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Purpose. Nonlinear oral absorption due to poor solubility often impedes drug development. The purpose of
this study was to elucidate the rate-limiting process in oral absorption of Biopharmaceutical Classification
System (BCS) class II (low solubility–high permeability) drugs in order to predict nonlinear absorption of
dose caused by solubility-limited absorption.
Methods. Oral absorption of danazol, griseofulvin, and aprepitant was predicted from a miniscale dissolution
test and a physiologically-based model. The effect of particle size reduction and dose increase on absorption
was investigated in vitro and in vivo to clarify the rate-limiting steps of dissolution-rate-limited and solubility-
limited absorption.
Results. The rate-limiting steps of oral absorption were simulated and increase in the dissolution rate and
administration dose showed a shift from dissolution rate-limited to solubility-limited absorption. In the study
in dogs, particle size reduction improved the oral absorption of large particle drugs but had little effect on
small particle drugs. Dose nonlinearity was observed with small particles at a high dose. Our model
quantitatively predicted results observed in vivo, including but not exclusively, dissolution-rate-limited and
solubility-limited absorption.
Conclusion. The present study provides a powerful tool to predict dose nonlinearity and will aid in the
success of BCS class II drug development.

KEY WORDS: dissolution; in vitro–in vivo correlation; oral absorption; poorly water-soluble;
rate-limiting step.

INTRODUCTION

The number of poorly water-soluble drug candidates in drug
discovery has recently increased (1). Their limited solubility often
causes poor and variable oral absorption because the dissolution
rate or solubility is insufficient to completely dissolve the drug in
the gastrointestinal (GI) tract. Low solubility might lead to
nonlinear dose-dependent oral absorption; that is, the fraction of
dose absorbed (Fa) decreases as dose increases. In preclinical
studies, variable and nonlinear absorption from low solubility
makes it difficult to evaluate the safety of a drug. Moreover, the
efficacy and therapeutic window of a drug might be under-
estimated and, thus, the probability of successful development is
diminished. Therefore, it is critical to predict nonlinear absorp-
tion of a candidate compound at the drug discovery stage.

Dissolution in the GI tract may have a great impact on the
oral absorption of Biopharmaceutical Classification System

(BCS) class II (low soluble-high permeable as defined by the Food
and Drug Administration) drugs. Oral absorption for this class of
drugs has been categorized into two types, dissolution rate-limited
and solubility-limited, based on the solubility, dissolution rate, and
permeability of a drug (2,3). Drug dissolution in the GI tract in
vivo occurs under sink conditions and, if the drug dissolution
rate is slower than the permeation rate through the intestinal
membrane, oral absorption of a drug may be limited by the
dissolution rate. In the case of dissolution-rate-limited absorp-
tion, the amount of drug absorbed shows a linear relation to
dose and particle size reduction increases absorption. On the
other hand, if the dose-to-solubility ratio is high and/or the dis-
solution rate is far greater than the permeation rate, the
absorption of a drug is limited not only by the dissolution rate
but also by the saturated solubility. In the case of solubility-limited
absorption, dissolution occurs under nonsink conditions and, thus,
increases in the dissolution rate or the administration dose do not
lead to an increase in either the dissolved or absorbed amount in
the GI tract. The amount of drug absorbed reaches saturation
with a high dose regimen. In addition, particle size reduction does
not increase the amount absorbed. Therefore, if the oral absorp-
tion is solubility-limited, it is difficult to improve the exposure of a
drug either by increasing dose or by reducing particle size.

Oral absorption of drugs from solid dosage forms is deter-
mined by the dissolution rate, solubility, and intestinal mem-
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brane permeability (4,5). We have developed a prediction
system for oral absorption of BCS Class II drugs using the
dissolution rate and solubility determined in vitro in physio-
logically-based models (6). In this system, the amount of drug
absorbed in the intestinal tract is simulated using dissolution
rate, saturated solubility, permeation rate, and the dose
administered. The rate limiting process in vivo can be deduced
from the simulated concentration of drug in the intestine
during absorption, which is valid whether the dissolution
occurs under sink or nonsink conditions.

In the present study, the rate-limiting steps of oral
absorption for three BCS class II drugs—danazol, griseoful-
vin and aprepitant—were analyzed both in vitro and in vivo.
Several sizes of particles of drugs having various dissolution
rates were prepared to investigate the effect of particle size
reduction on absorption. Oral absorption at several doses of
solid particles was simulated using a miniscale dissolution test
and a physiologically-based model. Concurrently, an oral
absorption study in dogs was carried out using the model
drugs to compare observed results with the predicted data.

THEORY

The fraction dose absorbed (Fa) of poorly water-soluble
drugs was simulated theoretically from dissolution and
permeation parameters (6).

Extraction of the Dissolution Parameter z from an In Vitro
Dissolution Curve

The Noyes–Whitney model was used to describe the
dissolution of the solid drugs (7). To simulate drug dissolution
in vivo from the in vitro dissolution profile in a miniscale
dissolution test, we first defined parameter z, a hybrid
parameter determined from the formula 3D/ρhr0, where D
is the diffusion coefficient, ρ is the density of drug, h is the
diffusion layer thickness, and r0 is the initial particle radius.
The z values were estimated from the in vitro data from Eq. 1,
using mathematical software SAAM II version 1.2 (SAAM
Institute Inc., University of Washington, WA, USA).

dXd;vitro tð Þ
dt

¼ 3D
�hr0

�X0;s;vitro � Xs;vitro tð Þ
X0;s;vitro

� �2=3

� Cs � Xd;vitro tð Þ
Vvitro

� �

¼ z�X0;s;vitro � Xs;vitro � Xs;vitro tð Þ
X0;s;vitro

� �2=3

� Cs � Xd;vitro tð Þ
Vvitro

� � 

ð1Þ

where Xd,vitro(t) is the mass of the dissolved drug at time t,
X0,s,vitro is the initial mass of the solid drug,Xs,vitro(t) is the mass
of the solid drug at time t, Cs is the saturated solubility of the
drug, and Vvitro is the volume of the dissolution medium.

