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a b s t r a c t

This study coupled results from biorelevant dissolution tests with in silico simulation technology to fore-
cast in vivo oral absorption of micronized and nanosized aprepitant formulations in the pre- and post-
prandial states. In vitro dissolution tests of the nanosized aprepitant formulation and micronized drug
were performed in biorelevant and compendial media. An in silico physiologically based pharmacokinetic
(PBPK) model was developed based on STELLA� software using dissolution kinetics, standard gastrointes-
tinal (GI) parameters and post-absorptive disposition parameters. GI parameters (gastric emptying rate
and GI fluid volume) were varied according to the dosing conditions. Disposition parameters were esti-
mated by fitting compartmental models to the in vivo oral PK data. Predictions of in vivo performance
in each prandial state were evaluated using the AUC and Cmax generated from the simulated PK profiles.
To predict oral absorption from the extremely fast dissolving nanosized aprepitant formulation, several
variations on a previously published model were evaluated. Although models that assumed that the for-
mulation behaved as an oral solution or that adjusted the dissolution kinetics according to the different
numbers of particles per gram between micronized and nanosized aprepitant generated profiles similar to
the observed in vivo data in the fed state, simulated profiles for the fasted state showed much faster
absorption than that observed in the in vivo data. This appeared to result from the assumption of no
absorption restrictions in those models. To better predict in vivo performance in both fasted and fed
states, a model that adds permeability restrictions to absorption was applied. This model not only simu-
lated the in vivo profiles for aprepitant well in both prandial states, but also predicted the dependency of
the pharmacokinetics on the dose and the particle size of aprepitant. In conclusion, a model based on
STELLA� software combined with dissolution results in biorelevant media successfully forecasts the
in vivo performance of both nanosized and micronized formulations of aprepitant in the fed and fasted
states. Although dissolution is the primary limitation to the rate of absorption for micronized aprepitant,
some permeability restrictions are revealed for the nanosized formulation. The results also indicate that
biorelevant dissolution media have strong advantages over compendial media in forecasting the in vivo
behavior of aprepitant.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Aprepitant is a neurokinin 1 (NK1) receptor antagonist that is
lipophilic (log D at pH 7 = 4.8), poorly soluble (3–7 lg mL�1 over
the pH range 2–10) and weakly basic [1]. According to the Biophar-
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maceutics Classification System (BCS) criteria [2,3], aprepitant can
be categorized into BCS Class IV, being neither ‘‘highly soluble” nor
‘‘highly permeable”. Poorly soluble compounds tend to exhibit higher
systemic exposure when taken with food, rather than under fasting
conditions, due to physiological changes such as prolonged gastric
residence, stimulation of bile secretions, increase in available gas-
trointestinal (GI) fluid volume and, in some cases, interactions with
food components [4,5]. Food-effect studies on bioavailability (BA)
and fed state bioequivalence (BE) for orally administered solid dos-
age forms are often conducted by pharmaceutical companies, and
the Food and Drug Administration (US FDA) provides guidance to
pharmaceutical companies in terms of study design and data analy-
sis of such studies as well as for subsequent product labeling [6].
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Although drug administration after food ingestion is an effec-
tive approach to improve the oral BA of poorly soluble drugs
[7,8], it is not always desirable. First, diminishing the differences
in systemic exposure between the prandial states will help im-
prove efficiency and safety of medication, as well as patient com-
pliance. Second, for some indications, enhancement of drug
absorption in the fasted state is highly desirable e.g. the use of
aprepitant for the prevention of chemotherapy-induced nausea
and vomiting [1,9]. To achieve these goals, several formulation ap-
proaches have been developed for poorly soluble compounds [10],
including the use of alternative salt forms [11], crystal engineering
(co-crystals and amorphous systems) [12], particle size reduction
[13] and lipid formulation [14]. In the case of aprepitant, the Nano-
Crystal technology (Elan Corporation, plc, Dublin Ireland) [15],
with which drug particles are milled to sub-micron size and stabi-
lized with polymer or surfactant, was selected for the marketed
formulation (EMEND�). This nanosized aprepitant formulation
was able to overcome non-linear pharmacokinetics in the fasted
state and reduce the positive food effect observed with the micron-
ized formulation within the clinical dose range [1]. Nanosizing
technology has also been applied to reduce variability in pharma-
cokinetic behavior of oral dosage forms e.g. for TriCor� (fenofi-
brate) [16] and Rapamune� (Sirolimus).

