surface rhe-
ological properties of nanoemulsion droplets that control drug
release. Since there is no necessity to discuss water/formulation
ratios for oral preconcentrate delivery in a ternary phase
diagram, the volume of water was set constant to 250 mL. This
corresponds with the volume proposed in the Guidance for
Industry (FDA/CDER, 2000), in which a drug should completely

PRIMARY
EMULSIFIER

oIl
PHASE SECONDARY
(B) EMULSIFIER

Fig. 1. Conversion of a standard ternary phase diagram (A) to a diagram suitable for oral formulation development of preconcentrates (B). The ring marks the area
of interest due to dilution in a constant amount of e.g. gastric fluid. Influence of a secondary emulsifier becomes viewable in (B) by setting the water phase constant.
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dissolve to be regarded as highly soluble. Instead of the water
phase, the third phase now depicts the amount of a secondary
emulsifier. The changes made to the diagram are also illustrated
in Fig. 1.

2.7. Particle size measurement

The mean volume diameter of the nanoemulsion was deter-
mined by photon correlation spectroscopy (PCS), also known as
dynamic light scattering (DLS), using Malvern Zetasizer Nano
7ZS (Malvern, UK). This instrument is able to measure sizes
between 0.6 nm and 6 wm. The Zetasizer utilizes a 633 nm laser
detecting scattered light at an angle of 173°. All measurements
were performed at 25 °C in triplicate, each consisting of 14-20
runs.

3. Results

3.1. Influence of formulation components on mean volume
particle diameter

To fill the grid of the ternary diagram, several formulations
were prepared according to the method described under Section
2.6. Their compositions and resulting particle sizes can be seen
in Table 1; working with Pluronic® L62 as secondary emulsifier,
and Table 2 with Pluronic® L81. The ternary phase diagrams
(Figs. 2 and 3) for the investigated formulations show that an
increase in the primary emulsifier Pluronic® P104 leads to a
decrease in particle size and to nanosized emulsions whereas
raising the content of Lauroglycol® 90 results in an increasing
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Table 1
Effect of formulation main components with Pluronic® 162 as a secondary
emulsifier on the nanoemulsion mean droplet diameter in water

Formulations Components (%, w/w) Particle size
(nm)
Pluronic® Pluronic® Lauro- Mean S.D.
P104 L62 glycol®
1 100.0 - - 44 0.6
2 86.5 13.5 - 4.3 0.6
3 74.1 25.9 - 3.8 0.6
4 62.5 37.5 - 3.6 0.4
5 51.9 48.1 - 40 06
6 41.8 58.2 - 3.8 0.5
7 324 67.6 - 3.1 0.4
8 23.5 76.5 - 30 05
9 15.2 84.8 - 30 0.5
10 74 92.6 - 2.8 0.3
11 - 100.0 - 2.8 0.2
12 (formulation A) 85.1 - 14.9 17.6 32
13 74.2 - 25.8 107.0 439
14 74.1 11.5 144 17.1 7.7
15 64.8 10.1 25.1 66.9 21.5
16 63.8 22.2 14.0 17.9 6.6
17 (formulation C)  56.0 19.5 24.4 485 205
18 53.9 32.3 13.8 18.0 3.6
19 45.1 41.9 13.0 18.8 3.7
20 36.5 50.8 12.7 19.8 49
21 28.4 59.3 12.3 22.1 6.1
22 20.7 67.4 11.9 30.1 9.96
23 13.4 74.8 11.7 40.7  21.1

S.D., standard deviation of three measurements (assumed Gaussian distribution).

