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Purpose. To investigate the impact of lipidic formulation type on
in vitro dispersion and digestion properties and the relationship to
oral bioavailability, using danazol as a model lipophilic poorly water-
soluble drug.
Methods. Three lipid-based danazol formulations [a long-chain triglyc-
eride solution (LCT-solution) and self-microemulsifying drug delivery
systems (SMEDDS) based on long-chain (C18) lipids (LC-SMEDDS)
and medium-chain (C8–C10) lipids (MC-SMEDDS)] were adminis-
tered to fasted beagle dogs and compared with a micronized danazol
formulation administered postprandially and in the fasted state. In vitro
dispersion and particle size data for the two SMEDDS were com-
pared, and the distribution/solubilization patterns of danazol across
the various phases produced during in vitro digestion quantified.
Results. The LCT-solution and LC-SMEDDS formulations signifi-
cantly enhanced the oral bioavailability of danazol when compared to
fasted administration of the powder formulation. In contrast, and
despite displaying excellent dispersion properties, the MC-SMEDDS
resulted in little enhancement in danazol bioavailability. In support
of the in vivo findings, in vitro digestion of the medium-chain formu-
lation resulted in significant drug precipitation when compared with
the long-chain lipid formulations.
Conclusions. Digestion of microemulsion preconcentrate formula-
tions based on medium-chain lipids may limit in vivo utility when
compared with similar formulations based on long chain lipids.

KEY WORDS: absorption bioavailability; dispersion; lipid-based
drug delivery; lipid digestion; poorly water-soluble drugs.

INTRODUCTION

Lipid-based formulations may significantly enhance the
oral bioavailability of poorly water-soluble drug molecules
(1,2). Although an overall rationale for such enhancement has
not been forthcoming, it is generally thought to stem from an
increase in in vivo dissolution. More specifically, the increase

in dissolution rate results from the administration of drug in a
predissolved state (typically in a lipid microenvironment, such
as a lipid solution, emulsion, or microemulsion), thereby re-
ducing the energy associated with a solid-liquid phase transi-
tion, and from increased drug solubilization in the colloidal
structures that are produced by the interaction of the formu-
lation and its digestion products with endogenous biliary am-
phiphiles such as bile salts and phospholipids (3,4).

Most recently, there has been an increasing focus on the
utility of lipidic microemulsion formulations, or more cor-
rectly, microemulsion precursor solutions, that consist of an
isotropic mixture of drug, lipid, surfactant, and typically a
co-surfactant or co-solvent. When exposed to the fluids of the
gastrointestinal (GI) tract, these precursor solutions sponta-
neously emulsify to form highly dispersed microemulsions
(5,6). These dispersions commonly exhibit particle sizes be-
low 100 nm and have been shown to enhance the oral bio-
availability of lipophilic drugs such as cyclosporine (7), halo-
fantrine (8), ontazolast (9), and progesterone (2). The ease of
dispersion and the very small particle size of the resultant
colloidal microemulsion have historically been viewed as the
principal reasons for their utility in the delivery of lipophilic
drugs (10). Consequently, most of the commercially available
lipidic formulations are complex mixtures of lipids, surfac-
tants, and co-solvents/co-surfactants constructed to both im-
prove drug solubility in the formulation (and therefore in-
crease drug payload) and also to maximize dispersion of the
dose form on exposure of the capsule fill to the GI contents.
The design, development, and testing of these formulations
are often based entirely on these formulation end-points—
namely drug solubility in the dose form and rapid and com-
plete dispersion in a simple in vitro dispersion test (commonly
coupled with a particle size measurement to define the result-
ing dispersion).

In a series of previous publications, we have examined
the factors that affect the solubilization of poorly water-
soluble drug molecules after co-administration with lipidic
vehicles using an in vitro lipid digestion model (11–13). These
studies demonstrated that in vitro digestion models, which
include an ultracentrifugation step to separate the digest into
an aqueous dispersed phase (from where drug absorption
most likely occurs), a pellet phase, and an undigested/undis-
persed lipid phase, are a useful tool with which to predict the
likely pattern of drug solubilization in vivo. An important
aspect of these previous studies was the understanding that
administration of lipophilic drugs in combination with triglyc-
erides composed of medium chain (C8–C10) length lipids, may
provide less suitable solubilization conditions because the di-
gestion of these triglycerides leads to the production of me-
dium-chain fatty acids and monoglycerides, the capacity of
which to swell biliary micellar structures is considerably re-
duced when compared with longer chain (C14–C18) lipids
(3,13). However, analogous studies into the effects of diges-
tion on more complex self-microemulsifying systems and the
potential ramification of the digestion of these systems on
drug solubilization and oral bioavailability have not previ-
ously been described (14).

