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Oral drug delivery is the predominant administration route for a major part of the pharmaceutical prod-
ucts used worldwide. Further understanding and improvement of gastrointestinal drug absorption pre-
dictions is currently a highly prioritized area of research within the pharmaceutical industry. The
fraction absorbed (fabs) of an oral dose after administration of a solid dosage form is a key parameter
in the estimation of the in vivo performance of an orally administrated drug formulation. This study dis-
closes an evaluation of the predictive performance of the mechanistic physiologically based absorption
model GI-Sim. GI-Sim deploys a compartmental gastrointestinal absorption and transit model as well
as algorithms describing permeability, dissolution rate, salt effects, partitioning into micelles, particle
and micelle drifting in the aqueous boundary layer, particle growth and amorphous or crystalline precip-
itation. Twelve APIs with reported or expected absorption limitations in humans, due to permeability,
dissolution and/or solubility, were investigated. Predictions of the intestinal absorption for different
doses and formulations were performed based on physicochemical and biopharmaceutical properties,
such as solubility in buffer and simulated intestinal fluid, molecular weight, pKa, diffusivity and molecule
density, measured or estimated human effective permeability and particle size distribution. The perfor-
mance of GI-Sim was evaluated by comparing predicted plasma concentration–time profiles along with
oral pharmacokinetic parameters originating from clinical studies in healthy individuals. The capability of
GI-Sim to correctly predict impact of dose and particle size as well as the in vivo performance of nano-
formulations was also investigated. The overall predictive performance of GI-Sim was good as >95% of the
predicted pharmacokinetic parameters (Cmax and AUC) were within a 2-fold deviation from the clinical
observations and the predicted plasma AUC was within one standard deviation of the observed mean
plasma AUC in 74% of the simulations. GI-Sim was also able to correctly capture the trends in dose-
and particle size dependent absorption for the study drugs with solubility and dissolution limited
absorption, respectively. In addition, GI-Sim was also shown to be able to predict the increase in absorp-
tion and plasma exposure achieved with nanoformulations. Based on the results, the performance of
GI-Sim was shown to be suitable for early risk assessment as well as to guide decision making in
pharmaceutical formulation development.
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1. Introduction absorption models with the capability to accurate predict solubil-
Sufficient intestinal absorption is a prerequisite for the success-
ful development of an oral drug product when a systemic effect is a
desired. The fraction absorbed (fabs) of an oral dose after adminis-
tration of a solid dosage form is a key parameter in the estimation
of the in vivo performance of an oral formulation and it is generally
thought to be determined by the interplay between solubility in
relation to dose and intestinal permeability, in accordance to the
Biopharmaceutics Classification System (BCS) (Amidon et al.,
1995). However, the gastrointestinal absorption process is in real-
ity a complex process determined by the physicochemical and bio-
pharmaceutical properties of the active pharmaceutical ingredient
(API) as well as formulation and physiological factors (Löbenberg
and Amidon, 2000). In contrast to the available in vitro models, a
mechanistic physiologically based absorption model taking all
these aspects into account would have the potential to improve
the understanding of the factors limiting the intestinal absorption
and enable prediction of rate and extent of absorption in humans.
This is also why an increased use of model based research has been
encouraged and emphasized by regulatory authorities (Jiang et al.,
2011; Jönsson et al., 2012; Zhao et al., 2012). To provide accurate
and reliable predictions of fabs in humans, an in silico absorption
model needs to combine appropriate equations describing
processes like membrane permeation, solubility, dissolution, parti-
tioning into micelles, particle size, particle growth and precipita-
tion with an appropriate description of the physiology in
different regions of the gastrointestinal tract, such as fluid
volumes, transit times, areas and luminal pH (Sugano, 2009). In or-
der to better visualize the output the absorption model can prefer-
ably be linked to a pharmacokinetic (PK) model to enable modeling
and simulation of plasma concentration–time profiles.

To date, a number of mechanistic models for the prediction of
intestinal absorption have been published and several commercial
software are currently available: GastroPlus™, which is based on
the advanced compartmental absorption and transit (ACAT) model,
an extension of the original compartmental absorption and transit
(CAT) model; Simcyp�, which is based on the advanced dissolution
absorption and metabolism (ADAM) model and PK-SIM� (Agoram
et al., 2001; Darwich et al., 2010; Sugano, 2009; Thelen et al.,
2011; Yu et al., 1996). These models have been shown to be useful
in the predictions of fabs and plasma exposure of drugs (Parrott and
Lave, 2008; Sugano, 2011). However, in some studies the accuracy
in the in silico predictions based on in vitro data has been less sat-
isfying, e.g., only 11% of predictions of the AUC in humans after oral
dosing were made within a 2-fold prediction error (Poulin et al.,
2011). Limitations in prediction of absorption was hypothesized
to be a major reason for the disappointing results since prediction
of intravenous data and associated disposition PK parameters was
much better (Poulin et al., 2011). In addition, there are still consid-
erable gaps for appropriate descriptions of processes related to co-
lonic absorption and in vivo precipitation as well as predictions of
the in vivo performance of nanoformulations (Kesisoglou and Wu,
2008).

A major biopharmaceutic and formulation development related
challenge during recent years has been the increased number of
low solubility APIs. These molecules are associated with an in-
creased risk for solubility and dissolution limited intestinal absorp-
tion with resulting effects such as particle size-dependent
absorption, significant food effects and dose-dependent (less than
linear) PK. It has been estimated that as many as 90% of the new
candidate entities are classified as BCS Class II or IV (Benet et al.,
2006). As there also is a demand to reduce development times
and increase cost-effectiveness there is a clear need of in silico
ity/dissolution limited absorption. This also includes the potential
impact that modifications to the solid state form, such as polymor-
phism, amorphicity and salts may have on the absorption rate, fabs
and bioavailability (F) of the API. Reliable predictions on these as-
pects would be most valuable to guide formulation development,
e.g., enabling rational decisions for particle size reduction and/or
identifying a need for solubility enhanced formulation. To address
these challenges an absorption simulation software named GI-Sim
has been developed within AstraZeneca. GI-Sim is based on the
CAT model but further developed with appropriate scientific theo-
ries describing the events in the gastrointestinal lumen.