Pluronic® P104
100 %

a .‘FO F

RM:C ./
C

Lauroglycol®
100 %

90 80 70 60

Pluronic® L62
100 %

Fig. 2. Ternary phase diagram (wt.%) of compositions consisting of Pluronic® P104 as primary emulsifier, Lauroglycol® 90 as amphiphilic oil and Pluronic® L62
as secondary emulsifier in water. ((J) Nanoemulsion; (A) macroemulsion; () compositions tested in Caco-2. Numbers are mean volume diameters from PCS

measurements.
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Table 2

Effect of formulation main components with Pluronic® L81 as a secondary emulsifier on the nanoemulsion mean droplet diameter in water

Formulations Components (%, W/w)

Particle size (nm)

Pluronic® P104 Pluronic® L81 Lauroglycol® Mean S.D.
1 100.0 - - 42 0.6
2 85.4 14.6 - 32 0.4
3 72.1 279 - 3.62 0.7
4 (formulation A) 839 - 16.1 17.8 3.49
5 72.4 - 27.6 135.0 56.0
6 722 124 154 20.1 4.75
7 (formulation B) 61.5 23.7 14.8 23.2 5.73
8 71.0 11.0 18.0 35.7/107.0 6.36/33.1

S.D., standard deviation of three measurements (assumed Gaussian distribution).

size (Tables 1 and 2) and in a broader size distribution. The
choice of the secondary emulsifier has an influence on the exten-
sion of the nanoemulsion region, which is broader using the more
hydrophilic Pluronic® L62 (HLB 7) instead of the lipophilic
L81 (HLB 2). Both Pluronic® L104 and L62 are hydrophilic
enough to form very small swollen micelles (4 nm) without the
aid of each other (formulations 1 and 11 in Table 1). Pluronic®
L81 and Lauroglycol® can be applied to a maximum of 30%,
with L81 still producing very small mixed micelles (formulation
3, Table 2) with a narrow distribution while Lauroglycol®
micelles become rapidly larger (formulation 5, Table 2).

3.2. Formulation selection and preparation for in vitro
experiments

From the nanoemulsion region lined out in the ternary phase
diagrams, three nanoemulsion systems, one for each secondary

emulsifier (formulations B and C) and one without them (formu-
lation A), were selected for evaluation in Caco-2 experiments.
The selection aimed at choosing the nanoemulsion formulations
with the best self-emulsifying property since this would be a
prerequisite for peroral application of preconcentrates in later
use.

For formulation A, there was a choice between formulation 12
and 13 (Table 1) corresponding to formulations 4 and 5 (Table 2),
respectively. Two hundred milligrams of each formulation were
dripped cautiously in a vessel containing 20 mL of purified water
each. The vessels were left for 5min without stirring. After-
wards, the turbidity resulting from emulsification was judged
visually. Formulation 12 (Table 1) corresponding to formula-
tion 4 (Table 2) were found to disperse more readily and were,
therefore, selected as formulation A.

Self-emulsification of formulations containing Pluronic
L62 and L81 was jugded according to the method described

®

Pluronic® p104

100%

Lauroglycol® 90 80 70 60 50

100 %

40 30 20

10 pluronic® L81

Fig. 3. Ternary phase diagram (wt.%) of compositions consisting of Pluronic® P104 as primary emulsifier, Lauroglycol® 90 as amphiphilic oil and Pluronic® L81
as secondary emulsifier in water. ((J) Nanoemulsion; (A) macroemulsion; () compositions tested in Caco-2. Numbers are mean volume diameters from PCS

measurements.
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Table 3

Composition of preconcentrates examined in the Caco-2 experiment and their ratios according to the ternary phase diagrams

Formulation Components (%, w/w)

Ethanol Lauroglycol® 90 Transcutol® HP Pluronic® P104 Pluronic® L81 Pluronic® L62
Formulation A 16.4 8.0 30.2 454 - -
Ratio - 15 - 85 - -
Formulation B 10.4 12.2 14.9 45.6 16.9 -
Ratio - 16 - 61 22 -
Formulation C 9.3 17.8 9.9 44.8 - 18.2
Ratio - 22 - 55.5 - 22.5

under Section 2.5. The two vessels containing a higher amount
of Lauroglycol® showed self-emulsification by turning cloudy
white, while the other two, containing a higher amount of
Pluronic® L62 or L81, remained clear with a large, separate
phase of surfactants at the bottom. Formulations 7 and 8 (Table 2,
L81)and 15 and 17 (Table 1, L62) contained the highest possible
fractions of Lauroglycol®. Formulation 8 was discarded since
it already started to show polydispersity. Therefore, formula-
tion 7 was chosen as formulation B. Formulation 17 produced a
smaller droplet size than 15 and was selected as formulation C.