At the preformulation stage, prediction of food effects is impor-
tant to developing oral formulations with the desired bioperfor-
mance [17]. The BCS [4], the Biopharmaceutical Drug Disposition
Classification System (BDDCS) [18] and other statistical models
[19] based upon physical chemical properties of drug can roughly
classify drugs into three categories (positive, negative or no food
effects), but it is still a challenge to predict food effects quantita-
tively. Since formulation effects on dissolution kinetics can also
affect intestinal absorption of the drug, in vitro dissolution testing
using biorelevant media is a useful tool to predict in vivo perfor-
mance of drug products, including food effects [20–22]. Another
approach to prediction of the in vivo performance is in silico phys-
iologically based pharmacokinetic (PBPK) modeling, using software
packages such as GastroPlus�, PK-Sim�, and STELLA� [23–25].
These in silico techniques use physiological parameters together
with available/predicted in vitro data for the drug (solubility, disso-
lution, permeability, metabolism and disposition of the drug) to
simulate the plasma profiles.

Nicolaides et al. demonstrated the use of a simple integrated
model using STELLA� software to predict in vivo performance of
diverse lipophilic compounds such as atovaquone and troglitazone
using biorelevant dissolution data [26,27]. In a recent study, it was
shown that prediction of food effects based solely upon the extent
of dissolution in biorelevant media in the USP paddle assembly
was not appropriate for celecoxib. Although sink conditions are
generated in vivo by the very high permeability of celecoxib [28],
the dissolution in the limited volume available in the paddle appa-
ratus created non-sink conditions. However, by coupling the
in vitro biorelevant dissolution data with in silico simulation using
STELLA� software using the Nicolaides et al. model, the in vivo per-
formance of celecoxib in both prandial states was simulated well
[29]. The next challenge is to apply the invitro–in silico–in vivo (IVI-
SIV) method to quantitatively predict the in vivo performance of
poorly soluble drugs formulated in special technologies, such as
nanosized formulations.

In this study, we selected aprepitant as a model compound.
The marketed formulation of aprepitant uses nanosizing technol-
ogy to improve oral BA and minimize food effects. Data were also
available for a development formulation containing micronized
aprepitant. Specifically, the aims of this study were to: (1) fore-
cast in vivo oral absorption of aprepitant and its formulation ef-
fects in the fasted and fed states, applying the in vitro
biorelevant dissolution testing coupled with in silico PBPK model-
ing using the STELLA� software, (2) simulate the dose- and parti-
cle size-dependent food effect of aprepitant, and (3) investigate
the advantages of using biorelevant media over simple buffer
media for predicting in vivo performance of the nanosized aprep-
itant formulation.
2. Materials and methods

2.1. Chemicals and reagents

Granules of the nanosized aprepitant formulation and micron-
ized drug substance (mean particle size: 120 nm and 7 lm, respec-
tively) were provided by Merck & Co., Inc. (West Point, PA, USA).
Long-life, heat-treated and homogenized milk (UHT milk) contain-
ing 3.5% fat (Milfina Hochwald, Kaiserslautern, Germany) was pur-
chased commercially. Glyceryl monooleate (GMO, Rylo M19
Pharma�, 99.5% monoglyceride, lot 173,403-2202/107) was kindly
donated by Danisco Specialities, Brabrand, Denmark. Egg phospha-
tidylcholine (Lipoid E PC�, 99.1% pure, lot 108015-1/42) was a kind
donation from Lipoid GmbH, Ludwigshafen, Germany. 85% ortho-
phosphoric acid (H3PO4), 37% hydrochloric acid (conc. HCl) and
pepsin (Ph. Eur., 0.51 U/mg, lot 1241256) were obtained from Fluka
Chemie AG, Buchs, Switzerland. Maleic acid (99% pure, lot 4039128)
was purchased from Sigma–Aldrich Chemie GmbH, Steinheim, Ger-
many. Sodium oleate (82.7% pure, lot 51110) was obtained from
Riedel-de Haën, Seelze, Germany. Sodium taurocholate (NaTC,
97% pure, lot 2007100274) was purchased from Prodotti Chimici
e Alimentari SpA, Basaluzzo, Italy. Sodium hydroxide solution
(0.1 N NaOH) and hydrochloric acid solution (0.1 N HCl) were pur-
chased from VWR International GmbH, Darmstadt, Germany.
Dichloromethane, acetonitrile, glacial acetic acid, sodium acetate
trihydrate, sodium chloride (NaCl), potassium dihydrogen phos-
phate and NaOH pellets were all of analytical grade and purchased
from Merck KGaA, Darmstadt, Germany.
2.2. Media preparation

The compositions and the preparation procedures of the media
used for dissolution tests and solubility determination have been
described previously [30–32]. Fasted State Simulated Gastric Fluid
(FaSSGF) [31], Fed State Simulated Gastric Fluid (FeSSGF) [32] and
compendial Simulated Gastric Fluid without pepsin (SGFsp) (USP
32) were used for the gastric media. For the upper small intestine,
updated versions of Fasted State Simulated Intestinal Fluid (FaSSIF-
V2) and Fed State Simulated Intestinal Fluid (FeSSIF-V2) [32] and
compendial Simulated Intestinal Fluid without pancreatin (SIFsp)
(USP 32) were also used in this study.
2.3. Analytical methods