The main objective of this study was to describe the gastroin-
testinal absorption model GI-Sim and to evaluate the prediction
accuracy of fabs and the plasma PK for drugs with incomplete intes-
tinal absorption in humans. Special emphasis was put on APIs with
known solubility/dissolution limited absorption, which display
dose and/or particle size dependent absorption. In addition, the
capability of GI-Sim to correctly predict in vivo performance of
nanoformulations was also investigated.

2. Material and methods

2.1. The GI-Sim absorption model

GI-Sim deploys a compartmental physiological model for the
gastrointestinal tract together with a compartmental PK model,
with the possibility to use up to three compartments, to describe
the plasma concentration–time profile. The physiological model
adopted in GI-Sim constitutes of nine gastrointestinal compart-
ments coupled in series; the stomach (1), the small intestine (2–
7) and the colon (8–9) (Fig. 1). The description of the underlying
physiology has been reported previously (Yu and Amidon, 1998,
1999; Yu et al., 1996).

In GI-Sim, the intestinal content flows from one compartment
to the next bringing dissolved API molecules and undissolved
material. In contrast, bile salt micelles are modeled with a constant
concentration in each compartment. Each compartment is as-
sumed to be ideal, i.e. concentrations of dissolved and undissolved
API, pH, etc. are the same throughout the compartment, apart from
a thin aqueous boundary layer (ABL) at the intestinal wall. Each
compartment has a specific biorelevant pH and as a consequence
the solubility of ionisable APIs changes along the gastrointestinal
tract. The key processes to the absorption, i.e., permeability,
solubility, dissolution/precipitation and molecular nucleation, are
described in Section 3. Theory. GI-Sim also comprises other
functionalities such as luminal degradation, API release profiles
e.g. for controlled release formulations and physiology models for
pre-clinical species. However, these aspects were beyond the scope
of this study and are therefore not described further.

For an ideal gastrointestinal compartment with transit time (s),
the amount of API leaving the compartment to the compartment
downstream during unit of time is

Foutflow ¼
X
s

ð1Þ

where F represent the flow (amount/time) and X is the amount of API
present in the compartment. The amount of API leaving one com-
partment instantaneously enters the next one. Within a
compartment particles may either dissolve or grow and dissolved
API may partition into the bile salt micelles or be transported across
the intestinal membrane. In this study it was assumed that once a
molecule has been absorbed no transport back into the lumen is pos-
sible. In GI-Sim, micelles are present in the intestinal compartment



Fig. 1. GI-Sim. A schematic view of the absorption model GI-Sim. To the left a representation of the processes occurring in each compartment is shown. To the right, the nine
ideal GI-compartments of the gastrointestinal tract linked with first pass effects and a pharmacokinetic two-compartmental model is shown.

Table 1
Physiological parameters for a 70 kg human in the fasted state.

Volume (ml) Transit time (min) pH Volume
fraction
micelles

SA (cm2)

Stomach 47 15 1.3
Duodenum 42 16 6.0 0.0002 160
Jejunum 1 150 56 6.2 0.0002 580
Jejunum 2 120 44 6.4 0.0002 440
Ileum 1 94 35 6.6 0.0002 330
Ileum 2 71 25 6.9 0.0002 230
Ileum 3 50 17 7.4 0.0002 150
Colon 1 47 250 6.4 28
Colon 2 50 750 6.8 42
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2–7, representing the small intestine, to mimic the bile secretion in
duodenum (intestinal compartment 2) and the reabsorption of bile
salts in the distal ileum (intestinal compartment 7).

Physiological parameters for the different GI regions such as
volumes, transit times and pH in the intestinal media were
adopted from Heikkinen et al. (2012). The area available for
absorption in each compartment (Acompartment) was calculated,
assuming an ideal tube, from the compartment volumes and a
mean radius (weighted by the segments length) of 1.15 cm. This
was based on the assumption that the fluid into the GI tract is dis-
tributed as small segments from where the absorption occurs, i.e.,
there are parts along the intestine with no fluid where absorption
does not take place (Schiller et al., 2005). Moreover, even if the
intestine can be depicted as a tube, certain structures, such as fold-
ing, villi and microvilli, also affects the available area for absorp-
tion. This was accounted for in GI-Sim by using an area
amplification factor (AAF) ranging from 3 in the proximal small
intestine to 1 in the distal small intestine which previously has
been stated to be physiologically relevant (Mudie et al., 2010; Will-
mann et al., 2004). The AAF for respective compartment was based
on the length of the segments and mean distance from the proxi-
mal end of the small intestine.

The mass transport, Fabsorption, of free dissolved API molecules
across the intestinal membrane in each compartment is propor-
tional to permeability (P), the free concentration in the bulk (Cb),
and the surface area available for absorption (SA; SA = Acompartment -
� AAF) according to

Fabsorption ¼ P � Cb � SA ð2Þ

The adoption of Cb in Eq. (2) rather than the concentration dif-
ference over the membrane is appropriate when the blood on the
basolateral side of the membrane is regarded as an ideal sink.
Extensive and well characterized human P measurements are only
available from the jejunum. Hence, the human effective jejunal
permeability (Peff) was also implemented for duodenum and ileum
although regional differences are acknowledged. In this study, it
was assumed that no absorption occurs from the two colon com-
partments since the physiology in the colon is less well defined sci-
entifically and that a general overprediction of the absorption of
solubility limited drugs has been reported (Kesisoglou and Wu,
2008).