In the current study, microemulsion preconcentrate for-
mulations of the poorly water-soluble steroid, danazol [log
P � 4.53 (15)] (Fig. 1), constructed using both long- and
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medium-chain lipids, have been evaluated in vitro using both
simple dispersion tests and the recently described lipid diges-
tion protocol (16). The bioavailability of danazol after oral
administration of the microemulsion preconcentrate formu-
lations to beagle dogs has also been assessed and the in vitro
and in vivo end-points compared. Danazol was also adminis-
tered as a simple micronized powder formulation in both the
fasted and postprandial states as a negative and positive con-
trol, respectively. The current data show the importance of
appreciation of the impact of digestion on the solubilization
capacity of lipidic formulations, including microemulsion
formulations, in vivo, and provide further evidence for cau-
tion in the use of medium-chain lipids in digestible lipidic
formulations.

MATERIALS AND METHODS

Materials

Danazol (pregna-2,4-dien-20-yno[2,3-d]isoxazol-17-ol)
was kindly supplied by Sterling Pharmaceuticals (Sydney,
Australia). Diazepam was from Alphapharm (Glebe, Sydney,
Australia). Sodium taurodeoxycholate 99% (NaTDC) and
porcine pancreatin (8× USP specifications activity) were from
Sigma Chemical Co. (St. Louis, MO, USA). Captex 355
(MCT), a medium-chain triglyceride, and Capmul MCM, a
blend of medium-chain mono-, di-, and tri-glycerides, were
donated by Abitec Corporation (Janesville, WI, USA) and
were used as received. Soybean oil (LCT), a long-chain tri-
glyceride, was obtained from Sigma Chemical Co. Maisine
35-1, a blend of long-chain mono-, di-, and tri-glycerides, was
a generous gift of Gattefossé (Saint-Priest, France). Lecithin
[approximately 60% pure phosphatidylcholine (PC) by
HPTLC (17) from egg yolk] was a gift from Pharmacia LKB
(Uppsala, Sweden), 4-bromophenylboronic acid (4-BPB) was
obtained from Aldrich Chemicals Co. (St. Louis, MO, USA)
and 1 M sodium hydroxide (Titrisol), which was diluted with
water to obtain 0.2 M NaOH titration solution, was purchased
from Merck (Darmstadt, Germany). Water was obtained
from a Milli-Q (Millipore, Bedford, MA, USA) purification
system. All other chemicals and solvents were of analytical
purity or high performance liquid chromatography (HPLC)
grade, respectively.

Preparation of Lipid-Based Formulations

The medium- and long-chain self-microemulsifying drug
delivery system (MC-SMEDDS and LC-SMEDDS, respec-
tively) formulations were similar to those previously de-
scribed (8). Drug solubility in the two SMEDDS formulations

was assessed using standard methodologies (3). Solubility was
defined as the value attained when consecutive solubility
samples varied by �5%. This was typically reached after
equilibration times of between 48 and 72 h, and though this
does not unequivocally preclude additional small (<5%)
changes over longer time scales (and therefore may not rep-
resent an absolute equilibrium solubility), it represents a rea-
sonable practical solubility estimation. Each unit dose
of the medium-chain microemulsion preconcentrate con-
tained danazol (5 mg), Captex 355 (360 mg), Capmul MCM
(180 mg), Cremophor EL (360 mg), and absolute ethanol
(100 mg). The corresponding long-chain microemulsion pre-
concentrate comprised danazol (5 mg), soybean oil (300 mg),
Maisine 35-1 (300 mg), Cremophor EL (300 mg), and abso-
lute ethanol (100 mg). The long-chain triglyceride solution
formulation (LCT-solution) contained 5 mg danazol in 1 g of
soybean oil (LCT). Lipidic formulations were prepared and
individually filled into soft gelatin capsules by syringe as de-
scribed previously (8). The micronized powder capsule for-
mulation contained 15 mg danazol, 500 mg Avicel, and 500
mg Explotab filled into a single hard gelatin capsule.

In Vitro Evaluation

Dispersion Evaluation

The dispersion behavior of the LC-SMEDDS and MC-
SMEDDS was evaluated by adding a soft gelatin capsule con-
taining 1 g of either formulation to 200 ml of 0.1 N HCl
maintained at 37°C in a USP II dissolution apparatus. Gentle
agitation was provided by a stainless steel dissolution paddle
mounted immediately below the solution meniscus and oper-
ated at 60 rpm. The dispersibility was monitored visually, and
mean particle size of the resulting dispersion [determined by
photon correlation spectroscopy (PCS) using a Malvern Zeta-
sizer 3000] was assessed as described previously (8).