To decide on the influence of L81 and L62 in the Caco-2
experiment, the concentration of Pluronic® P104 was kept con-
stant at approximately 46%. The resulting three compositions
are listed in Table 3. The droplet size distribution of formula-
tions A—C as obtained from PCS measurements can be seen in
Fig. 4, showing that all are within the nanoemulsion range.

At first, a premix of the pastous P104 with ethanol and
Transcutol® was prepared to gain a pipettable solution. Then,
all components were simply mixed with a lab shaker. Amounts
of 0.4mg of Atenolol, Metoprolol tartrate and Danazol were
dissolved in 400 mg of formulations A—C, then 100 mL of trans-
port medium were added and put on a magnetic stirrer until
a homogenous nanoemulsion had formed. About 0.6 mL were
applied apically, leaving 0.5 mL during the permeation experi-
ment after the initial starting concentration sample was taken.

Table 4

3.3. In vitro permeation experiments

Atenolol absorptive transport was significantly enhanced by
compositions formulations A and B, P,,, was increased 2.1-
and 2.5-fold relative to control. Formulation C also improved
permeation but the effect was too low to be regarded as sig-
nificant (p <0.05). Metoprolol is per se transported well via
the transcellular route. All three formulations slightly, how-
ever statistically significantly, increased the already high per-
meation rate by factors 1.4, 1.2 and 1.1 (formulations A-C)
relative to control. The lipophilic drug Danazol benefited the
most from formulation A (factor 3.2), followed by formula-
tion B (factor 2.0) and formulation C (factor 1.7). The actual
apparent permeabilities and their standard deviations are given in
Table 4.

3.4. Cell viability and monolayer integrity

On the one hand, TEER measurements are an indicator
of physical damage to the monolayer during the experiment,
which can be caused for example through contact of pipette
tips with the membrane. On the other hand, components of
the test solution that are cytotoxic or interfere with cellular
adhesion, e.g. by forming complexes with Ca>* or Mg?*, also
cause a reduction of TEER. Therefore, a TEER reduction

Influence of selected formulations on apparent permeabilities (P,pp) of three different drugs

Drug Formulation Pypp £8.D. (nm/s) Total drug recovery® (%) Enhancement factor?
Atenolol Formulation A 263" + 3.1 102.4 2.1
Formulation B 31.6" +£ 5.9 107.6 2.5
Formulation C 159+ 19 105.8 -
Control 12.8 + 3.6 102.3 -
Metoprolol Formulation A 335.3" £+ 19.7 106.8 1.4
Formulation B 289.3" + 3.7 108.7 1.2
Formulation C 256.6" + 11.0 100.8 1.1
Control 232.5 £ 19.5 101.9 -
Danazol Formulation A 225"+ 13 103.6 3.2
Formulation B 140" £+ 1.6 102.6 2.0
Formulation C 11.8" + 0.9 104.0 1.7
Control 7.1 +£23 120.1 -

Each value represents the mean =+ S.D. of three experiments (formulations) or nine experiments (control). Asterisks (*) indicate a significant difference from control

at p<0.05 (Welch’s r-test, assumed Gaussian distribution).

4 Sum of acceptor compartments and donor compartment after 120 min relative to starting concentration.

b Enhancement factor = Pypp (formulation)/Pypp (control).
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Fig. 4. Droplet size distribution by volume obtained from photon correlation spectroscopy at 25 °C of three formulations A—C applied in the in vitro test (depicted

are three measurements per formulation, each consisted of 14—20 runs).

throughout all samples would denote a severe interaction of
the test solution with the cells. All three formulations did not
provoke a significant (p <0.05) reduction of TEER, relative to
control. See Table 5 for results.

TEER measurements can only be a rough indicator of cyto-
toxic effects, since they would not include damage caused to the
membranes of individual cells. Measuring the LDH release from
cytosol into the transport medium is an appropriate test method
to detect the leaking of cells. The amount of LDH determined in
all three test solutions at the end of the experiment was similar
to the amount measured in the control solution, being within the
standard deviation of control. The results are also given in detail
in Table 5.