After absorption, the API may be metabolised during the pas-
sage over the intestinal wall and through the liver before reaching
the systemic circulation. The combined contribution of these two
processes is estimated as a first pass effect factor. The concentra-
tion–time profile in the systemic circulation in GI-Sim is described
by one, two or three compartment kinetics with a clearance from
the central compartment. An overview of the flows and processes
in GI-Sim are schematically shown in Fig. 1.
The fluid in the small intestine, relevant for intestinal compart-
ments 2–7, contains bile salts and phospholipids that together
form mixed colloidal structures (Mazer et al., 1980; Persson
et al., 2005). A majority of these aggregates are small at physiolog-
ical conditions, i.e., micelles and vesicles (Müllertz et al., 2012;
Nawroth et al., 2011). A colloidal particle size of 6 nm was adopted
in GI-Sim and these structures will hereafter be referred to as
micelles even though the presence of other structures is acknowl-
edged. Estimation of the total micellar volume was made on basis
on the constituents concentrations and molecular descriptors (mo-
lar weight (Mw), molar volume (VM), molecular density) along with
a micellar composition of bile salt:phospholipid ratio equal to 1:2
(Mazer et al., 1980). A micellar volume fraction of 0.0002 was cal-
culated and implemented in the model based on the following
information of the intestinal fluid composition: taurocholate
(0.048 mM, Mw = 515.7 g/mol, VM = 407.7 cm3/mol), glycocholic
acid (0.073 mM, Mw = 465.6 g/mol, VM = 383.7 cm3/mol), tauroche-
nodeoxycholic acid (0.043 mM, Mw = 499.7 g/mol, VM = 358.8 cm3/
mol), glycochenodeoxycholic acid (0.030 mM, Mw = 449.6 g/mol,
VM = 386.8 cm3/mol) and phospholipids (assumed to be lecithin
predominately) (0.2 mM, molecular density = 1.04 g/cm3) (Persson
et al., 2005). The physiological parameters in GI-Sim are summa-
rized in Table 1.
2.2. Physicochemical properties

The fundamental physicochemical properties needed for the
predictions of intestinal absorption in GI-Sim were pKa, VM, Mw,
solubility (S) and the diffusion coefficient in water (D). pKa was
either collected from the literature or experimentally determined
using appropriate methodologies. VM was estimated using the
software ACD/Labs v. 12.0 (Advanced Chemical Development Inc,
Toronto, Canada). VM and Mw were used for the calculation of molar



Table 2
APIs and data used for the construction of the Pm�human � Pm�caco-2 correlation.

Peff

(10�4 cm/s)
PABL�human

a

(10�4 cm/s)
Pm�human

a

(10�4 cm/s)
Papp

(10�4 cm/s)
PABL�caco-2

b

(10�4 cm/s)
Pm�caco-2

b

(10�4 cm/s)
logPm�human�f

c logPm�caco-2�f
c

Carbamazepine 4.3 9.1 8.2 0.36 2.6 0.42 0.91 �0.38
Cimetidine 0.26 8.9 0.27 0.0055 2.6 0.0055 �0.12 �1.8
Desipramin 4.5 8.2 10 0.16 2.4 0.17 4.3 2.5
Furosemide 0.05 8.8 0.05 0.002 2.5 0.002 1.7 0.29
Hydrochlorothiazide 0.04 9.3 0.04 0.003 2.7 0.003 �1.4 �2.5
Inogatran 0.03 7.6 0.03 0.00061 2.2 0.00061 �1.5 �3.2
Metoprolol 1.34 8.2 1.6 0.13 2.3 0.14 2.9 1.8
Piroxicam 6.65 8.7 28 0.91 2.5 1.4 2.6 1.3
Propranolol 2.91 8.4 4.5 0.18 2.4 0.19 3.3 2.0

a PABL�human and Pm�human was calculated assuming an aqueous boundary layer of 86 lm.
b PABL�caco-2 and Pm�caco-2 was calculated assuming an aqueous boundary layer of 300 lm.
c Pm�human and Pm�caco-2 compensated for fraction uncharged (f0) at pH = 6.5.

Fig. 2. Caco-2 – human effective jejunal permeability correlation. Pm�human -
� Pm�caco-2 correlation used to predict Peff from Caco-2 Papp measurements. All Pm

values were compensated for the fraction uncharged (f0) at pH = 6.5.
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density (q; q = Mw/VM). D was estimated by Stoke–Einstein’s
equation,

D ¼ k � T
6 � p � g � r ð3Þ

where k is the Boltzmann’s constant, T is the absolute temperature,
g is the viscosity of water and r is the molecule radius, given by VM.

2.3. Solubility data

Solubility data used for the study APIs in phosphate buffer
pH = 6.5 and fasted simulated small intestinal fluid (FaSSIF) at
37 �C was either obtained from previous work performed within
AstraZeneca by Söderlind et al. or determined using the same
methodology described in their report (Söderlind et al., 2010).
The volume fraction of micelles in FaSSIF was calculated, as de-
scribed in Section 2.1, to a value of 0.0007 based on the taurocho-
late and lecithin concentrations 0.375 mM (total concentration 3
mM) and 0.75 mM, respectively (Söderlind et al., 2010). The parti-
tioning to micelles can be determined using measured API solubil-
ity in buffer and FaSSIF at the same pH and knowing the micellar
volume fraction in FaSSIF. The partitioning of API in intestinal fluid
can then be calculated by the micellar volume fraction in intestinal
fluid and assuming equivalent micelle composition and micellar
partitioning of API as in FaSSIF. The difference between the volume
fraction of micelles in FaSSIF (0.0007) and intestinal fluid (0.0002)
was automatically accounted for in the simulations by GI-Sim.