Drug Solubilization and Distribution Under
Digesting Conditions

The in vitro digestion experiments were performed as
previously described (11). Briefly, 250 mg of MC-SMEDDS
or LC-SMEDDS formulation (containing 15 mg/g danazol)
was dispersed in 9 ml of digestion buffer (50 mM TRIS ma-
leate, 150 mM NaCl, 5 mM CaCl2 · 2H2O, pH 7.5) containing
5 mM NaTDC and 1.25 mM PC [conditions broadly repre-
sentative of fasted state intestinal conditions (18,19)]. Experi-
ments were performed at 37°C in a stirred and thermostatted
glass vessel and were initiated by the addition of 1 ml of
pancreatin extract containing 10,000 tributyrin units (TBU) of
pancreatic lipase (final lipase concentration 1000 TBU per
ml). The digests were followed over 30 min using a pH-stat
titration unit (Radiometer, Copenhagen, Denmark), which
maintained the pH at 7.5. The fatty acids produced by lipoly-
sis of the glycerides present in the vessel were titrated with
0.2 M NaOH. At the end of each experiment, a lipolysis in-
hibitor (4-BPB at 0.5 M in methanol, 9 �l/ml digestion me-
dium) was added to the digestion medium to stop further
digestion (14,20). Two 4-ml aliquots of the postdigestion mix-
tures were then taken from the digestion vessel and ultracen-
trifuged for 30 min at 37°C and 334000 g (Optima XL-100K
centrifuge, SW-60 rotor, Beckman, Palo Alto, CA, USA) in

Fig. 1. Chemical structure of danazol.
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order to separate the digests into an aqueous dispersed phase
and a pellet phase. Samples obtained from each separated
phase were assayed for danazol content by HPLC as de-
scribed below.

Drug Solubilization and Distribution
Under Nondigesting Conditions

In addition to standard digestion studies, in vitro precipi-
tation tests were also carried out under nondigesting con-
ditions. In these studies, 250 mg of MC-SMEDDS or LC-
SMEDDS (containing 15 mg/g danazol) were again dispersed
in 9 ml of digestion buffer (50 mM TRIS maleate, 150 mM
NaCl, 5 mM CaCl2 · 2H2O, pH 7.5), containing 5 mM NaTDC
and 1.25 mM PC at 37°C, in a stirred and thermostatted glass
vessel. However in this case, pancreatic enzymes were not
added. Systems were allowed to stir for 30 min in order to
assess for the potential for danazol to precipitate due to di-
lution and dispersion (but not digestion) of the formula-
tion. After 30 min, two 4-ml aliquots of the stirred mixtures
were again ultracentrifuged for 30 min at 37°C and 334,000 ×
g (Optima XL-100K centrifuge, SW-60 rotor, Beckman) in
order to separate the digests into a dispersed aqueous phase
and a pellet phase. Samples obtained from each phase were
assayed for danazol content by HPLC as described
below.

Bioavailability Studies

All experimental procedures were approved and per-
formed in accordance with the guidelines of the local Institu-
tional Animal Experimentation Ethics Committee. The study
was conducted as a five-way crossover (7-day washout) in
four male beagle dogs (13.0–16.8 kg). There were five differ-
ent treatments, three involving the fasted oral administration
of 15 mg of danazol in lipid-based formulations, the fourth
treatment was the fasted oral administration of 15 mg of
danazol as a micronized powder, and the fifth treatment was
the postprandial oral administration of 15 mg of danazol as a
micronized powder. The treatments involving lipid-based for-
mulations consisted of (i) three soft gelatin capsules contain-
ing danazol as a simple lipid solution in soybean oil (LCT).
Total dose was 3 g of lipid and 15 mg of danazol (5 mg/g). (ii)
Three soft gelatin capsules containing in total 3 g of MC-
SMEDDS formulation and 15 mg of danazol (5 mg/g). (iii)
Three soft gelatin capsules containing in total 3 g of LC-
SMEDDS formulation and 15 mg of danazol. The micronized
powder dose forms both consisted of 1 hard gelatin capsule
containing 15 mg danazol, 500 mg Avicel, and 500 mg Ex-
plotab. With the exception of postprandial treatment with the
micronized powder, the dogs were fasted for at least 20 h
prior to each study day and the treatment was administered in
the fasted state. The postprandial administration was accom-
plished by feeding a standard can of commercial dog food
(680 g) containing 5% crude fat (max) 30–45 min prior to
drug administration. After dosing, animals remained fasted
until 10 h post-dose, after which they were fed on a daily
basis. Each oral treatment was administered with 50 ml of
water, which was otherwise available ad libitum. Blood
samples (2.5 ml), obtained from the cephalic vein either via
an indwelling catheter or by individual venipuncture were
collected pre-dose (−10 min) and at 0.25, 0.5, 1, 2, 2.5, 3, 4, 6,

8, 10, 24, 32, 48, and 72-h post-dosing into sterile tubes con-
taining 4.5 mg of dipotassium EDTA. Plasma was separated
by centrifugation and stored (−20°C) until danazol analysis
was performed using a validated HPLC assay.