Calculation of Unstirred Water Layer Permeability

Diffusion through the unstirred water layer (UWL),
which is adjacent to the intestinal epithelial membrane, limits
the intestinal permeation of highly permeable drugs (8–13).
Because UWL permeation can be modeled as a simple

diffusion process in a water layer, UWL permeability (PUWL)
is represented by the diffusion coefficient and the thickness (δ)
of UWL (14) following the Stokes–Einstein equation for small,
spherical molecules:

PUWL ¼ D
�
¼ kBT

6���
� 1

R
ð2Þ

where kB is the Boltzmann constant, T is the temperature in
Kelvin, η is the viscosity of UWL, and R is the molecular
radius. Using the effective intestinal membrane permeability of
glucose in dogs (16×10−4 cm/s) (15), the permeation of which is
rate-limited by UWL, the thickness of the diffusion layer of
UWL is expressed by Eq. 3 below (6). Molecular radius is a
function of the cube root of the molecular weight (MW1/3),
assuming a spherical molecule, and so the diffusion coefficient
can also be expressed using MW. The MW of glucose is 180.

� ¼ kBT
6��

� 1

3
4�� �MW
� �1=3

� 1
PUWL

¼ kBT
6��

� 1

3
4�� � 180
� �1=3

� 1
16� 10�4 ð3Þ

The PUWL for each drug is given by the following equation.

PUWL ¼ 16� 10�4 � 180
MW

� �1=3

ð4Þ

Simulation of Drug Absorption in Dog Small Intestine

The model for the dissolution and passive permeation of a
drug in the small intestine assumes (1) the drug dissolves in the
small intestine, not in the stomach or colon; (2) the diffusion layer
models the dissolution process; (3) the drug is absorbed in the
small intestine, not in the stomach or colon; (4) membrane
permeability of a lipophilic drug is high and therefore limited by
diffusion through the UWL; (5) the intestinal transit time is 2 h in
dogs (16); (6) the intestinal fluid volume Vvivo is the volume of
water (4 mL/kg) administered to the dogs in the present study;
and (7) the effective intestinal surface area S in dog (4 cm2/kg) is
almost one-third that in human (11 cm2/kg) (2), consistent with
the anatomical ratio of dog to human. According to Kararli’s
report, the small intestine is 225–290 cm long with a diameter of
1 cm in Beagle dogs and is on average 625 cm with a 5-cm
diameter in humans (17). Using these values, the entire intestinal
surface area relative to body weight in dogs (16–20 π cm2/ kg) is
calculated to be two to three times smaller than that of humans
(45 π cm2/kg). Mass balances of solid and of dissolved drugs in
the GI tract are given by the following equations:

dXs;vivo tð Þ
dt

¼ �z�X0;s;vivo � Xs;vivo tð Þ
X0;s;vivo

� �2=3

� Cs � Xd;vivo tð Þ
Vvivo

� �

ð5Þ

dXd;vivo tð Þ
dt

¼ z�X0;s;vivo � Xs;vivo tð Þ
X0;s;vivo

� �2=3

� Cs � Xd;vivo tð Þ
Vvivo

� �

�PUWL � S� Xd;vivo tð Þ
Vvivo

ð6Þ
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where Xs,vivo(t) is the mass of solid drug in the small intestine
at time t and Xd,vivo(t) is the mass of dissolved drug in the
small intestine at time t. X0,s,vivo, which is a function of the
number of particles in vivo, was set equal to the dose
administered. Values for z and Cs obtained from in vitro tests
were used. The rate of absorption is given by:

dXa;vivo tð Þ
dt

¼ PUWL � S� Xd;vivo tð Þ
Vvivo

ð7Þ

where Xa,vivo(t) is the mass of absorbed drug at time t.
The predicted fraction of the dose absorbed (Fa) is the

ratio between X0,s,vivo and Xa,vivo(t) at 2 h.

Fa tð Þ ¼ Xa;vivo tð Þ
X0;s;vivo

� 100 ð8Þ

To obtain simulated profiles, the Runge–Kutta method
was used with STELLA®5.1.1 software (Cognitus Ltd., North
Yorkshire, UK).

Estimation of Rate-Limiting Steps of Oral Absorption

Cratio(t) is the ratio of the intestinal drug concentration at
time t to the drug saturated solubility in the simulation of
drug absorption, shown here as a percentage.

Cratio tð Þ ¼
Xd;vivo tð Þ
Vvivo

� �
Cs

� 100 ð9Þ

The concentration gradient across the diffusion layer of
the solid surface (h) in Eqs. 5 and 6, which represents [Cs−
(Xd,vivo(t)/Vvivo)]/h, controls dissolution over time. If Cratio(t)
is low (Cs>>Xd,vivo(t)/Vvivo), the drug dissolves under sink
conditions. In this case, the oral absorption could be dissolution
rate-limited. As Cratio(t) increases, drug dissolution decreases
due to the limitation of its solubility (non-sink conditions).

Drug Selection

Danazol, griseofulvin, and aprepitant were selected as the
models for poorly water-soluble drugs Table I. The oral
absorption of neutral drugs such as danazol and griseofulvin
largely depends on dissolution in the small intestine because
neutral drugs mainly dissolve in the small intestine, not in the
stomach or colon, due to the presence of bile salts. Aprepitant,
a free weak base (pKa 4.38), will likely dissolve not only in the
small intestine but also in the stomach due to the low gastric
pH; however, when the gastric pH is elevated, aprepitant will
dissolve mainly in the small intestine and not in the stomach
because of the presence of bile salts. In the present study,
aprepitant was administered after the dogs had received the
gastric acid blocker famotidine and therefore dissolved mainly in
the small intestine. Because the present prediction system
assumes that drug dissolution and absorption occur in the small
intestine, and not in the stomach or colon, the drugs selectedwere
adequate models for establishing an in vitro–in vivo correlation.