2.4. Permeability data

When available, previously reported Peff values were used as
permeability input in the simulations for all regions in the small
intestinal (Lennernäs, 2007). In the absence of such data, the hu-
man Peff was estimated from an established correlation between
Peff and Caco-2 apparent permeability (Papp). Briefly, the Caco-2
permeability experiments were performed manually in the api-
cal-basolateral direction in 12 or 24 well plates (1.13 cm2 filters)
on a thermostated shaker at 37 �C at a stirring rate of 450 rpm. De-
tails of the experimental procedure are described elsewhere (Haye-
shi et al., 2008). For APIs with suspected adsorption to plastics and/
or intracellular retention, 4% bovine serum albumin (BSA) was
added on the basolateral side to obtain sink conditions and suffi-
cient recovery.

2.5. Estimation of human Peff from Caco-2 in vitro Papp

As a consequence of inadequate stirring the Caco-2 assay gener-
ally suffers from thicker ABL, and hence a greater resistance from
the ABL, than in the in vivo intestinal environment (Fagerholm
and Lennernäs, 1995; Karlsson and Artursson, 1991). For this
reason, the correlation between Peff and Papp was established
assuming a linear relation between the membrane permeability
(Pm) in humans (Pm�human) and the Pm for the Caco-2 cell membrane
(Pm�caco-2). Pm can be calculated if the permeability in the ABL (PABL)
is known. For a solution PABL can be attained via knowledge of the
aqueous boundary layer thickness (L) and D (see Section 3.2 Mem-
brane and intestinal permeability). The L in vivo (Linvivo) was esti-
mated to 86 lm based on the observed Peff for ketoprofen
(Peff = 8.7 � 10�4 cm/s), which is the API with the highest human
Peff, under the assumption that the membrane resistance for this
molecule is negligible compared to the resistance in the ABL and
applying an estimated value of D (Dketoprofen = 0.749 � 10�9 m2/s).
Estimation of L for the used Caco-2 model (Lcaco-2) was based on
Papp measurements for felodipine in solution (Papp = 220 � 10�6

cm/s) and as a saturated nanosuspension (Papp = 1100� 10�6 cm/s).
Assuming that the permeability through the ABL in the latter case
is infinite yields a Lcaco-2 of 240 lm. However, since the permeabil-
ity through the ABL is limited in the nanoparticle case Lcaco-2 must
be greater than 240 lm and a value of 300 lm was used. Applying
these estimates of Linvivo and Lcaco-2, Pm�human and Pm�caco-2 was calcu-
lated for a set of APIs with published Peff values and Caco-2 Papp

measurements. A log–log relationship was then established for
Pm�human and Pm�caco-2, compensated for fraction uncharged (f0) at
pH 6.5, which was thereafter used for predictions of Peff from Papp

measurements. APIs and the data used to attain the Pm�human -
� Pm�caco-2 correlation is reported in Table 2 and the Pm�human -
� Pm�caco-2 correlation is shown in Fig. 2.
3. Theory

A schematic mathematical description of the GI-Sim model is
given in Appendix A. This description is for the case when all
particles are considered monodisperse.
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3.1. Solubility, dissolution, particle growth and nucleation

The total solubility, defined as the sum of free monomer and
micelle bound molecules per volume media, is in many cases influ-
enced by the pH and the presence of micelles in the media. In GI-
Sim the influence of pH on the net charge of acidic and basic APIs
was described according to the traditional Henderson–Hasselbalch
equation (Henderson, 1908). For APIs with more than one func-
tional group the protonation/deprotonation of each group was as-
sumed to be independent of each other. The concentration of
uncharged API at saturation is the intrinsic crystalline solubility
(S0). The solubility in the bulk (Sb) at given pH was directly corre-
lated to S0 and charge according to

Sb ¼
S0

f0
ð4Þ

where f0 is the fraction of uncharged molecules. A net neutral zwit-
terion was considered uncharged.

In presence of micelles the concentration of dissolved API as
free monomer was denoted Cb. The partitioning of API into and
from micelles was assumed to be immediate and the relation
between the total concentration (Ct) and Cb could consequently
be regarded as proportional at all times. Ct, including the API
contained by the micelles, is always proportional to Cb according
to

Cb ¼ ð1� qÞ � Ct ð5Þ

where q is the fraction of dissolved API partitioned into the micelles.
The partitioning of charged molecules into micelles was assumed to
be negligible. Hence, for ionized molecules q is dependent of the pH
in the small intestine, i.e., it is directly proportional to f0.

In analogy with Eq. (5) the total solubility St relates to Sb by

Sb ¼ ð1� qÞ � St ð6Þ

The solubility also influences the dissolution rate and rate of
precipitation. In this study, particles were considered to be crystal-
line and spherical. In GI-Sim, the dissolution rate for a particle in
unstirred water is assumed to be driven by diffusion only. Under
the assumption of negligible contribution of convection to the dis-
solution process, the dissolution rate, given as amount of mole-
cules per unit of time, can then be described by Fick’s law

Fdissolution ¼ 4 � p � R � D � ðSb � CbÞ ð7Þ

where R is the particle radius and D is the diffusion coefficient for
the API in water. In GI-Sim it is assumed that the rate is controlled
by the difference Sb � Cb, rather than the difference St � Ct.