Danazol Chromatography

Chromatography was conducted using a Beckman 126
Programmable Solvent Module, and Beckman 166 Program-
mable detector (Beckman Coulter, Fullerton, CA, USA) and
a Waters 717 autosampler (Millipore). A Waters Symmetry
C18 column (3.9 × 150 mm) (Millipore) was maintained at
45°C using a Waters 038040 Column Heater Module (Milli-
pore). The mobile phase consisted of a mixture of solvent A
(10% acetonitrile: 90% milli-Q water) and solvent B (90%
acetonitrile: 10% milli-Q). The flow rate was 1.2 ml/min. The
initial percentage of solvent B was 40%. This was increased
to 50% over the first 2 min and was held at 50% solvent B for
a further 13 min. After 15 min, the proportion of solvent B
was increased to 90% over 5 min and then held at 90% until
24 min. At this time, the gradient returned to 40% solvent B
over 1 min. Total run-time was 30 min. All samples were
maintained at 10°C in the autosampler prior to injection of a
50-�l aliquot. Detection of danazol and the internal standard
was conducted by single wavelength monitoring at 292 nm.

Sample Preparation

Calibration standards for danazol were prepared by spik-
ing 1.0 ml aliquots of blank dog plasma with 100 �l of a 60:40
acetonitrile:water solution containing 0.05, 0.10, 0.50, 1.0, and
2.5 �g/ml danazol. This provided plasma standards in the con-
centration range 5–250 ng/ml danazol. One hundred microli-
ters of 60:40 acetonitrile:water was similarly added to the
plasma samples obtained during the pharmacokinetic studies
to compensate for the volume of the spiking solution added to
plasma standards. One hundred microliters of an internal
standard solution (10 �g/ml of diazepam prepared in 60:40
acetonitrile:water) was also added to each plasma sample or
standard, the tubes vortexed for 1 min, and 6 ml n-hexane
added. The tubes were then vortexed for 2 min prior to cen-
trifugation for 5 min at 3000 rpm in a Beckman GS-6R re-
frigerated centrifuge. The organic phase was transferred into
new tubes and the contents evaporated to dryness under ni-
trogen at approximately 30°C using an N-EVAP evaporator
(Organomation, Berlin, MA, USA). The dried extracts were
reconstituted with 100 �l of a 60:40 acetonitrile:water solu-
tion, vortexed at high speed for 2 min, and centrifuged again
(5 min at 3000 rpm, Beckman GS-6R). The entire volume of
the reconstituted material (100 �l) was transferred to limited
volume autosampler vials and 50 �l injected onto the HPLC.

Unknown concentrations were determined by compari-
son of the unknown danazol:IS peak height ratio with the
calibration curve of danazol:IS peak height ratio vs. concen-
tration constructed using the calibration standards.

Assay Validation

The plasma assay was validated by analysis of n � 5
quality control samples containing 5, 50, and 250 ng/ml dana-
zol in blank plasma. The assay was found to be accurate to
92.4%, 92.8%, and 91.2% and precise to ± 13.0%, 3.1%, and
12.1% of 5 ng/ml, 50 ng/ml, and 250 ng/ml, respectively.
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Pharmacokinetic Data Analysis

The peak plasma concentrations (Cmax) and the time for
their occurrence (Tmax) were noted directly from the indi-
vidual plasma concentration vs. time profiles. The area under
the plasma concentration vs. time profiles (AUC0-10) was cal-
culated by the linear trapezoidal method. Because the dana-
zol plasma concentrations were typically below the limit of
quantification of the assay at 24 and 26 h post-dose, accurate
determination of the terminal elimination rate constant and
(AUC0-�) was not possible. However, because the plasma
danazol concentrations at 10 h were low (<10 ng/ml), the
extrapolated (AUC10-�) was expected to contribute only a
minor proportion of the (AUC0-�), and consequently relative
bioavailability comparisons were performed using AUC0-10.

RESULTS

Formulation

The solubility of danazol in the MC-SMEDDS and LC-
SMEDDS precursor solutions was 26.5 ± 0.7 mg/g and
16.1 ± 1.1 mg/g, respectively, at 37°C (mean ± SD, n � 3).
Consequently, the preparation of the precursor solutions con-
taining 15 mg/g resulted in clear isotropic solutions, which
were subsequently loaded into soft gelatin capsules.