Collection of Dog Oral Absorption Data

To confirm the rationality of the present system, the
value of Fa in dogs was required. Here we utilized the relative

bioavailability of a solid dosage form and a solution orally
administered (rel. BAsolid/solution), as an alternative to Fa. The
rel. BAsolid/solution for lipophilic drugs is almost equal to the Fa

of the solid dosage form (Fa,solid). The relative BA was
calculated as the ratio of the area under the curve for solid
dosages (AUCsolid) to solution dosages (AUCsolution) where
AUCsolid is the product of Fa,solid, Fg,solid, and Fh,solid and
AUCsolution is the product of Fa,solution, Fg,solution, and
Fh,solution (subscript notation includes administration form).
Fg and Fh are the fraction of the dose-escaping metabolism by
the GI mucosa and by the liver, respectively.

rel:BAsolid=solution ¼ AUCsolid

AUCsolution
� 100

¼ Fa;solid � Fg;solid � Fh;solid

Fa;solution � Fg;solution � Fh;solution
� 100 ð10Þ

Assuming linear kinetics of drug metabolism from either
administration, the relative bioavailability represents the ratio
of Fa,solid to Fa,solution. The numerical value of Fa,solution for
lipophilic drugs is assumed to be 1 because the drugs are
administered as a solution and complete absorption is
possible due to their high permeability.

Fa;solid ¼ rel:BAsolid=solution ð11Þ

MATERIALS AND METHODS

Materials

Danazol, griseofulvin, and cremophor EL were pur-
chased from Sigma Chemical (St. Louis, MO, USA). Apre-
pitant was isolated from Emend® capsules (Merck & Co.,
Inc., Whitehouse Station, NJ, USA). Sodium taurocholate
was purchased from Wako Pure Chemical Industries (Osaka,
Japan). L-α-phosphatidylcholine was purchased from Nippon
Oil and Fats Corporation (Tokyo, Japan). Vitamin ETPGS
was purchased from Eastman Chemical Company (Kingsport,
TN, USA). PEG400 was purchased from Dai-Ichi Kogyo
Seiyaku Co., Ltd. (Kyoto, Japan).

The 0.45-μm polyvinylidene fluoride membrane filters
(25 mm Automation Certified Filter Unit) for dissolution
tests and the 0.4-μm polycarbonate filter plates (Multi-
Screen® Solubility Plate) for the solubility studies were
purchased from Millipore Corporation (Billerica, MA, USA).

The logD values and pKa values were calculated from
the chemical structures of the drugs using Pallas 3.0 software
(CompuDrug, Budapest, Hungary).

Preparation of Solid Particles of the Model Drugs
for In Vitro and In Vivo Studies

Danazol crystals (melting point (mp) 224°C) and griseo-
fulvin crystals (mp 219°C) were obtained by recrystallization
in acetone and in a mixture of tetrahydrofuran and heptane,
respectively, and dried by vacuum pump after filtration. Sieve
fractions of 100–150 μm with a volume mean diameter
(VMD) of 229 μm for danazol and a VMD of 118 μm for
griseofulvin were obtained by sieve classification using
standard sieves (Tokyo Screen Co., Ltd., Tokyo, Japan).
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Micronization was achieved by fluid energy milling (one cycle
at 600 MPa, Jetmill A-O JET, Seishin Enterprise Co., Ltd.,
Tokyo, Japan), resulting in a VMD of 5 μm for danazol and
7 μm for griseofulvin. No changes in the crystal form or
crystallinity were observed from powder X-ray diffraction or
the differential scanning calorimetry in the milling process.
Before the in vitro and in vivo studies, one part drug was
mixed with nine parts lactose as an excipient to improve the
wettability of the drug.

Aprepitant crystals (mp 252°C) were obtained by
recrystallization in methanol and drying by vacuum pump
after filtration. A sieve fraction of 100–150 μm (VMD 26 μm)
was obtained. Aprepitant crystals were milled in water by
high-pressure homogenization under two different conditions
using a high-pressure emulsifier (Nanomizer System YSNM-
2000AR, Yoshida Kikai Co., Ltd., Aichi, Japan) and then
lyophilized. The two milling conditions for the aprepitant
crystals, ten cycles at 50 MPa and 100 cycles at 100 MPa,
resulted in VMDs of 5 and 2 μm, respectively. No other
crystal forms or crystallinity changes were observed from the
milling process. Before the in vitro and in vivo studies, the
aprepitant particles were suspended in 0.5% methylcellulose
aqueous solution at 2 mg/ml.

Particle size analysis included microscopic examination
(VH-8000, VH-Z450, KEYENCE, Osaka, Japan) and image
analysis using software (Image-Pro Plus 5.1J, MediaCyber-
netics, MD, USA) to measure the Feret’s diameter of more
than 1,000 particles.

Miniscale Dissolution Tests

Dissolution tests were carried out by paddle method
(50 rpm, 50 ml) using a VK7010 dissolution station and a
VK8000 dissolution sampling station (Vankel Technologies,
Inc., Cary, NC, USA) with a 100-ml glass vessel (42 mm
diameter×105 mm, Takao Manufacturing Co., Ltd., Kyoto,
Japan) as previously reported (6).

In order to investigate the effect of dissolution media on
prediction, fasted-state simulated canine intestinal fluid (FaS-
SIFdog) and phosphate buffer (PB) were used for the miniscale
dissolution test and the solubility study. FaSSIFdog is a
physiologically biorelevant medium containing 5 mM sodium
taurocholate and 1.25 mM lecithin in 29 mM of phosphate
buffer (pH 6.5) and PB is a conventional phosphate buffer
(50 mM, pH 6.5) without bile salt and lecithin (18,19).