2.3.1. The high-performance liquid chromatography (HPLC) system
The samples obtained from solubility and dissolution tests were

quantitatively analyzed for aprepitant concentration using an iso-
cratic HPLC system. The HPLC system consisted of a pump (Merck
Hitachi L7100), an autosampler (Merck Hitachi L-7200) and a UV
detector (Merck Hitachi L-7400). The chromatograms were evalu-
ated with EZChrom Elite™ Version 2.8 Software (Biochrom Ltd.,
Cambridge, UK). The analytical column used was a Zorbax Rx-C8
4.6 mm i.d. � 150 mm, 5 lm from Agilent Technologies (Wald-
bronn, Germany). The mobile phase was a mixture of acetonitrile
and 0.1% H3PO4 solution (50:50) at a flow rate of 1.5 mL min�1.
The injection volume was 50 lL. The detection wavelength was set
at 220 nm. The analysis was performed under ambient conditions.



Table 1
Values of correlation coefficients for the profiles of best fit to the mean observed
plasma data, after oral administration of nanosized aprepitant formulation 125 mg in
the fasted and fed states, and disposition parameters estimated with WinNonlin�,
assuming one-compartment disposition kineticsa.

Correlation coefficient Vd/F (L) K10 (h�1)

Fasted 0.983 138.0 0.041
Fed 0.982 104.5 0.041

a Vd, apparent volume of distribution; F, bioavailability coefficient; K10, elimi-
nation rate constant.
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2.4. Solubility measurements

The shake-flask method was employed for aprepitant solubility
determination in all media, using micronized drug. Measurement
was performed by adding an excess amount of the drug substance
to a medium in a glass vial. The vial was incubated in a water bath
at 37 �C and shaken vigorously at appropriate intervals. Samples
were taken after at least 6 h and filtered through polyvinylidene
fluoride (PVDF) membrane filters with a pore size of 0.45 lm
(Whatman GmbH, Dassel, Germany). The filtrate was diluted
immediately with mobile phase and then analyzed by HPLC. For
FeSSGF, with milk as a major component, the use of filters with a
small pore size was not possible. Glass syringe filters with a pore
size of 2.7 lm (25 mm GD/X, Whatman) were used to separate
non-dissolved drug from the samples. Then, 1 mL of acetonitrile
was added to 0.5 mL of the filtrate and mixed well, and the mixture
was centrifuged at 7500 rpm for 3 min. The supernatant was ana-
lyzed by HPLC.

2.5. Dissolution testing of nanosized aprepitant formulation and
micronized drug

2.5.1. USP apparatus II (paddle assembly)
The dissolution conditions consisted of a medium volume of

500 mL per vessel with a paddle revolution speed of 50 rpm. The
sampling times were 5, 10, 15, 20, (25), 30, 45 and 60 min for
micronized drug and 1, 2, 3, 5, 7.5 and 10 min for the nanosized
formulation. The temperature in the vessels was maintained at
37 �C ± 0.5 �C throughout each dissolution run. Experiments were
conducted at least in triplicate. Accurately weighed samples corre-
sponding to 125 mg aprepitant were transferred into glass tubes,
2.5 mL of water was added, and the tube was gently swirled to dis-
perse the particles. The resulting suspension was transferred into
the dissolution vessel. At the above-mentioned times, samples
were withdrawn through cylindrical polyethylene filter sticks hav-
ing a pore size of 10 lm and fitted directly on the end of sampling
devices. The volume withdrawn was approximately 5 mL for each
sampling time point. The samples to be tested for micronized
aprepitant were then filtered through a 0.45-lm PVDF filter
(Whatman GmbH, Dassel, Germany) into the test tubes, after dis-
carding the first 2 mL. Because the particle size of the drug in the
nanosized formulation is approximately 120 nm, the samples were
filtered through a 0.1-lm Anotop 25 plus (Whatman GmbH,
Dassel, Germany). After discarding the first 2 mL, the filtrate was
collected and assayed. Pretreatment for FeSSGF samples was per-
formed by the same procedure described for the solubility mea-
surements. Since the particle size of the drug in nanosized
formulation is much smaller than the lowest pore size (2.7 lm)
membrane filter that can be used for FeSSGF, only the micronized
aprepitant was tested in that medium.

2.5.2. Mini-paddle assembly
To simulate the volume availability in the fasted stomach, the

mini-paddle apparatus was applied for dissolution testing in FaS-
SGF and SGFsp. The mini-paddle apparatus is based on the USP pad-
dle setup but scaled down geometrically with respect to the
dimensions [33], so that hydrodynamics remain essentially similar
at a given rpm. The dissolution conditions consisted of a medium
volume of 250 mL per vessel with a paddle revolution speed of
50 rpm.