In Vitro Characterization

Dispersion and Particle Size

Dispersion of the SMEDDS formulations in 200 ml of
0.1 N HCl using the USP II dissolution apparatus resulted in
an emulsion-like dispersion with a bluish tinge for both for-
mulations, characteristic of a sub-micrometer particle size dis-
persion. The particle size of the predominant species was
approximately 40 nm for both systems. The PCS data are
presented in Table I, and reveal that for the MC-SMEDDS
dispersion two populations were evident, the major popula-
tion (∼75%) being approximately 40 nm in diameter, whereas
the minor population was approximately 125 nm in diameter.
Similarly, for the LC-SMEDDS, populations of approxi-
mately 40 nm and 180 nm were detected, however an addi-
tional population of minor proportion with a particle size of
approximately 1 �m was also seen, the presence of which
resulted in an increase in the polydispersity index for the
particle size distribution of the dispersed LC-SMEDDS
formulation.

In Vitro Digestion Studies

In contrast to the simple dispersion studies, in vitro di-
gestion of the microemulsion formulations revealed markedly
different drug distribution patterns for the MC-SMEDDS and
LC-SMEDDS (Table II). Under standard digesting condi-
tions, fatty acid titration had concluded prior to 30 min in all
cases, indicating that digestion was complete. No residual oil
phase was apparent on ultracentrifugation of the digestion
media. Analysis of drug content in the aqueous and pellet
phases separated by ultracentrifugation revealed that the
MC-SMEDDS formulation retained only 31% of the drug in
the aqueous phase after 30 min digestion, with the remaining
69% being recovered in the precipitated pellet. In contrast,
the LC-SMEDDS formulation retained 94% of drug in the
aqueous phase after the 30-min digestion period, and only 6%
of drug was recovered in the pellet (Table II).

Danazol Solubilization Under Nondigesting Conditions

In contrast to the data obtained under digesting condi-
tions, simply stirring the MC-SMEDDS and LC-SMEDDS
formulations in digestion buffer for 30 min resulted in only
minor levels of precipitation for both formulations (11.6%
and 3.6% respectively, Table II).

Bioavailability Data

The mean plasma concentration vs. time profiles for
danazol following oral administration of the LC-SMEDDS,
MC-SMEDDS, or LCT lipid solution formulations are shown
in Fig. 2A. To aid comparison of Cmax and Tmax, truncated
data to 10 h are presented in Fig. 2B. In the interests of clarity,
the plasma levels obtained after fasted and postprandial ad-
ministration of danazol as a simple micronized powder for-
mulation (Fig. 2C) are presented separately to the data for the
lipid-based formulations (data truncated to 10 h in Fig. 2D).
The corresponding mean pharmacokinetic parameters for all
dose forms, after normalizing to a standard 15 mg dose (to
circumvent small differences in fill weights for individual cap-
sules), are tabulated in Table III.

Table I. PCS Determination of Particle Size Distributions of the Dis-
persed SMEDDS Formulations

Major
population

Minor
populations Polydispersity

MC-SMEDDS 41.9 ± 1.6 nm 123.8 ± 3.9 nm 0.374 ± 0.013
LC-SMEDDS 40.4 ± 3.2 nm (i) 180.5 ± 23.9 nm 0.812 ± 0.104

(ii) 947 ± 166 nm

Values are mean ± SD of three separate determinations for each
formulation. Each determination consisted of three runs each of 10
sub-runs and were analyzed using the Contin method. PCS, photon
correlation spectroscopy; MC, medium chain; LC, long chain;
SMEDDS, self-microemulsifying drug delivery system.

Table II. Comparison of the Solubilization Profiles for MC-SMEDDS
and LC-SMEDDS Systems Under Digesting and Nondigesting Conditions

MC-SMEDDS LC-SMEDDS

Nondigesting conditions
Final aqueous phase conc. 331.7 �g/ml 361.6 �g/ml
% Aqueous phase 88.4 96.4
% Pellet 11.6 3.6

Digesting conditions
Final aqueous phase conc. 116.1 �g/ml 351.6 �g/ml
% Aqueous phase 31 94
% Pellet 69 6

Two hundred fifty milligrams of formulation, containing 15 mg/g
danazol was introduced into the in vitro digestion apparatus and
either stirred for 30 min (nondigesting conditions) or dispersed for 10
min and then pancreatin added to initiate digestion and the sample
digested for a further 30 min. Samples were subsequently ultracen-
trifuged to separate into an aqueous phase and a pellet phase in order
to probe for drug precipitation. MC, medium chain; LC, long chain;
SMEDDS, self-microemulsifying drug delivery system.
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Table III. Summary PK Parameters for Danazol after Oral Administration to Beagle Dogs as a Micronized Powder in the Fasted and
Postprandial States or after Fasted Administration of Three Alternate Lipid-Based Formulations (Normalized to 15 mg Dosea)