Saturated Solubility Study

The saturated solubility of the drugs was determined
after 24 h of equilibration in media at 37°C using a shaking
incubator. A 96-well polypropylene plate containing 0.5 ml of
media per well was positioned in the incubator. Excess

amounts of drugs were then added to the wells and experi-
ments were carried out in triplicate. After 24 h, the aqueous
samples were filtered through a 0.4-μm polycarbonate isopore
membrane. The first 0.2 ml was discarded to avoid loss of
drug from the sample due to adsorption. The remainder of
the sample was diluted with an equal volume of tetrahydro-
furan, including 0.8 mg/ml of p-hydroxybenzoic acid n-
dodecyl ester as an internal standard.

High-Performance Liquid Chromatography Analysis
of the Miniscale Dissolution Test and Saturated Solubility Study

Sample concentrations of both the dissolution test and
the solubility study were determined by high-performance
liquid chromatography (HPLC; Waters 2795 separation
module, Waters, Milford, MA, USA) using a UV detector
(Waters 2487 dual λ UV/VIS detector, Waters). Diluted
samples (10 μl) were injected onto a C18 column (Cadenza
CD-C18 3 μm 3.0×50 mm, Imtakt Corporation, Kyoto,
Japan). Danazol, griseofulvin, and aprepitant were eluted
with a mobile phase of water–acetonitrile–trifluoroacetic acid
at ratios (by volume) of 55:45:0.1, 50:50:0.1 and 30:70:0.1,
respectively, followed by the mobile ratio of 5:95:0.1 to elute
p-hydroxybenzoic acid n-dodecyl ester as an internal stan-
dard, and were quantified with variable UV detection at 284,
320 and 230 nm, respectively. The detection wavelength for p-
hydroxybenzoic acid n-dodecyl ester was 270 nm. A standard
curve was prepared for each drug and linearity was observed
at a concentration range of approximately 0.02–80 μg/ml on a
log–log plot (correlation coefficient of r2>0.999) by linear
regression analysis using Microsoft Excel 2000 (Microsoft,
Redmond, WA, USA).

In Vivo Oral Administration Study in Beagle Dogs

Danazol, griseofulvin, and aprepitant were administered
orally to five Beagle dogs (male, body weight 12–15 kg). A
washout period of 1 week was maintained between consec-
utive dosings. The dogs were fasted and water intake
restricted overnight and for 8 h post-dosing. Following oral
dosing, dogs were given 4 ml/kg of water.

All procedures using animals were conducted in accor-
dance with the ethical guidelines for animal care promulgated
by Chugai Pharmaceutical Co, Ltd., and all experimental
protocols were approved by the Institutional Animal Care
and Use Committee in Chugai.

Two sizes of danazol solid particles in capsules were each
orally administered at a dose of 2 mg/kg. In order to
investigate the dose effect on danazol absorption, smaller
particles were also administered at a dose of 0.2 mg/kg. An
aqueous danazol solution composed of 10% dimethyl sulfox-
ide (DMSO) and 20% vitamin ETPGS as solubilizers was
orally administered at doses of 2 and 0.2 mg/kg. A danazol
solution consisting of 5% EtOH, 25% dimethylacetamide,
and 70% saline was intravenously administered at a dose of
0.0625 mg/kg. Two sizes of griseofulvin solid particles in
capsules were each orally administered at a dose of 2 mg/kg.
The smaller griseofulvin particles were also orally adminis-
tered at a dose of 0.2 mg/kg. An aqueous griseofulvin solution
in 10% DMSO and 90% PEG400 was orally administered at
doses of 2 and 0.2 mg/kg. A griseofulvin solution consisting of

Table I. Properties of Drugs Used in This Study

Drug name Ionization propertya MW logD (6.5)a

Danazol Neutral 337.5 4.0
Griseofulvin Neutral 352.8 2.9
Aprepitant Weak base (pKa=4.38) 534.4 5.3

a pKa and logD values were calculated using Pallas 3.0 software.
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5% EtOH, 25% dimethylacetamide, and 70% saline was
intravenously administered at a dose of 0.5 mg/kg. Three
different sizes of aprepitant particles suspended in 0.5%
methylcellulose solution and an aprepitant aqueous solution
consisting of 10% DMSO and 5% cremophor EL as
solubilizers were each orally administered at a dose of 2 mg/
kg. Another aprepitant solution consisting of 5% EtOH, 25%
dimethylacetamide, and 70% saline was intravenously admin-
istered at a dose of 0.0625 mg/kg. To maintain a high gastric
pH, dogs were intravenously treated with famotidine (10 mg/
dog) 2 h before the aprepitant administrations. Blood samples
(1 ml) were collected from a foreleg vein with a heparinized
syringe at 0 (pre-dose), 0.25, 0.5, 1, 2, 4, 8, 24, and 48 h after
oral administration and 0 (pre-dose), 0.08, 0.25, 0.5, 1, 2, 4, 8,
24, and 48 h after intravenous administration. Plasma samples
were obtained by centrifugation of the blood samples and
stored at −20°C until use.

Analysis of Plasma Concentration

Plasma concentration was quantified by HPLC mass
spectroscopy (LC–MS/MS). Dog plasma was spiked with
danazol in MeOH to yield concentrations for a standard curve.
To 100 μl of plasma standard and unknowns, 10 μl of 50%
MeOH aqueous solution, 100 μl of water, and 20 μl of MeOH
including 0.1 μmol/l of methyltestosterone as an internal
standard (IS) were added. The samples were extracted using a
solid phase extraction kit (Oasis μElution Plate® HLB, SPE
cartridges,Waters). The concentration of danazol in plasma was
determined by LC–MS/MS using a Shimadzu 10A Separations
Module (Shimadzu, Kyoto, Japan) connected to an API4000™
LC–MS/MS system (Applied Biosystems, Foster City, CA,
USA) with a C18 column (Capcell Pack C18 UG120 5 μm
2.0×250 mm, Shiseido, Tokyo, Japan). The eluents consisted of
water–acetonitrile at a ratio of 10:90 delivered at 0.2 ml/min.
The injection volume was 25 μl. The MS/MS instrument was
operated in atmospheric pressure chemical ionisation (APCI).
Detection was performed in the positive-ion mode using
selected reaction monitoring (SRM) of the m/z 338–115 and
m/z 303–109 transitions for danazol and the IS, respectively;
collusion energies of 95 and 37 eV were used for danazol and
the IS, respectively. The (1/χ2) linear regression analysis
showed correlation coefficients of linearity (r2>0.999) at
concentration ranges of 0.3–1,000 ng/ml.