2.6. Available pharmacokinetic data and assessments

The plasma drug concentration–time profiles after oral admin-
istration of nanosized aprepitant formulation were taken from
the literature [34]. In this clinical study, 20 healthy adult subjects
(nine women and 11 men) were administered the marketed cap-
sule formulation containing 125 mg aprepitant, either under fast-
ing conditions or within fifteen minutes of ingesting a standard
breakfast, in a single dose, randomized crossover study. Each dose
was administered with 8 fl. Oz. of water. Plasma drug concentra-
tions were estimated directly from the profile. Pharmacokinetic
analysis was performed using WinNonlin� Professional Edition
5.2 software (Pharsight Corporation, Mountain View, CA, USA).
Since no appropriate intravenous administration data were
available, post-absorptive disposition parameters needed for the
simulation were estimated by fitting for in vivo mean plasma con-
centration–time curves after oral administration based on an oral
one-compartment model (WinNonlin� Model-4) as shown in Table
1. Observed and simulated plasma aprepitant concentration–time
profiles were analyzed for the following pharmacokinetic parame-
ters based on non-compartmental analysis: area under the plasma
concentration–time curve (AUC), the peak plasma concentration
(Cmax) and the time to reach Cmax (Tmax).

2.7. Computer simulation of the plasma profile for aprepitant

The plasma profiles for aprepitant were simulated using the
STELLA� 9.0 software (Cognitus Ltd., North Yorkshire, UK). Fig. 1
shows the basic model structure used for in silico simulation. Four
model structures, the first of which is the same as that published
previously [27,29], were developed to predict in vivo performance
of aprepitant. This model assumes negligible absorption from the
stomach, simultaneous solid and liquid emptying from the stom-
ach and no intestinal permeability restrictions. First-order gastric
emptying rate in the fasted state at 2.8 h�1 and zero-order gastric
emptying rate in the fed state at 4 kcal min�1 were taken from
average population values [35]. The amount of drug entering the
plasma, i.e., contributions from dissolved drug emptied from the
stomach and drug dissolved in the small intestine, was translated
into plasma concentration using the ratio of the volume of distri-
bution to the fraction absorbed (Vd/F), which is estimated with
WinNonlin� directly from the oral administration data.

To calculate in vivo dissolution in the model, the in vitro disso-
lution parameters were incorporated into the model by applying a
modification of the Noyes–Whitney equation [20]. This equation is
based on the assumption of isometric, similarly sized particles with
continuously decreasing surface area (due to ongoing dissolution).
The ratio D/d, where D is the diffusion coefficient and d is the dif-
fusion layer thickness, is assumed to remain constant during the
dissolution process. The dissolution rate is thus given by the fol-
lowing Eq. (1):

dWt

dt
¼ DCN1=3

Vdq2=3 W2=3ðXs �WtÞ ¼ zW2=3ðCs � CÞ ð1Þ

where Wt is the amount of drug dissolved at time t, W the amount of
drug remaining to be dissolved, Xs the amount of drug that saturates
the volume V of the dissolution medium, Cs the solubility of drug, C
the concentration of the dissolved drug at time t, q the particle den-
sity, C the shape factor, N the number of particles to be dissolved



Fig. 1. Basic model structure to simulate pharmacokinetic profiles.
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and z is the dissolution parameter, which is a constant equal to
DCN1/3/dq2/3. Whereas sink conditions were assumed to prevail in
the small intestine, dissolution in the stomach was assumed to oc-
cur until the drug concentration reached its solubility (since it is
reasonable to argue that there is no quantitative absorption of
aprepitant from the stomach).

Four simulation models were investigated:
Model-1: This was the same model that had been used for cele-

coxib in a previous paper [29]. Since the dissolution rate from the
nanosized formulation was extremely high, reaching a plateau
within 2 min, it was impossible to estimate the z values directly
from the dissolution profiles. Therefore, it was necessary to devel-
op further models.

Model-2: This model assumes the administered formulation to
be essentially a solution. In this model, administered drug moves
into the small intestine in accordance with the gastric emptying
rate and then migrates immediately into plasma. Like Model-1, this
model also assumes that there is no permeability restriction to
intestinal uptake.

Model-3: This model is structured the same way as Model-1,
with the exception that the z value of the nanosized formulation
was estimated according to the number of particles per dose in
the micronized (7 lm) and nanosized (0.12 lm) aprepitant, as an
alternative to measuring the dissolution profile of the nanosized
preparation. The corresponding z values for different particle sized
drug were estimated by the following Eq. (2):

zmicronized

znanosized
¼ N1=3

micronized

N1=3
nanosized

ð2Þ

where Nmicronized and Nnanosized is a relative number of particles of
micronized and nanosized aprepitant, respectively. A factor of
58.3 for the z value ratio was estimated in accordance with Eq. (2).