The rate of crystalline nucleation, i.e. the initial step in mole-
cule precipitation from a supersaturated solution, is modeled in
GI-Sim by a modified version of the crystalline nucleation theory
previously described in detail (Lindfors et al., 2008). Briefly, the
nucleation rate is determined by the combination of creation of
stable critical clusters of molecules and the transport of free
monomer molecules to these clusters. Several parameters such
as the level of supersaturation (given by Cb and S0), D, VM, q, f0

as well as the interfacial tension are determinants for the estima-
tion of nucleation rate in this theory. The interfacial tension can
be estimated from experimental in vitro precipitation data (Carl-
ert et al., 2010).

In contrast to particle dissolution, it has been noticed that par-
ticle growth is slower than obtained by Fick’s law as surface inte-
gration processes slows down the growth (Lindfors et al., 2008).
This is modeled by multiplying the Fick’s law rate by the empirical
expression w = R/(R + 5 lm).

The stirring in the compartments leads to increased dissolution
and growth rates. Nielsen introduced the stirring factor (fstirring), gi-
ven by Eq. (8), by which the rate is increased (Nielsen, 1961).
fstirringðRÞ ¼ 1þ
2 � g � R3 � ðqdrug � qwaterÞ

9 � D � gwater

" #0:285

ð8Þ

where g is the gravity constant. The relationship indicates that par-
ticle size amplifies fstirring and that fstirring � 1 for particles with a ra-
dius less than 1 lm. The total dissolution and growth rates are
hence described as

Fdissolution ¼ 4 � p � R � D � ðSb � CbÞ � fstirring

Fgrowth ¼ �4 � p � R � D � ðSb � CbÞ �W � fstirring

�
ð9Þ

Polydistributions of particles are described by the function f(R)
whereZ R2

R1
f ðRÞdr ð10Þ

is the number of particles with radius between R1 and R2. Numeri-
cally, the size distribution is split up into 20 bins. The time evolu-
tion of the distribution is calculated by changing the particle size
range of every bin according to Eq. (9). Particles will in this way stay
in their original bin. However, the altitude of each bin is changed in
order to conserve the number of particles in respective bin. When
there is an inflow of particles, the size distribution of a compart-
ment must cover the whole size range in the upstream compart-
ment. In the case when the solubility and consequently the
dissolution rate are much lower in the upstream compartment,
new empty bins must constantly be added to the size distribution
to manage the particle inflow.

3.2. Membrane and intestinal permeability

In GI-Sim, the total transcellular mass transport across the api-
cal membrane of the enterocyte is described by Eq. (2). In order for
a molecule to be transported from the intestinal lumen to the
blood system it must pass through the epithelial cell layer from
the apical surface to the basolateral surface. The epithelial barrier
can be depicted as a membrane with an adjacent ABL where the
convection of the intestinal water is absent, through which a mol-
ecule must diffuse. In GI-Sim, the API transport process from the
lumen is modeled as a serial diffusion flow through the ABL of
thickness L, with permeability PABL, and a membrane, with the per-
meability Pm. Together they constitute a barrier to membrane
transport and absorption with the total permeability P, i.e., Peff or
Papp. P can hence be described by

1
P
¼ 1

Pm
þ 1

PABL
ð11Þ

If the medium in the intestine is a plain solution of API, i.e., no
drug particles or API partitioned to micelles, the PABL is described
by Eq. (12) according to Fick’s law of diffusion.

PABL ¼
D
L

ð12Þ

However, when API is present in solid form and/or is partition-
ing into to the micelles, this theory is inaccurate. Since micelles
containing API also diffuse across the ABL, with the diffusion coef-
ficient Dmic, they also contribute to the effective transport. It is also
assumed that only free molecules in the aqueous phase and no mi-
celles or API in the micelles can enter or penetrate the cellular
membrane. To account for the micelle diffusion, PABL, can then be
described by

PABL ¼
Dmic � qþ Dð1� qÞ

L
ð13Þ

Generally, for APIs that partition into the micelles (q > 0), PABL

will be greater in the presence of micelles than without.
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Undissolved drug particles diffuse slower than free API mono-
mers across the ABL but contain many molecules and may there-
fore contribute substantially to the PABL. Two processes for the
particles are considered in the ABL: particle diffusion and dissolu-
tion. If the number of particles is high they may diffuse all the way
to the ABL-membrane interface. Otherwise, the region close to the
ABL-membrane interface contains no particles. As small and large
particles both have different dissolution rate and diffusion rate it
is important to consider the size distribution of the particles
throughout the boundary layer. In GI-Sim, the diffusion coefficient
of particles across the ABL is inversely proportional to the particle
radius in accordance to Stoke–Einstein’s equation (Eq. (3)). The
general effect of particles is that PABL increases with increasing con-
centration of particles. This effect will be especially important for
small nanosized particles and contribute to the improved absorp-
tion provided by such formulations.

The equations above assume that all dissolved molecules are
uncharged. For an ionisable molecule, only a fraction (f0) will be
uncharged in the gastrointestinal pH range. Assuming that ionized
API molecules have the same diffusion coefficient in water as neu-
tral ones, the PABL may still be described by Eq. (13). The fact that
considerably fewer API monomers partition into the micelles when
ionized is taken into account by the change of q. Also, in general
the Pm of charged molecules is considered to be minimal in com-
parison to the uncharged (Hogben et al., 1959). Hence, GI-Sim as-
sumes that molecules with a net charge do not contribute to Pm

and that the concentration available for drug transport can be de-
scribed by f0 � Cb. Altogether the effective permeability in GI-Sim is
described by

1
P
¼ 1

f0 � Pm
þ 1

PABL
ð14Þ
Table 3
APIs with measured human effective jejunal permeability (Peff) values using the Loc-I-Gut
observed and GI-Sim predicted fraction absorbed (fabs).