Dog plasma was spiked with griseofulvin or aprepitant in
EtOH to yield concentrations for a standard curve. For
griseofulvin, 10 μl of 50% MeOH aqueous solution, 100 μl of
water, and 20 μl of MeOH including 0.1 μmol/l of warfarin as
an IS were added to 50 μl of plasma standard and unknowns.
For aprepitant, 10 μl of 50% MeOH aqueous solution, 100 μl
of water, and 20 μl of MeOH including 0.1 μmol/l of danazol
as an IS were added to 5 μl of plasma standard and
unknowns. The samples were extracted using the Oasis
μElution solid phase extraction kit previously mentioned.
The concentration of griseofulvin and aprepitant in plasma
was determined by LC–MS/MS using a Shimadzu 10A
Separations Module connected to a Q TRAP® LC-MS/MS
system (Applied Biosystems) with a C18 column (Unison
UK-C8 30 mm×2 mm, Imtakt Corporation). The eluents
consisted of water–acetonitrile–formic acid at a ratio of
95:5:0.1 (solvent A) and 5:95:0.1 (solvent B). Elution was

accomplished using a linear gradient that consisted of
ramping solvent B from 0% to 100% over 1.7 min at a flow
rate of 0.4 ml/min. The injection volume was 10 μl. The MS/
MS instrument was operated in electrospray ionisation mode.
Detection was performed in the positive-ion mode using SRM
of m/z 353–165 and m/z 309–251 transitions for griseofulvin
and the IS, m/z 535–277 and m/z 338–310 transitions for
aprepitant and the IS, respectively; collusion energy of 30 eV
was used for griseofulvin, aprepitant and there is for each.

Fig. 1. Time profiles of the cumulative percentage dissolved and
fitting curves (dotted and solid lines) for several different particle sizes
of danazol, griseofulvin, and aprepitant in FaSSIFdog. Fitting curves
were obtained assuming that the drugs dissolved according to the
Noyes–Whitney equation.
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The equivalency of ion suppression between griseofulvin and
the IS and aprepitant and the IS was determined by QC
analysis of individual dog plasma. The (1/χ2) linear regression
analysis showed correlation coefficients of linearity (r2>
0.993) within a concentration range of 4–512 ng/ml for
griseofulvin and 1–1,024 ng/ml for aprepitant.

PK Analysis

The pharmacokinetic parameters were determined using
noncompartmental analysis (WinNonlin, version 4.0.1, Pharsight
Corporation, Mountain View, CA, USA). The AUC was
calculated from 0 to infinity using a linear trapezoidal rule. The
in vivo absorption–time profiles of drugs were estimated using a
numerical deconvolution technique. The mean plasma concen-
tration data from the oral administration study was designated
the response function, and data from the intravenous adminis-
tration study was designated the weight function. After calculat-
ing the BA–time profiles of all oral administrations, the BA
value at each time point for solid particles was divided by that of
the solution administration at 48 h to obtain Fa time profiles of
the solid administrations. The BA values for solution admin-
istrations of danazol and griseofulvin were constant throughout
doses of 0.2 to 2 mg/kg, indicating systemic pharmacokinetics
linearity for this range of plasma concentration.

Fa;solid;t ¼ BAsolid;t

BAsolution;48h
� 100 ð12Þ

Fa,solid,t is the fraction absorbed at time t. BAsolid,t and
BAsolution,48 h are respectively the bioavailability of the solid
administration at time t and the solution administration at
48 h determined by deconvolution analysis.

Permeation Experiments in Caco-2 Monolayers

In order to ensure high permeability of the model drugs,
permeation experiments in Caco-2 monolayers were per-
formed as described previously (6).

RESULTS

Miniscale Dissolution Test, Solubility Study, and Unstirred
Water Layer Permeability Calculations

The dissolution profiles of danazol, griseofulvin, and
aprepitant in the miniscale dissolution test with FaSSIFdog

were illustrated in Fig. 1. The dissolution parameters (z) of
these three drugs in FaSSIFdog and PB were extracted for
each particle size from the fitting curve in Fig. 1 and
summarized in Table II. z values were inversely proportional
to the particle size for all drugs. The saturated solubility of
danazol, griseofulvin, and aprepitant was determined to be 7,
16, and 21 μg/ml in FaSSIFdog and 0.7, 14, and 0.8 μg/ml in
PB, respectively. UWL permeability is shown in Table II.

In Vivo Oral Administration Study

The in vivo oral administration study with the different-
sized danazol particles (Fig. 2, Table III) showed that the AUC
value of plasma concentration after the administration of
smaller particles (VMD: 5 μm) was six times greater than that
of the larger particles (229 μm). The griseofulvin AUC from the
smaller particles (7 μm) was 16 times greater than from the
larger ones (118 μm). The aprepitant AUC after administration
of 2-μm particles was 1.2 and 1.8-fold larger than that of 5- and
26-μm particles, respectively, and considered not statistically
significant. These results indicate that the effect of particle size
on oral absorption varies among drugs. However, the plasma
concentrations from solutions of the three drugs were much
higher than those from even the smallest particles, indicating a
limit of absorption from solid dosage forms. In Table III, a
comparison of the AUC values for the two doses (2 and
0.2 mg/kg) of the smaller particles of danazol and griseofulvin
were respectively only five and six times greater, not tenfold,
thus exhibiting saturated and dose nonlinear absorption.