Finally, cytotoxic effects of the formulation can also be mon-
itored by measuring mitochondrial activity after a 24 h reincuba-
tion of the wells. Damaged cells would show no or only reduced
recovery during this time. All three formulations showed com-

Table 5

Cell viability and monolayer integrity after 2 h application of test compositions,
results of three different test methods

Formulation Method
TEER MTT assay (%) LDH release
reduction (%) assay (%)
Formulation A 6.7 3.5 14
Formulation B —-1.2 0.1 -0.5
Formulation C 9.6 —-1.3 -04
Control 0.0 0.0 0.0

All values are % relative to control and were calculated on the basis of at least
n=3. Asterisks (*) indicate a significant difference from control at p<0.05
(Welch’s t-test, assumed Gaussian distribution).
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parable mitochondrial activity to that of control, indicating a
complete recovery. Also see Table 5 for results.

4. Discussion

In all three formulations tested, the amount of the primary
emulsifier P104 is high, namely approximately 45% (w/w). This
amount is needed to form stable droplets in the high aqueous
dilutions that would arise in the proposed oral use. The result-
ing droplet size is small, being always below 150 nm. Droplets
at this size are regarded as swollen micelles (Eccleston, 2002).
The small micellar size is supposed to be advantageous since
partitioning of drugs into the aqueous phase is more likely due
to a maximized interfacial area and a high droplet curvature. But
besides micellar size there are also other factors that control drug
release. The surface rheological properties are of specific impor-
tance, since they influence the diffusion of the active through
direct interactions. This is because drugs, especially in their ion-
ized forms, are surface-active as well and can also become part
of the interface. On the one hand, a high fluidity of the sur-
factant layer facilitates diffusion of actives out of the micelle.
On the other hand, it can increase the risk of Ostwald ripen-
ing (Sarker, 2005). The fluidity can be raised by the addition of
short chain alcohols like ethanol or Transcutol®. These compo-
nents are also known to reduce o/w micellar size due to swelling
of head regions and allow for spontaneous micellar formation
(Fletcher and Parrott, 1988).

Looking at the composition of the three nanoemulsions tested
in Caco-2, one could derive a trend towards formulation A being
the strongest enhancing formulation and also containing the
highest amounts of ethanol and Transcutol®. Regarding ethanol,
the effect on Caco-2 permeability is discussed controversially.
One group (Rao, 1998) found no effect on paracellular perme-
ability of [2-(3)H]mannitol for concentrations up to 900 mM,
being approximately 4% (w/v). Another group (Ma et al., 1999)
reported a linearly dose-dependent increase of paracellular per-
meability at non-cytotoxic concentrations between 0 and 10%
(w/v). Looking at Transcutol®, a doubling of Papp was mea-
sured for transcellulary transported Propanolol and paracellulary
transported Nadolol at a concentration of 10% (Takahashi et al.,
2004). Formulation A, containing the highest concentrations of
ethanol (0.07%) and Transcutol® (0.12%) of all three formu-
lations, has a stronger effect on permeability than reported in
literature although the concentrations of both solubilizers are
considerably lower. It can be concluded that the solubilizers
are not primarily responsible for the permeability enhancement,
although they might contribute to the effect. The permeation
differences between the formulations are more likely based on
different partition coefficients, surface rheology and fluidity of
the interface and cannot be attributed to the presence of single
formulation components. Especially, the determination of the
partition coefficient of drugs in nanoemulsions (Sarker et al.,
1996) is difficult to accomplish and outside the scope of this
work.

In summary, three nanoemulsion systems based on differ-
ent Pluronics® have been found that can be used to solubi-
lize lipophilic drugs. It has been discovered that the formula-

tions have an active influence on intestinal permeation of both
transcellulary and paracellulary transported drugs. They could,
therefore, find their use for actives with either low solubility or
low permeability or a combination of both problems (BCS class
II, IIT and IV substances). Furthermore, since the Pluronics®
are known to inhibit P-gp-mediated drug efflux (Batrakova et
al., 1998), they might also be used in formulations of actively
effluxed drugs like many cytostatics. Since the three formula-
tions also showed no cytotoxicity, they could find their use in
early formulation, e.g. dose escalation studies, especially for
substances that could otherwise not be tested with in vitro/in
vivo methods due to their low solubility.
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