Mw (g/mol) pKa 1a pKa 2a D (10�9 m2/s) Peff

a-Methyldopa 211.2 8.94 b 2.21 a 0.84 0.1
Amiloride 229.6 10.2 b 8.65 b 0.94 1.6
Amoxicillin# 365.4 7 b 2.6 a 0.72 0.3
Antipyrine 188.2 1.3 b 0.82 5.6
Atenolol 266.3 9.19 b 0.72 0.2
Carbamazepine 236.3 12 ac 0.26 bc 0.78 4.3
Cephalexin 347.4 7.05 b 2.55 a 0.73 1.56
Cimetidine 252.3 6.76 b 0.77 0.26
Cyclosporine 1202 0.42 1.61
Desipramine HCl 266.4 9.8 b 0.71 4.5
Enalapril maleate 376.5 5.57 b 2.92 a 0.66 1.57
Enalaprilat 348.4 7.6 b 3.2 a 0.69 0.2
Fexofenadine 501.7 7.84 bd 4.2 ad 0.59 0.07
Fluvastatin sodium 411.5 4.17 a 0.64 2.4
Furosemide 330.8 9.87 a 3.51 a 0.76 0.05
Hydrochlorothiazide 297.7 9.78 a 8.53 a 0.80 0.04
Inogatran 438.6 7.6 b 1.6 a 0.65 0.03
Ketoprofen 254.3 4.02 a 0.75 8.7
L-dopa 197.2 8.54 b 2.21 b 0.87 3.4
Lisinopril 405.5 7.01 b 3.16 a 0.65 0.33
Losartan 422.9 4.25 a 2.95 a 0.66 1.15
Metoprolol 267.4 9.18 b 0.70 1.34
Naproxen 230.3 4 a 0.77 8.5
Piroxicam 331.4 5.34 b 1.88 a 0.75 6.65
Propanolol 259.3 9.17 b 0.72 2.91
Ranitidine 314.4 8 b 2.11 b 0.70 0.27
Terbutaline 225.3 9.97 b 8.67 b 0.77 0.3
Valacyclovir 324.3 9.23 a 7.4 b 0.75 1.66
R-verapamil 454.6 8.76 b 0.59 6.8
S-verapamil 454.6 8.76 b 0.59 6.8

a a = acid, b = basic, data from Avdeef and Tam (2010) if not indicated otherwise.
b Calculated assuming an aqueous boundary layer of 86 lm.
c Data from Zhang et al. (2011).
d Data from Yasui-Furukori et al. (2005).
where PABL is given by Eq. (13) when particles are absent. When par-
ticles are present PABL is obtained numerically and varies with time.
4. Evaluation of GI-Sim

4.1. Sensitivity simulations

A set of simulations was conducted to demonstrate the inter-
play and effect of both permeability and solubility processes on fabs

of the model. The simulations were performed in a permeability
and solubility range of 0.08–8 � 10�4 cm/s and 0.1–100 lg/ml,
respectively. Simulations were performed for a theoretical API
administered as a suspension (R = 10 lm) at a dose of 25 mg to-
gether with 200 ml water. At the highest investigated solubility,
100 lg/ml, the dose would hence be completely soluble in the
stomach as the total volume at administration will be approxi-
mately 250 ml (200 ml + 47 ml (stomach volume)). Molecule prop-
erties were set as; neutral, Mw = 400 g/mol, D = 0.7 � 10�9 m2/s,
SFaSSIF/Sbuffer = 1, and a molecule density of 1.3 g/ml. The influence
of particle size and dose was investigated by changing one of these
properties separately from the general setting to following values:
particle radius = 0.1 and 100 lm and dose = 250 and 2.5 mg.
4.2. Prediction of fabs for solutions of APIs with known Peff

All APIs with measured human Peff values (range: 0.03–
8.7 � 10�4 cm/s) and reported values of fabs (range: 5–100%) for
solutions were used in order to evaluate of how well GI-Sim could
describe the membrane permeability process in vivo in humans
(Borgström et al., 1989; Kansy et al., 1998; Lancaster and Todd,
1988; Lappin et al., 2010; Lennernäs, 2007). To enable evaluation
technique (Lennernäs, 2007). Collate of physicochemical properties, permeability and

(10�4 cm/s) PABL
b (10�4 cm/s) Pmem

b (10�4 cm/s) fabs (%) fabs�pred (%)

9.8 0.10 55–65 32
11 1.9 80–90 99

8.4 0.31 45–75 66
9.5 14 100 100
8.4 0.20 50–60 58
9.1 8.2 >90 100
8.5 1.9 >90 99
8.9 0.27 75 60
4.9 2.4 >90 99
8.2 10 100 100
7.7 2.0 65 99
8.0 0.21 8 52
6.9 0.07 30–41 24
7.5 3.5 95 100
8.8 0.05 40–60 24
9.3 0.04 55 15
7.6 0.03 5–10 11
8.7 5200 100 100

10 5.1 100 100
7.6 0.34 35–50 69
7.7 1.4 100 98
8.2 1.6 95 98
9.0 150 100 100
8.7 28 100 100
8.4 4.5 100 100
8.1 0.28 50–60 67
9.0 0.31 30–73 83
8.8 2.0 >80 99
6.9 520 100 100
6.9 520 100 100



Table 4
Model APIs used in the evaluation of GI-Sim and fundamental input to the model such as solubility, permeability and physicochemical properties. For pKa values, the notation a
and b indicate acid and base, respectively.