Permeability Measurement and Calculation

The Papp values of the three drugs were measured in
Caco-2 monolayers. The Papp of danazol, griseofulvin, and
aprepitant was 8.7±5.0, 4.5±1.0, and 2.1±0.9 10−5 cm/s,
respectively. The contribution of the UWL to drug
permeation through the Caco-2 membrane was different from
that through in vivo intestinal membrane because the
experimental conditions such as agitation speed were not the
same as in vivo. Also, the surface of the intestinal membrane,
but not of Caco-2 monolayers, are covered with mucus layer
which may form the thicker UWL. We previously reported
that the UWL on the membrane was the main source of the
resistance to permeation across the intestinal membrane for
lipophilic drugs (0.7–6.5 of logD (6.5), 2.7–10.1×10−5 cm/s of
Caco-2 permeability) (6). In that report, the calculated PUWL

of ketoprofen (9×10−4 cm/s) was nearly equal to reported

Table II. Dissolution Parameter z Obtained From the Dissolution Curve, the Saturated Solubility of Three Compounds in FaSSIFdog, and PB
(Mean±SD) and the Calculated Unstirred Water Layer Permeability Used for the Simulation

Drug name
Mean particle
diameter (μm)

z (ml mg−1 min−1) Cs (mg ml−1) PUWL 10−3 (cm s−1)

FaSSIFdog PB FaSSIFdog PB

Danazol 5 0.912±0.159 1.973±0.433 0.007±0.000 0.0007±0.0000 1.3
229 0.014±0.004 0.063±0.027

Griseofulvin 7 1.005±0.206 1.442±0.092 0.016±0.000 0.014±0.0000 1.3
118 0.008±0.002 0.008±0.001

Aprepitant 2 1.900±0.591 3.366±1.251 0.021±0.004 0.0008±0.0001 1.1
5 0.756±0.093 2.171±0.403
26 0.183±0.013 0.135±0.034
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human jejunal permeability (9×10−4 cm/s) despite the fact that
the PUWL of ketoprofen was much greater than Caco-2 Papp

(6×10−5 cm/s). In this study, therefore, considering their high
Caco-2 membrane permeability and high lipophilicity, it is
reasonable to assume that permeation of the model drugs
through the intestinal wall was limited by diffusion through the
UWL.

Oral Absorption Prediction

In order to predict the oral absorption and rate limiting
steps of different-sized particles of the model drugs, the

amount of solid drug, Xs,vivo(t), and dissolved drug, Xd,vivo(t),
in the intestinal tract and absorbed drug, Xa,vivo(t), was
simulated from Eqs. 5–8 using the saturated solubility and z
values obtained from the miniscale dissolution test, UWL
permeability, and oral administration in dogs (Table II).

In Fig. 3, the time-profiles of Fa were obtained from the
in vivo oral administration study in dogs. The data of
intravenous administration were used for numerical deconvo-
lution analysis. Fig. 3 also shows the simulation of time-
profiles of Fa from in vitro dissolution and solubility data for
FaSSIFdog. For all drugs, simulated Fa well reflected the data
observed in vivo showing dissolution rate-dependent absorp-
tion. The predicted Fa of each drug, calculated from the
amount of simulated absorption after 2 h and the adminis-
tered dose, correlated well with observed Fa (Table III). In
contrast, when PB was used as the media for the in vitro
dissolution test, the simulated Fa was much less than the
observed results for danazol and aprepitant (Fig. 3). Howev-
er, in the case of griseofulvin, PB gave almost the same results
as FaSSIFdog.

To investigate the rate limiting steps of oral absorption
for each different-sized and different-dosed solid particle, the
intestinal drug concentration (Xd,vivo(t)/V) was simulated and
given as a ratio of the drug saturated solubility, C(t)ratio. The
time–intestinal drug concentration profiles simulated from the
in vitro dissolution test with FaSSIFdog are shown in Fig. 4.
The C(t)ratio after administration of the two sizes of danazol
particles (VMD 5 and 229 μm) was simulated to be about
85% and 8%, respectively, at a dose of 2 mg/kg and about
30% at a dose of 0.2 mg/kg (5 μm). The C(t)ratio of the two
sizes of griseofulvin particles (7 and 118 μm) was also
simulated to be 85% and 5%, respectively, and 18–34% at a
dose of 0.2 mg/kg (5 μm). For aprepitant, the C(t)ratio for each
particle size (2, 5, and 26 μm) was simulated to be 92%, 83%,
and 55%, respectively, at a dose of 2 mg/kg. If the ratio of the
intestinal drug concentration at time t against the drug
saturated solubility, Cratio(t), is low (sink conditions), drug
absorption is considered to be limited by the dissolution rate
(Fig. 4). On the other hand, ifCratio(t) increases and approaches
unity, absorption is limited not only by the dissolution rate but
also by saturated solubility. Our simulation showed that the
concentration of danazol and griseofulvin in the intestine after
the administration of large particles remained quite low
compared to the saturated solubility, suggesting that absorp-
tion was limited by the dissolution rate. In the case of the
smaller particles, it was predicted that drug concentration in
the intestine would became high, indicating that absorption
was limited not by the dissolution rate but by solubility.