Model-4: In addition to the features described above for Model-
3, Model-4 incorporates a restriction into the permeation process.
Mathematically, restrictions based on diffusion of drug through the
unstirred water layer (UWL) vs. an overall reduction in membrane
permeability cannot be distinguished. Takano et al. successfully
applied an integrated model using STELLA� software incorporating
a membrane permeation limited by the diffusion through the UWL
to predict intestinal absorption and its rate-limiting steps for di-
verse lipophilic compounds [36,37] with log D of 0.7–6.5 and
Caco-2 permeability of 2.7–10.1 � 10�5 cm s�1. Alternatively, for
drugs with less than optimal permeability, such as aprepitant, an
adjustment in the uptake rate constant can be made. This adjust-
ment should be based on permeability comparison with sub-
stances of known fraction absorbed and preferably having no
solubility restrictions to absorption e.g. metoprolol and mannitol.
In the case of aprepitant, the permeability (Papp = 7.8 � 10�6 cm s�1)
was calculated from appropriate Caco-2 cell data. In the same
experimental setup, metoprolol (high permeability reference com-
pound) was determined to have a permeability of Papp = 16.1 �
10�6 cm s�1 and mannitol (low permeability reference compound)
a permeability of Papp < 1 � 10�6 cm s�1 [1].

In all models, the basal intestinal fluid volume was set at
100 mL and 250 mL in the fasted and fed state, respectively, based
upon the average value in the literature [38,39]. Volumes repre-
senting any co-administered water and/or meal (240 mL water
for the fasted state and 750 mL for the total meal volume in the
fed state) were added to the basal volumes to reflect amounts in-
gested in the corresponding pharmacokinetic studies. To estimate
the effective intestinal surface area, the intestinal surface area
and volume ratio was set at 2.25, which is within the range re-
ported in the literature (1.33–4.16) [39–41] and can be regarded
as a reasonable value to simulate in vivo profiles based on sensitiv-
ity analyses. Although intestinal transit time is known to be similar
in both prandial states, approximately 4 h [22], gastric emptying
time in the fed state is controlled by the number of calories of food
ingested. From these considerations, the dissolution process in the
small intestine was terminated in the simulations after 4 h and 6 h
in the fasted and fed state, respectively. Disposition parameters
(Vd/F and K10) estimated from the observed data after oral admin-
istration in the fed state were used for the simulations in both
prandial states, as there is no reason to assume that these are af-
fected by food intake.
3. Results and discussion

3.1. Solubility of aprepitant in biorelevant and compendial media

Equilibrium solubility of micronized aprepitant in biorelevant
and compendial media at 37 �C is shown in Table 2. Aprepitant is
not only a poorly soluble according to the BCS criteria, but also
exhibits pH-dependent solubility at pH below 2. The solubility of
aprepitant in SGFsp (pH 1.2) and FaSSGF (pH 1.6) was much higher
than in SIFsp (pH 6.8), in line with a previous report [1]. In spite of
the more neutral pH, solubility in FeSSGF (pH 5.0) was higher than
in FaSSGF indicating that aprepitant may be incorporated into the
casein micelles present in the milk-containing FeSSGF. FaSSIF-V2
and FeSSIF-V2 enhanced the drug solubility, mainly due to the
mixed-micelle effects. Differences in solubility between FaSSIF-
V2 and FeSSIF-V2 indicate that food has the potential to exhibit a
positive effect on absorption of aprepitant.



Table 2
Summary of solubility data and z values of aprepitant in biorelevant and compendial
media at 37 �C.

Medium Solubility (mg mL�1) z valuec (mL mg�2/3 h�1)

Micronizeda Nanosizedb

SGFsp 0.0206 0.0391 0.2955
FaSSGF 0.0066 0.0166 0.2768
FeSSGF 0.0091 n.a. 0.0624
SIFsp 0.0007 0.0013 0.0488
FaSSIF-V2 0.0054 0.0136 0.1961
FeSSIF-V2 0.0924 0.1018 0.2187

n.a. not assessed.
a Solubility measured with micronized aprepitant.
b Maximum concentration in the vessel after completion of dissolution of

nanosized aprepitant formulation.
c Estimated for micronized aprepitant.
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3.2. Dissolution of aprepitant in biorelevant and compendial media