Mw (g/mol) pKa logD7.4 q (g/ml) D (10�9 m2/s) Sbuffer (lg/ml) SFaSSIF (lg/ml) SFaSSIF/Sbuffer Papp (10�4 cm/s) Peff (10�4 cm/s) BCS

Aprepitant 534 2.4 b 9.15 a 6.9 1.51 0.63 0.37 23 62 1.7 7.1b II
Carbamazepine 236 12 ae 0.26 b 1.6 1.27 0.78 127 236 1.9 4.3a II
Danazol 337 Neutral 3.7 1.21 0.68 0.5 8.7 17 1.7 7.5b II
Digoxin 781 Neutral 1.3 1.36 0.54 11.4 14.3c 1.3 0.017 0.41b II
Felodipine 384 Neutral 4.3 1.28 0.67 1.0 53 44 2.2 7.8b II
Fenofibrate 361 Neutral 6.9 1.18 0.66 0.25 13.7 56 2.2 7.7b II
Fexofenadine 502 4.2 ae 7.84 b 0.23 1.17 0.59 530d 530 1.0 0.07a III
Griseofulvin 353 Neutral 2.9 1.38 0.70 15 20 1.3 1.3 7.3b II
Irbesartan 429 4.9 ae 1.5 1.31 0.65 102 112 1.1 0.43 4.6 b I
Ketoconazole 531 2.9 be 6.5 b 4.1 1.38 0.61 6.5 26 4.0 0.23 3.3b II

AZ1 475 ± 5 Neutral 2.4 1.34 0.63 80 110 1.4 1.2 6.6b II
AZ2 545 ± 5 0.75 b 2.74 b 1.5 1.43 0.62 3.7 8.7 2.4 0.019 0.46b IV

a Peff measured in vivo.
b Peff predicted from Caco-2 Papp measurement.
c Measurement performed in human intestinal fluid.
d Same value as SFaSSIF due to lack of buffer solubility data.
e pKa data from Zhang et al. (Carbamazepine), Yasui-Furukori et al. (fexofenadine), Cagigal et al. (Irbesartan) and Skiba et al. (ketokonazole) (Cagigal et al., 2001; Skiba et al.,

2000; Yasui-Furukori et al., 2005; Zhang et al., 2011).
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of the permeability process only, data for drug solutions where no
precipitation was expected was used. Physicochemical properties
of the included APIs were collected from the literature or estimated
with ACD/Labs. Predicted fabs were compared to published human
in vivo data. The input data for the permeability model evaluation
is summarized in Table 3.
4.3. Prediction of fabs and plasma exposure of model APIs with limited
intestinal absorption in humans

The fabs of twelve APIs (see Table 4) reported to be incompletely
absorbed in humans due to permeability, solubility and/or dissolu-
tion rate limited absorption was simulated to evaluate the accu-
racy of the absorption model in GI-Sim regarding prediction of
fabs and plasma exposure in humans. This strategy was assumed
to provide a more discriminating evaluation of the model rather
than inclusion of a larger dataset biased towards a high degree of
fabs and thereby less challenging predictions. From an industrial
formulation development perspective, it is more useful to be able
to predict non-linear plasma exposure and particle size depen-
dence rather than having a fabs correlation based on a large dataset.
The evaluation was performed both with respect to capturing plas-
ma concentration–time profiles as well as the ability of GI-Sim to
capture the impact on drug exposure caused by changes in dose
and/or particle size. Systemic exposure was expressed as the area
under the plasma concentration time curve (AUC). The literature
was thoroughly searched for suitable clinical studies to be used
as references to the predictions. Information of particle size and,
when available, particle distribution was gathered from the pub-
lished reports. In those cases where no information was stated
the following procedure was adopted: (1) particle size was consid-
ered to be the volume weighted average diameter equal to the va-
lue stated for commercial product (2) the particle size distribution
was calculated according to the Schultz distribution where the
number weighted average diameter was assumed to be half the
volume weighted average diameter (Kotlarchyk et al., 1988; Zimm,
1948). A volume weighted average diameter equal to 50 lm was
assumed if no information of particle size could be found (only
applied for irbesartan). The volume of water consumed at the oral
intake of the dose was adopted as specified in the reference studies
and assumed to be 240 ml if not specified. Estimation of appropri-
ate systemic PK parameters was performed on the basis of
intravenous dose data. However, when such information was
unavailable or when the risk for non-linear elimination/metabolic
kinetic behavior was imminent the estimations were performed on
basis of concentration–time profiles after oral administration, pref-
erably solutions. Adopted PK parameters are appended as Supple-
mentary data. Variability, as standard deviation, in observed data
was extracted from the included studies when available.

To appropriately estimate in vivo fabs in humans mass balance
data is required. In the clinic, it is cumbersome to gather samples
that are acquired for calculation of mass balance and generally
this is not done, which makes this information rare. Mass balance
information was unavailable in the clinical studies included as ref-
erences in this study. The evaluation was therefore based on AUC
as a surrogate endpoint to fabs. The evaluation was performed in
three parts. First, a general evaluation of how well GI-Sim could
predict plasma exposure (i.e., AUC), Cmax and tmax were performed.
In the second part the ability of GI-Sim to capture dependence in
dose and particle size, which are key aspects in clinical formula-
tion development, were evaluated. Also, the ability to predict
the in vivo performance of nanoformulations was investigated.
The rationale for the second part was that an ability to capture
trends in dose or particle size dependency would be very helpful
in decision-making of new formulation strategies and in absorp-
tion risk assessments, even if the total exposure is inaccurately
predicted. The result for the second part was assessed by compar-
ison of observed and predicted plasma exposure normalized to
dose in combination with the predicted fabs. This approach pro-
vides the possibility to analyze if the trend in observed AUC is di-
rectly reflected of fabs or if other processes also affect the plasma
exposure.
4.4. Model APIs