DISCUSSION

Insufficient exposure of poorly water-soluble drugs such
as BCS class II (20) from oral administration due to a lack of
or nonlinear drug absorption often makes it difficult to
evaluate drug efficacy and safety in both the preclinical and
the clinical stage of development. The model drugs used in
this study were classified as BCS class II because the dose
number is more than 1 and permeability through the Caco-2
monolayer is higher than metoprolol (0.5×10−5 cm/s, in-house
data). In order to quantitatively predict oral absorption of
BCS class II drugs, we simulated drug concentration in the

Fig. 2. Mean (±SD) plasma concentrations of danazol, griseofulvin,
and aprepitant following oral administration in Beagle dogs (n=5)
under fasted conditions at a dose of 2 mg/kg. Dogs were intrave-
nously treated with famotidine to maintain high gastric pH before
administration of aprepitant.
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intestinal tracts (Fig. 4), which is essential for recognizing the
rate-limiting steps of oral absorption. For the larger solid
particles of danazol, griseofulvin, and aprepitant, dissolution
in the small intestine was simulated to occur under a sink
condition in which oral absorption is certainly dissolution-
rate-limited. Particle size reduction had a significant impact
on the dissolution rate in vitro, on the simulated oral
absorption, and on the absorption observed in dogs. The
dissolution of the smaller particles of danazol, griseofulvin,
and aprepitant in the small intestine occurred under a
nonsink condition in the simulation, indicating solubility-
limited absorption. In fact, dose nonlinearity was observed
with the smaller particles of danazol and griseofulvin in dogs.
For aprepitant, particle size reduction to 2-μm did not
significantly improve oral absorption in vivo even though
the dissolution rate increased. Increasing the dissolution rate
of smaller particles of the model drugs would no longer
improve their oral absorption despite lower plasma
concentrations than the solution administration because oral
absorption of the small particles is limited by solubility and
not by dissolution rate.

A clear understanding of the rate-limiting process of oral
absorption is crucial for improving oral absorption. Our
results suggest that the rate-limiting steps on oral absorption
shift from dissolution rate-limited to solubility-limited even
for the same drug as they do with an increase in either the
dissolution rate or the administration dose. Oral absorption in
vivo of danazol was clearly improved by particle size
reduction, suggesting that absorption of danazol from larger
particles was limited by the dissolution rate; however, oral
absorption of the smaller particles in vivo resulted in an 11-
fold increase, indicating a non-proportional change when
compared to the 65-fold increase in the dissolution rate
observed with the larger particles. In addition, the absorption
of danazol did not show linear correlation with dose (0.2–
2 mg/kg), indicating that absorption from small particles at
2 mg/kg was limited not by the dissolution rate but by

solubility. Similar results were also observed with griseoful-
vin. The fraction of dose absorbed of danazol and griseofulvin
after administration of different-sized particles showed non-
linearity with the dissolution rate (Fig. 5, griseofulvin data not
shown). In addition, when the smaller particles were admin-
istered, the absorbed amount was simulated to peak at a high
dose (Fig. 6) because the dissolution from small particles
occurred under nonsink conditions at the dose of 2 mg/kg.
For aprepitant, improvement of oral absorption from particle
size reduction of the 5- to 2-μm particles was less than for the
26-μm particles. The simulated Cratio(t) for the 26-μm
particles was approximately 50%, which means that oral
absorption remained dissolution-rate-limited. Thus, particle
size reduction improved oral absorption for the 26-μm
particles of aprepitant. But for the 5-μm particles, further
size reduction was less effective because the rate-limiting step
of oral absorption shifted to solubility. In order to improve
solubility-limited absorption such as absorption from smaller
particles of danazol, griseofulvin and aprepitant, increased
solubility is most likely required. Some solid forms such as
salts, cocrystals and amorphous forms often exhibit higher
drug solubility (21). Moreover, several formulation technolo-
gies that allow super-saturation such as solid dispersion and
lipid formulation are useful for improving drug solubility in
the small intestine (22,23). Our results, in which simulated Fa

correlated well with observed Fa, indicate that our method of
simulating drug dissolution and permeation processes in the
intestinal tract reflects in vivo drug dissolution both under
sink and nonsink conditions and helps clarify the rate-limiting
steps of drug absorption. Our system can be used to
determine an appropriate strategy to improve both dissolu-
tion rate-limited and solubility-limited absorption of a drug
dissolved in the intestine but not in the stomach and colon.

The in vitro dissolution profile in a biorelevant medium
showed better estimations of oral absorption than the
conventional buffer without bile and lecithin. The saturated
solubility of the model drugs was higher in FaSSIFdog than in

Table III. Pharmacokinetic Parameters and Observed Fa in Dogs (Mean±SD, n=5), and Predicted Fa for Danazol, Griseofulvin, and
Aprepitant

Drug name
Particle size
(admin form)

Dose
(mg kg−1)

AUC
(ng h ml−1) BAa (%) Observed Fa

b (%) Predicted Fa
c (%)

FaSSIFdog PB

Danazol Solution 2 613.8±135.9 13.8±3.8 100 – –
5 μm (solid) 2 74.1±30.0 1.7±0.7 12.1±5.6 11 1
229 μm (solid) 2 12.1±6.1 0.3±0.1 2±1.1 1 0.4
Solution 0.2 47.6±10.3 10.7±2.9 100 – –
5 μm (solid) 0.2 14.2±2.8 3.2±0.8 29.8±8.7 41 7

Griseofulvin Solution 2 331.3±121.0 25.9±12.6 100 – –
7 μm (solid) 2 155.2±47.5 12.2±5.4 46.9±22.3 25 23
118 μm (solid) 2 9.5±4.6 0.7±0.4 2.9±1.7 1 1
Solution 0.2 31.4±8.0 24.6±10 100 – –
7 μm (solid) 0.2 26.6±4.3 20.8±7.4 84.9±24.4 80 84

Aprepitantd Solution 2 11,478.4±3,497.5 83.4±26.2 100 – –
2 μm (suspn) 2 3,814.2±1,621.1 27.7±12 33.2±17.4 32 1
5 μm (suspn) 2 3,179.0±1,428.7 23.1±10.5 27.7±15 28 1
26 μm (suspn) 2 2,091.8±1,094.3 15.2±8 18.2±11 18 0.6

aBA was calculated from the dose-normalized AUCs (AUC/dose) after intravenous and oral administrations.
bObserved Fa was calculated from AUCs of solid and solution dosage forms.
c Predicted Fa using the dissolution results in FaSSIFdog and PB.
dDogs were intravenously treated famotidine 2 h before aprepitant administration to maintain high gastric pH.
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PB due to the solubilizing effect of the micelles in FaSSIFdog

(24–26). When the PB results were used, simulated oral
absorption was lower than observed absorption and the effect
of particle size was unclear. These results indicate that
physiologically biorelevant media are important for the
investigation of oral absorption and the rate-limiting steps of
poorly water-soluble drugs.