Fig. 2a and b shows the dissolution profiles of aprepitant in the
simulated gastric media. The average maximum percentage release
of micronized aprepitant in FaSSGF and SGFsp (control), which are
used to simulate the preprandial gastric conditions, was 1.7% and
5.7%, respectively; these results were in good agreement with the
solubility data. In FeSSGF, micronized aprepitant exhibited a lower
extent of release than in other gastric media. As shown in Fig. 2c,
dissolution profiles of micronized aprepitant in FaSSIF-V2 and
FeSSIF-V2 were significantly different from each other, showing
Fig. 2. Dissolution profiles of 125 mg aprepitant micronized drug and nanosized formula
media, (b) nanosized formulation in the gastric media, (c) micronized drug in the smal
results are shown as ‘‘mean% dissolved ± s.d.”.
average maximum percentage dissolved of 1.9% and 35.7%, respec-
tively, whereas dissolution in SIFsp was negligible. This is a typical
pattern for dissolution of drugs with positive food effects, e.g., ato-
vaquone, troglitazone [26,42]. When aprepitant 100-mg tablets
containing micronized drug were given to humans together with
a standard breakfast, a significant increase in AUC (about threefold)
was observed compared to administration in the fasted state [1].
Likewise, a suspension made with conventional micronized aprep-
itant (mean particle size of 5.5 lm) given to Beagle dogs in the fed
state exhibited a significant increase in AUC (3.2-fold) and Cmax

(2.3-fold) compared to the fasted state [1]. The prediction of food
effects based solely on the extent of dissolution in FaSSIF-V2 and
FeSSIF-V2 overestimates the in vivo results. This result is similar
to that observed in our previous case example of celecoxib [29].

As shown in Fig. 2b and d, dissolution profiles of nanosized
aprepitant formulation in all media tested reached a plateau level
within the first or second sampling time point (1 or 2 min). It is
clear that nanosizing the formulation of aprepitant results in al-
most instant dissolution and can thus be a powerful driving force
to improve the BA of aprepitant. Indeed, the nanosized formulation
was able to almost completely eliminate the food effect seen with
the micronized formulation [34]. In addition to dissolution rate
enhancement, the extent of dissolution was higher for the nano-
sized formulation than for the micronized drug. An increase in
the saturation solubility with decreasing particle size according
to the Ostwald–Freundlich equation is expected to contribute to
dissolution rate enhancement [43]. Theoretically, reducing particle
size of micronized substance to sub-micron range would lead to an
tion in the gastric and the small intestinal media: (a) micronized drug in the gastric
l intestinal media, and (d) nanosized formulation in the small intestinal media. All



Fig. 3. Simulated plasma profiles of aprepitant 125 mg nanosized formulation in
the fasted and fed states using Model-2 and Model-3.

Table 3
Pharmacokinetic parameters estimated from the simulated plasma profiles of the
nanosized aprepitant formulation generated with various STELLA� models vs. mean
data observed in pharmacokinetic studies.

Fasted state Fed state

Tmax

(h)
Cmax

(ng mL�1)
AUC0–96

(ng h mL�1)
Tmax

(h)
Cmax

(ng mL�1)
AUC0–96

(ng h mL�1)

In vivo 4.0 950 22,169 4.0 1245 29,153
Model-2 0.3 902 21,732 4.2 1098 28,547
Model-3 1.5 851 21,653 4.2 1055 27,422
Model-4 4.5 871 22,898 4.5 1106 28,585

Fig. 4. Dissolution data and corresponding simulated dissolution profiles for
nanosized formulation and micronized aprepitant in FaSSIF-V2 and FeSSIF-V2.

Fig. 5. Simulated plasma profiles of nanosized aprepitant formulation 125 mg in
the fasted and fed states using Model-4.
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approximate of 10–15% increase in solubility based on the
Ostwald–Freundlich equation [13]. Although increases in solubility
of up to 50% have been observed for certain compounds, the degree
of enhancement possible by nanosizing seems to be still somewhat
controversial [43–46]. On the other hand, the higher than expected
increase in the maximum concentration measured might be due to
incomplete separation of non-dissolved, but very small (<100 nm)
drug particles during filtration of samples. For aprepitant, the ex-
tent of dissolution in vitro appears to have been generally limited
by its solubility and by the limited volume of media available in
the (mini-)paddle apparatus.
3.3. Simulation of the plasma profiles using STELLA� software

In a previous report, we successfully applied in silico modeling
to the quantitative prediction of food effects for micronized cele-
coxib [29]. In the case of nanosized aprepitant, it was impossible
to estimate the z values directly from the dissolution profiles due
Table 4
Summary of sensitivity analysis for the parameters used in STELLA� Model-4.

Parameter Fasted state

Values used
(range of values tested)

Effec
plasm

Gastric emptying rate 2.8 h�1 (1.4–5.6) None
Solubility in the gastric fluid 0.0166 mg mL�1 (0.0083–0.0332) None
Solubility in the intestinal fluid 0.0136 mg mL�1 (0.0068–0.0272) Sign
Basal intestinal fluid volume 100 mL (50–150 mL) Mod
Intestinal surface area/volume ratio 2.25 (1.33–4.16) Sign
to the extremely fast dissolution rate, so the model used for
micronized celecoxib (Model-1) could not be applied.