Fasted administration Postprandial administration

Micronized powder LCT lipid solution LC-SMEDDS MC-SMEDDS Micronized powder

Cmax (ng/ml) 16.0 ± 3.6 154.9 ± 34.1 96.2 ± 4.0 26.3 ± 10.9 117.5 ± 11.1
Tmax (h) 2.6 ± 0.7 1.1 ± 0.3 1.0 ± 0.1 1.9 ± 0.9 1.2 ± 0.1
Elimination t1/2 (h) NA 1.6 ± 0.5 1.6 ± 0.6 NA 1.5 ± 0.5
AUC0-10 (ng � h/ml) 35.3 ± 5.2 340.2 ± 64.4 270.5 ± 38.5 47.7 ± 25.9 265.1 ± 33.5
Rel BAb (%) 100 963 ± 187 766 ± 109 135 ± 76 751 ± 95

PK, pharmacokinetic; LCT, long-chain triglyceride; LC, long chain; MC, medium chain; SMEDDS, self-microemulsifying drug delivery
system.
a The actual dose administered varied across groups due to changes in capsule fill weights and concentrations. The mean dose was 15.3 ± 3.2

mg (mean ± SD; n � 20)
b Rel BA is the relative bioavailability (%) in comparison to fasted administration of the danazol powder formulation as determined by the

ratio of the dose-normalized AUC0-10 data.

Fig. 2. Mean plasma concentration vs. time profiles (mean ± SE, n � 4) for danazol following oral administration to beagle dogs.
A total dose of 15 mg danazol was administered for each treatment. Three treatments involved administration in the fasted state
as lipidic solutions containing danazol as a 5 mg/g solution (3 × soft gelatin capsules) in (�) MC-SMEDDS, (�) LC-SMEDDS,
or (�) LCT-solution; the resulting plasma profiles obtained over the entire sampling period are presented in (A), and data
truncated to 10 h to facilitate easier comparison of Cmax and Tmax are presented in (B). Plasma profiles, after two further
treatments with a dry micronized powder form of danazol (15 mg in one hard gelatine capsule), administered in the fasted (◊)
and post-prandial (�) states, are presented in (C), with truncated data in (D). (MC-SMEDDS, medium-chain triglyceride-based
self-microemulsifying drug delivery system; LC-SMEDDS, long-chain triglyceride-based self-microemulsifying drug delivery
system; LCT-solution, drug solution in simple triglyceride.)
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The terminal half-lives (t1/2) for all treatments (with the
exception of the MC SMEDDS and fasted micronized pow-
der formulations, where the low plasma levels precluded ac-
curate t1/2 assessment) were consistent and in the range re-
ported previously for beagle dogs [2.7 ± 1.4 h (21)]. A clear
distinction in terms of relative bioavailability and Cmax was
seen between the lipid-based dose forms, where the bioavail-
ability relative to the powder formulation was considerably
higher for the LCT-solution (963 ± 187%) and LC-SMEDDS
(766 ± 109%) when compared to the MC-SMEDDS (135
± 76%). Similarly, the Cmax values for the LCT-solution
(154.9 ± 34.1 ng/ml), and the LC-SMEDDS (96.2 ± 4.0 ng/ml)
were significantly higher (p < 0.02) than the MC-SMEDDS
formulation (26.3 ± 10.9 ng/ml).

As expected, postprandial administration of the powder
provided a large increase in relative bioavailability (751 ± 95%)
and Cmax (117.5 ± 11.1 ng/ml) when compared to the fasted
administration of the powder (100% nominal bioavailability,
Cmax � 16.0 ± 3.6 ng/ml). Importantly, the Cmax and relative
bioavailability for the long-chain lipid formulations (LCT-
solution and LC-SMEDDS) were statistically indistinguish-
able from that of the powder formulation after postprandial
administration to fasted dogs. This suggests that appropriate
lipidic formulations may be capable of achieving the same
positive food effect as postprandial administration.

DISCUSSION

Lipid formulations in general, and self-emulsifying and
self-microemulsifying systems in particular, are a popular
means by which to increase the oral bioavailability of poorly
water-soluble drugs. However, some lipidic formulations ap-
pear to perform markedly better than others, and a common
rationale by which these differences may be explained is still
not clear.

The current studies were conducted primarily to com-
pare the in vivo performance of two self-microemulsifying
drug delivery systems containing either medium chain triglyc-
eride (in the case of MC-SMEDDS) or long-chain triglyceride
(LC-SMEDDS), with that of a simple long-chain triglyceride
solution formulation (LCT-solution), and to evaluate the util-
ity of different in vitro methodologies to predict the in vivo
formulation differences. Danazol was chosen as a model
poorly water-soluble drug. Additionally, a micronized powder
formulation, similar to the commercial Danocrine capsule
formulation of danazol, was also administered in the fed and
fasted states. (Danocrine contains lactose, starch-maize, mag-
nesium stearate, purified talc, and titanium dioxide, whereas
the formulation used here utilized a simple dry blend of dana-
zol with Avicel and Explotab). The results of these in vivo
studies, and the supporting in vitro dispersion and digestion
data, have allowed comparison of the effects of lipid type on
formulation digestion and drug disposition in the gastrointes-
tinal milieu and the impact of these processes on subsequent
drug absorption.