The miniscale dissolution test clearly detected the change
in the drug dissolution rate caused by particle size reduction.
The dissolution rate of small particles of danazol was 65-times
faster than that of large particles in FaSSIFdog. The two

smaller-sized particles of aprepitant showed four and ten
times faster dissolution than the larger particles and had good
correspondence with particle size reduction (46-, 5-, and 11-
fold, respectively), suggesting that the dissolution of danazol
and aprepitant can be determined by the Noyes–Whitney

Fig. 3. Comparison of the observed and simulated Fa time profiles of
danazol, griseofulvin, and aprepitant. Observed Fa was determined
using a numerical deconvolution technique following oral adminis-
tration in Beagle dogs (n=5) under fasted conditions at a dose of
2 mg/kg. The deconvolution analysis was carried out using the plasma
concentration data from the oral administration study as the response
function and the data from the intravenous administration study as
the weight function. The relative bioavailability of a solid dosage
form and a solution orally administered served as the Fa. Results are
expressed as the mean; bars indicate SD value. Predicted Fa was
simulated by solving Eqs. 5–8 with the dissolution results both in
FaSSIFdog and in PB.

Fig. 4. Simulated intestinal drug concentration, Xd,vivo(t)/Vvivo, and
the percentage of the intestinal drug concentration against the
saturated solubility, Cratio(t), from different-sized particles of danazol,
griseofulvin and aprepitant using Eqs. 5–9 with the dissolution results
in FaSSIFdog.
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theory. In contrast, the dissolution of small-particle griseoful-
vin was 125 times faster than that of the larger particle, even
though the particles were only ten times smaller. The
disagreement in the ratio of dissolution rate and particle size
with griseofulvin might be because of the lozenge-shaped
particles, making it difficult to clearly represent the surface
area. It is important to determine the dissolution rate
experimentally when quantitatively predicting the oral ab-
sorption of a drug.

The predicted Fa of griseofulvin at a dose of 2 mg/kg was
half of the mean observed value. The reason for this
disagreement is unclear but might be related to the absorp-
tion site of griseofulvin in the GI tract. Although an intestinal
transit time of 2 h limited the absorption time in our
prediction, the real absorption time in vivo of griseofulvin
appeared to be longer than 2 h (Fig. 3). According to the time
profiles of in vivo absorption, 30% of the griseofulvin was
absorbed within 2 h and our simulation also showed 30%
absorption of griseofulvin within 2 h (Fig. 3), indicating a
quantitative prediction of the absorption rate. Griseofulvin
absorption in vivo continued for 8 h and had increased by
almost twofold the amount absorbed within 2 h, suggesting
that griseofulvin is possibly absorbed not only in the small
intestine but also in the colon (27). Understanding how the
solubility and permeability characteristics of griseofulvin, the
transit time, and the hydrodynamics in the colon are different
from those in the small intestine would be necessary to take
the absorption from the colon into account.

There is some discrepancy between the experimental and
fitted dissolution lines at the latter part of the dissolution for
danazol and griseofulvin despite the successful fitting at the
beginning and the middle (Fig. 1). This may be a result of the
particle size distribution in the drug. With particles of
different sizes, small particles are possibly completely dis-
solved and diminished earlier than large ones. Therefore, a
greater number of large particles in the distribution would
have more of an effect on the dissolution rate at the latter
part of the dissolution. Our model may not reflect the effect
of larger particles in the dissolution because we assume the
drug to be a monodispersed powder. Hints et al. reported that
the amount of small and large particles in the distribution
affect drug dissolution (28,29). The effect of particle size
distribution on dissolution may explain these mismatches.

In the present study, data of absorption in dog rather
than in human were used to validate our method of predicting
the rate-limiting steps of oral absorption because suitable
clinical data and formulations in human are not readily
available. So it is necessary to consider interspecies differ-
ences to predict the rate-limiting steps of oral absorption in
humans from data in dogs. The results from different
dissolution media (FaSSIFdog and PB) clearly show that
solubilization with bile salts is important in the oral absorp-
tion of poorly soluble drugs. It is known that there are
differences in the composition of intestinal fluid in dogs and
humans, including the concentration of bile salts (16,19). In
order to simulate drug dissolution in the human intestine,
biorelevant dissolution media with lower concentrations of
bile salts and lecithin than in dogs should be used (30).
Concerning membrane permeability, it has been reported that
water-soluble neutral drugs are absorbed faster in dogs than
in humans because the size of the tight junction for the
paracellular transport pathway is greater in dogs than in
humans (31). However, the permeability of highly permeable
drugs in the intestine will not differ significantly between dog
and human because the UWL diffusion rates are similar
(10,15). The intestinal transit time in human is twice as long
as in dog (16). Although the intestinal surface area and water
volume are also species specific (17), the rate-limiting steps of
human oral absorption could be identified by using human
physiological parameters for the simulation.

In conclusion, elucidating the rate-limiting process of
oral absorption helps us to better understand the cause of
poor absorption of poorly water-soluble drugs. Our method
requires only a small scale in vitro study to predict dose- and
particle size-dependent absorption and therefore, can con-
tribute to early stage studies in the pharmaceutical industry
for the development of improved oral drug products.
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Fig. 5. Simulated Fa of danazol in dogs as a function of the dissolution
rate parameter z at a dose of 2 mg/kg (line) and observed Fa from small
(z=0.912) and large (z=0.014) particles (circle, mean±SD).

Fig. 6. Simulated absorbed amount of danazol (Xa,vivo(2 h)) from
small particles (z=0.912) as a function of the administration dose
(line) and the observed absorbed amount in dogs at doses of 0.2 and
2 mg/kg (circle, mean±SD).
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