Simulated profiles generated from Model-2 and Model-3 in the
fasted (a combination of FaSSGF and FaSSIF-V2) and fed states (a
combination of FeSSGF and FeSSIF-V2) are shown in Fig. 3, and
the pharmacokinetic parameters estimated from the simulated
profiles are summarized in Table 3. In the fasted state, the pre-
dicted Tmax obtained from Model-2 was much earlier than the ac-
tual in vivo data. This is likely due to the assumption that the
nanosized aprepitant behaves like an oral solution. Although Mod-
el-3 predicted the in vivo behavior of nanosized aprepitant better,
the absorption rate was still overpredicted. Fig. 4 compares actual
Fed state

t on simulated
a profiles

Values used
(range of values tested)

Effect on simulated
plasma profiles

4 kcal min�1 (3–5) None
0.0091 mg mL�1 (0.00455–0.0182) None

ificant 0.1018 mg mL�1 (0.0509–0.2036) None
erate 250 mL (150–350) None
ificant 2.25 (1.33–4.16) None



Fig. 6. Simulated plasma profiles of nanosized aprepitant formulation 125 mg in
the fasted and fed states using Model-4: comparison of dissolution data from
biorelevant and compendial media.

Fig. 7. Simulated plasma profiles generated for various doses of nanosized aprepitant fo
500 mg dose.
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dissolution profiles for the nanosized and micronized aprepitant in
the intestinal media along with the curves calculated from the z
values according to Eq. (2). Since calculated and observed profiles
were consistent, it can be assumed that the z value calculation
was not the cause of discrepancies between simulated plasma pro-
files using Model-3 and the observed plasma profiles (Fig. 3). In-
stead, it was hypothesized that the overprediction of profiles by
Model-2 and Model-3 results from the assumption in these models
that there are no intestinal absorption restrictions.

In the fed state, by contrast, the simulated profiles generated
from both models (Model-2 and Model-3) were similar to each
other and fit the in vivo profiles well, with the AUC, Cmax and Tmax

all in good agreement with the in vivo data. It appears that intesti-
nal absorption of aprepitant from the nanosized formulation is
governed primarily by the gastric emptying in the fed state, consis-
tent with the previous case example of celecoxib [29]. However,
when the compendial intestinal medium, SIFsp, was used for the
simulations instead of FaSSIF-V2 or FeSSIF-V2, the simulated pro-
files generated with Model-2 or Model-3 showed longer Tmax and
a distinct decrease in the Cmax (simulations not shown), indicating
that a certain level of dissolution in the intestine is also required to
facilitate absorption.
rmulation using Model-4. (a) 50 mg dose, (b) 125 mg dose, (c) 300 mg dose, and (d)
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Simulated plasma profiles in both prandial states generated
with Model-4, which invokes a permeability restriction as well as
adjusting the z values for the particle size, fit the in vivo data well.
In particular, the Tmax values are more consistent with the in vivo
data than in the simulations generated from the other three mod-
els, as shown in Fig. 5. All estimated parameters were in good
agreement with the in vivo data, with point estimates of AUC of
1.03 in the fasted state and 0.98 in the fed state. Similarly, point
estimates from the simulations of Cmax were 0.92 in the fasted
and 0.89 in the fed state.

In order to assess the impact of physiological model parameters
on the profiles simulated with Model-4, sensitivity analysis was per-
formed for all parameters as summarized in Table 4. Solubility of
aprepitant in the intestinal fluid (FaSSIF-V2) was the most crucial
parameter influencing the simulated profile in the fasted state, rang-
ing from 52% to 121% in Cmax. As FaSSIF-V2 was developed based on
population values, this result implies an individual variability of PK
profile, depending upon individual physiological conditions. Basal
intestinal fluid volume affected the fasted profiles moderately with-
in the range explored (50–150 mL) but had no significant impact on
the profiles in the fed state (Table 4). Variation of the ratio of intesti-
nal surface area to volume (within the range reported in the litera-
ture [39,41,47]) also affected the simulated profiles in the fasted
state, depending on the value (Table 4) Cmax ranged from 61% to
124%. However, variation of surface area to volume ratio did not af-
fect the simulated plasma profile in the fed state. Other parameters
did not significantly affect the simulated profiles in either fasted or
fed state within the physiologically range explored.
3.3.1. Biorelevant or compendial media?
As shown in Fig. 6, when SIFsp was used instead of biorelevant

media to simulate intestinal events, profiles generated from
Model-4 predicted much lower systemic exposure in both pran-
dial states. When SGFsp instead of the biorelevant gastric media
was used for the simulation in the fasted and fed states, no sig-
nificant change was observed in the simulation profiles in either
Table 5
Pharmacokinetic parameters estimated from the simulated plasma profiles for various dose
observed after administration of 125 mg.

Dose (mg) Fasted state Fed

Tmax (h) Cmax (ng mL�1) AUC0–96 (ng h mL�1) Tmax

Observed
125 mg 4.0 950 22,169 4.0

Simulated
50 mg 2.5 448 11,426 4.5
125 mg 4.5 871 22,898 4.5
300 mg 4.5 949 25,029 4.5
500 mg 4.5 1068 28,340 4.5

Table 6
Pharmacokinetic parameters estimated from the simulated plasma profiles generated for a
Model-4 vs. the mean observed values.