Effect of Lipid Chain Length on in Vitro and in Vivo
Performance of Microemulsion Formulations

The conventional in vitro indicators of likely microemul-
sion formulation performance, namely the capacity to dis-
solve lipophilic drugs in the formulation and the ability to

disperse the formulation rapidly to form small colloidal par-
ticles, were extremely positive for both the medium-chain and
long-chain SMEDDS formulations and the isotropic MC-
SMEDDS and LC-SMEDDS precursor solutions dispersed
rapidly on dilution to form fine microemulsion-like sub-mi-
crometer dispersions (Table I). Furthermore, on stirring in
the simulated fasted intestinal fluid for 30 min at 37°C under
nondigesting conditions, little precipitation was evident in
either dispersed formulation (Table II).

In contrast to these positive in vitro indicators, the
plasma profiles in Fig. 2 and the pharmacokinetic parameters
presented in Table III reveal that the MC-SMEDDS system
performed poorly in vivo when compared to the LC-SMEDDS
system. Administration of the MC-SMEDDS resulted in
5-fold lower relative bioavailability of danazol when com-
pared with that obtained after fasted administration of the
LC-SMEDDS formulation. A delayed and variable Tmax and
Cmax was also apparent when compared with the LC-
SMEDDS and LCT-solution formulations.

Comparison of the data obtained with the lipidic formu-
lations obtained in this study with those obtained after ad-
ministration of a micronized powder dose form in the fed and
fasted states also allows some indication of lipid formulation
performance relative to the likely best and worst-case sce-
narios, respectively, for absorption of the same dose of dana-
zol. Thus, postprandial administration of a micronized pow-
der formulation (where the large amount of lipid typically
present in a meal (∼30 g) is co-administered with the drug) is
recognised as giving an indication of the maximum likely ex-
tent of absorption from a lipidic formulation, whereas fasted
state administration of a simple powder formulation might be
expected to provide the poorest absorption characteristics.
Comparison of the pharmacokinetic parameters in Table III
suggest that the MC-SMEDDS system provides little benefit
over the lipid-free micronized powder even though using
simple in vitro dispersion testing, the formulation attributes
(a well dispersed, lipid-based dose form with high solubilizing
power for the drug) appeared positive. In contrast, both long-
chain triglyceride-based dose forms resulted in a similar level
of danazol exposure to that seen after postprandial adminis-
tration.

The apparent inconsistency between in vitro and in vivo
end-points may be explained by the behavior of the lipidic
dispersions on digestion. In vitro digestion studies conducted
with the LC-SMEDDS formulation revealed efficient transfer
of 94% of danazol into the aqueous phase of the digest in a
solubilized form and resulted in virtually no precipitation of
drug on digestion of the lipids present in the formulation. In
dramatic contrast, however, in vitro digestion of the MC-
SMEDDS system resulted in 70% of the drug being lost to the
pellet phase, indicating that significant drug precipitation had
occurred.

We have previously shown that the mass of lipid
used in in vitro digestion studies of medium chain triglyceride-
based formulation can be critical in determining the type of
colloidal structures that are present in the resultant aqueous
phase (13). Specifically, we have shown that in vitro digestion
of large masses of medium-chain lipid (250 mg) in the same
in vitro digestion protocol as that used in these studies may
result in the formation of a vesicular phase that has high
solubilizing capacity for lipophilic drugs. In contrast, the
in vitro digestion of lesser amounts of lipid (125 mg and 50 mg)
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typically resulted in the production of a micellar system with
a relatively lower capacity for drug solubilization. In the cur-
rent in vitro studies 135 mg MCT was used [54% (w/w) of the
MC-SMEDDS formulation]. It is likely therefore that diges-
tion of this formulation resulted in the formation of mixed
micelles containing exogenous surfactant, lipid digestion
products, and the endogenous lipids (bile salts and phospho-
lipids) present in the digestion medium. We have also previ-
ously shown that at molar equivalent fatty acid content, me-
dium-chain mixed micelles are an order of magnitude less
effective at solubilizing danazol than long-chain mixed mi-
celles (3), and this provides a possible explanation for the
reduced capacity of the digested medium-chain formulation
to solubilize danazol (and facilitate absorption) when com-
pared to the digested long-chain formulation.