Particle size (lm) Fasted state F

Tmax (h) Cmax (ng mL�1) AUC0–96 (ng h mL�1) T

Observed
0.12 4.0 950 22,169 4

Simulated
0.12 4.5 871 22,898 4
0.5 4.5 815 21,436 4
2.0 4.5 677 17,811 4
7.0 4.5 457 12,041 5
case (data not shown). These results indicate that the ability to
match aprepitant plasma profiles in the simulations is highly
dependent upon the choice of medium to represent the fluids
in the small intestine.

3.3.2. Influence of the administered dose on food effects
To evaluate the dose-dependent performance of the nanosized

aprepitant formulation, the pharmacokinetic profiles at various
doses were simulated using Model-4 (Fig. 7 and Table 5). The
AUC simulated at 300-mg dose in the fed state was 2.7-fold higher
than under the fasting conditions and hence consistent with the
in vivo data (2.7-fold) (1). By contrast, the in vivo data show only
a 1.2-fold increase in the AUC between prandial states for the
125-mg dose. This ratio was also predicted well by the simulations.
In addition to good prediction of the escalation of the positive food
effect with increasing dose, the simulations also indicate that this
phenomenon is primarily due to the exacerbation of solubility lim-
itations in the fasted state.

3.3.3. Effect of particle size of aprepitant on food effect
To evaluate the effects of particle size of the drug in the formu-

lation on the fed vs. fasted state performance, simulated plasma
profiles were generated for 125 mg aprepitant with various parti-
cle sizes (0.12–7 lm) using Model-4. Pharmacokinetic parameters
estimated from the simulated profiles of 125 mg aprepitant with
different particle sizes are shown in Table 6. Simulated plasma pro-
files of aprepitant having various particle sizes in the fasted and fed
states are shown in Fig. 8. Predicted food effects for micronized
drug with a particle size of 7 lm and nanosized formulation are
in accordance with the observed in vivo results. These results imply
that enhancement of dissolution rate by particle size reduction
from 7 lm to 0.5 lm diminishes food effect on absorption of
aprepitant, but further size reduction to less than 0.5 lm has no
additional effect.

Simulated plasma aprepitant profiles and dependency of the
food effect on dose and particle size were in good agreement with
s of the nanosized aprepitant formulation using STELLA� Model-4 vs. the mean values

state Ratio (fed/fasted)

(h) Cmax (ng mL�1) AUC0-96 (ng h mL�1) Cmax AUC0–96

1245 29,153 1.3 1.3

442 11,430 1.0 1.0
1106 28,585 1.3 1.2
2655 68,625 2.8 2.7
4425 114,338 4.1 4.0

dose of 125 mg nanosized aprepitant having various particle sizes and using STELLA�

ed state Ratio (fed/fasted)

max (h) Cmax (ng mL�1) AUC0–96 (ng h mL�1) Cmax AUC0–96

.0 1245 29,153 1.3 1.3

.5 1106 28,585 1.3 1.2

.5 1104 28,542 1.4 1.3

.5 1104 28,530 1.6 1.6

.0 1098 28,528 2.4 2.4



Fig. 8. Simulated plasma profiles generated for various particle sizes of aprepitant using Model-4. (a) 0.12 lm, (b) 0.5 lm, (c) 2.0 lm, and (d) 7.0 lm.
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the available in vivo data in humans. Furthermore, the results show
that in vitro dissolution data set using updated biorelevant media
[32], which are based upon recent analysis of human GI fluid com-
position [48], leads to better prediction of in vivo performance of
aprepitant than standard compendial media.
4. Conclusion

This study indicates that dissolution testing in biorelevant gas-
tric and small intestinal media, coupled with in silico STELLA� sim-
ulation software, can forecast plasma profiles of aprepitant in
either micronized or nanosized form. Additionally, the simulated
plasma profiles generated from biorelevant media combinations
show a clear advantage over the compendial media in predicting
the in vivo performance of aprepitant. In vitro–in silico–in vivo rela-
tionships (IVISIV-R) with Model-4 and biorelevant media were
used to show that the improvement in BA and diminished food ef-
fect of the nanosized aprepitant formulation in the fasted state is
due to its extremely high dissolution rate. Model-4 incorporates
a partial restriction into the membrane permeability as well as z
values calculated in accordance with the lower particle size in
the nanosized formulation. Simulations with Model-4 accurately
reflected the dependency of the absorption of aprepitant on the
administered dose and its particle size. Thus, the IVISIV-R approach
may be a helpful tool in the development of nanosized formula-
tions aiming to achieve the twin goals of enhancement of absorp-
tion and elimination of the food effect for poorly soluble drugs.
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