Interestingly, this outcome is somewhat counter-intuitive
when considering the relatively large quantity of surfactant
present in both SMEDDS formulations (Cremophor consti-
tutes 36% w/w of the MC-SMEDDS and 30% w/w of the
LC-SMEDDS precursor solutions) and which might be ex-
pected to facilitate drug solubilization after digestion of both
formulations. It appears therefore that although surfactants
such as Cremophor are commonly used to solubilize poorly-
water soluble drugs in aqueous media, in these studies with
danazol the surfactant appears to provide little solubilization
enhancement over that provided by the lipids alone. In par-
ticular, the presence of the Cremophor in the MC-SMEDDS
formulation does little to improve its relative in vivo perfor-
mance above that of the dry powder.

Previous studies of the in vitro and in vivo behavior of
the poorly water-soluble anti-malarial halofantrine (aqueous
solubility � <0.1 �g/g, log P � 8.86) in surfactant-free LCT
and MCT-solutions (11,13), using techniques similar to those
described here, have shown similar trends. Thus the relative
oral bioavailability of halofantrine after administration of a
LCT-solution formulation to beagle dogs was 5-fold greater
that that from a corresponding MCT-solution formulation
over a 10-h post-dosing period. In concurrent in vitro diges-
tion studies, halofantrine was also observed to precipitate
extensively on digestion of the MCT lipid solution (>90%
precipitated) when compared to the LCT solution (22% pre-
cipitated) (13). This behavior is in agreement with the current
findings and suggests that MCT-based formulations, regard-
less of the presence of additional surfactant, such as that con-
tained in the microemulsion precursor formulations of the
current study, when subjected to digestion processes, have a
reduced capacity to solubilize some lipophilic drugs when
compared to LCT-based formulations, and may limit the ex-
tent of oral absorption.

Effect of Formulation Type on in Vitro and in Vivo
Performance of LCT-Based Formulations

Though the in vivo behavior of the MC-SMEDDS
closely resembled that of the dry powder dose form, absorp-
tion of danazol after administration of the highly dispersed
LC-SMEDDS formulation was surprisingly no better than
that of the LCT-solution. However, the digestion of LCT to
form long-chain fatty acids and monoglycerides, and their
intercalation into bile salt/phospholipid mixed micelles, to
provide a highly dispersed intestinal milieu with high solubi-
lizing capacity, is a well-characterized process (22,23). It ap-

pears likely therefore that the digestion products of the LCT
formulation form similar mixed micellar systems with the bile
salts and phospholipids present in vivo, to that provided by
SBO and Maisine in the LC-SMEDDS, and essentially pro-
vide the same postdigestion, preabsorption intestinal milieu
as the LCT-solution system. It further appears that the pres-
ence of Cremophor, or the dispersion of the dose form to
provide a microemulsion, imparts no additional bioavailabil-
ity benefit above that of a simple lipid solution formulation.

These results suggest, therefore, that the in vivo perfor-
mance of lipid-based formulations may be more sensitive to
the physicochemical properties of the lipid digestion products
rather than the nature of the formulation. In the case of di-
gestible lipid-based formulations, digestion results in the loss
of the initial physical form of the formulation, and it is likely
that the solubilizing power of the colloidal phases that result
dictates the pattern of drug absorption far more avidly than
the physical state of the initial formulation.

Finally, the adage that “smaller is better” has been re-
sponsible to a large degree for the use of self-emulsifying and
self-microemulsifying systems in an attempt to improve bio-
availability of poorly water-soluble drugs. In turn, the addi-
tion of relatively large amounts of surfactants to facilitate
rapid and effective in vitro dispersion of formulations has
been used to provide for this perceived improvement in for-
mulation performance. However, the current results suggest
that in some situations, the surfactant (in this case Cremo-
phor), while facilitating dispersion, may not provide any ad-
ditional improvement in drug absorption. [As a caveat, it
should be acknowledged that surfactants may have beneficial
properties for specific compounds under certain circum-
stances, for example via inhibition of drug efflux (24)].

In conclusion, the data obtained in these studies illustrate
a number of design concepts that might usefully be incorpo-
rated into formulation strategies for lipid-based formulations
of poorly water-soluble drugs. Thus, approaches to the design
of lipidic formulations based on drug solubility in the dose
form and dispersibility of the formulation should be used with
caution—an elegant formulation with high solubility for the
drug and exceptional dispersion properties, such as the MC-
SMEDDS in the current study, may not lead to a satisfactory
level of in vivo performance. In contrast, consideration of the
likely colloidal species formed on digestion of a lipid system
appears to be a more powerful indicator of in vivo perfor-
mance. The different capacities of micellar species to solubi-
lize lipophilic compounds (a property that is primarily dic-
tated by the nature of their lipid constituents) appears to be
an important determinant of the ultimate performance of the
formulation in vivo. Furthermore, the similar in vivo danazol
exposure obtained with the seemingly dissimilar LCT-
solution and LC-SMEDDS systems suggests that two seem-
ingly different formulations may, on digestion, present the
intestine with essentially the same preabsorption medium and
lead to a similar extent of absorption.
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