4.4.1. Aprepitant
The selective neurokinin I receptor antagonist aprepitant is

highly lipophilic (logD7.4 = 6.9). Based on its low solubility and
high permeability it is classified as a BCS Class II drugs. Aprepitant
is an ampholyte with a weak basic (pKa = 2.4) and weak acidic
(pKa = 9.2) group and is thereby mainly uncharged in the gastroin-
testinal tract. The solubility in biorelevant media, such as FaSSIF, is
considerably higher compared to buffer (SFaSSIF/Sbuffer > 50)
indicating significant partitioning into the micelles. Aprepitant is
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marketed as a nanoformulation (EMEND�) (Wu et al., 2004). Stud-
ies in beagle dogs showed that the plasma exposure was 4-fold
higher after oral administration of a nanosuspension (particle si-
ze = 0.12 lm) compared to micronised suspension (particle si-
ze = 5.5 lm) (Wu et al., 2004). The bioavailability in male
volunteers after oral administration of 80 mg and 125 mg IR-cap-
sules containing a nanodispersion was 0.70 and 0.65, respectively
(Majumdar et al., 2006). Aprepitant biotransformation is mainly
mediated by cytochrome P450 3A4 (CYP3A4) (Sanchez et al.,
2004). Reports of clinical drug–drug interactions between aprepit-
ant and known CYP3A4 substrate as well as tendencies of non-lin-
ear elimination at increased aprepitant doses indicate the
possibility of auto-inhibition (Aapro and Walko, 2010; Sanchez
et al., 2004). This might be the explanation to the slight supra pro-
portional dose–exposure relationship reported for 80 mg and
125 mg (Majumdar et al., 2006). Systemic PK parameters for each
dose were calculated as data were available for an intravenous
dose of 2 mg radio labeled aprepitant co-administered both with
the 80 mg and 125 mg dose (Majumdar et al., 2006).
4.4.2. Carbamazepine
Carbamazepine is an antiepileptic drug with a narrow thera-

peutic window. It is commonly classified as a BCS Class II drug ow-
ing to its low aqueous solubility and high permeability (Peff = 4.3).
Within the pH-range of the GI-tract carbamazepine is neutral. De-
spite the low solubility, high bioavailability and dose linearity in
plasma exposure has been observed for solid formulations indicat-
ing that carbamazepine is well absorbed. It is well recognized that
carbamazepine is metabolized by CYP3A4 (Kerr et al., 1994). Due to
the narrow therapeutic window a variety of different oral formula-
tions has been developed to control the plasma exposure profile
(Zhang et al., 2011). Simulations of absorption and plasma concen-
tration–time profiles after administration of 200 mg (suspension,
particle size = 5 lm) and 400 mg (IR tablets, particle size = 75 lm)
carbamazepine was performed in this study. Reference data were
collected from the literature (Kovacevic et al., 2009; Zhang et al.,
2011). Data from an intravenous administration could not be found
in the literature and for this reason was systemic PK parameters
calculated based on the reported 200 mg dose (Zhang et al., 2011).
4.4.3. Danazol
The synthetic androgen danazol is classified as a BCS Class II

drug due to its low solubility and high permeability. It is a neutral
and highly lipophilic (logD7.4 = 3.7) molecule with high degree of
partitioning into micelles in biorelevant dissolution media (SFaSSIF/
Sbuffer > 10). The reported F of micronized (d50 = 4.46 lm) danazol
is low (�10%) (Sunesen et al., 2005). This is generally considered
to be caused by a combination of a low fabs and extensive first pass
metabolism in gut and liver (Charman et al., 1993). It has been
shown that danazol is a substrate and inhibitor of CYP3A4 and it
is suggested that the main route of elimination is through hepatic
metabolism (Konishi et al., 2001). However, it is also reported that
the systemic plasma clearance after intravenous administration is
greater than hepatic plasma flow (98 L/h vs. �54 L/h) and that
the F after an oral lipid emulsion is close to 45% (Sunesen et al.,
2005). This suggests that other elimination pathways than hepatic
metabolism is of importance for the elimination of danazol. In this
study, intestinal absorption and pharmacokinetics of a 100 mg and
400 mg (IR-capsule, particle size distribution d10%, d50% and d90%,
1.58 lm, 4.46 lm and 10.2 lm) dose of danazol was simulated and
compared to studies in the literature (Hooper et al., 1991; Sunesen
et al., 2005). Systemic PK parameters were estimated from avail-
able intravenous data (Sunesen et al., 2005).
4.4.4. Digoxin
Digoxin is a cardiac glycoside prescribed to patients with heart

failure and arterial fibrillation. The molecule shows low permeabil-
ity and low solubility but due to the low therapeutic dose com-
pared to the solubility it is classified as a BCS Class III drug. Even
though digoxin is neutral and has a Mw of 781 g/mol it is only mod-
erately lipophilic (logD7.4 = 1.3) caused by polar molecular struc-
tures. This is reflected both in the membrane permeability and
that the solubility only is not enhanced by micellar dissolution
media (SFaSSIF/Sbuffer � 1). Digoxin is readily absorbed (at least
60%) at therapeutic doses (0.4–0.7 mg) and is mainly eliminated
through renal filtration and secretion (60–80%) (Ochs et al.,
1981). Even if it has been suggested that P-glycoprotein (P-gp)
mediated efflux limits the extent of absorption of digoxin, the
opposite has also been reported (Chiou et al., 2001; Fenner et al.,
2009; Greiner et al., 1999; Igel et al., 2007). Instead, the bioavail-
ability of digoxin have been reported to be significantly increased
with particle size reduction (Jounela et al., 1975). Simulations of
GI absorption and plasma concentration–time profiles after oral
administration of a 0.25 mg dose of digoxin, as a solution and solid
formulations (IR-tablets) (particle sizes 13 lm and 102 lm), was
performed and compared to reported data (Jounela et al., 1975).
Systemic PK parameters were estimated based on plasma concen-
tration–time profiles after intravenous administration (Ochs et al.,
1978).

4.4.5. Felodipine
Felodipine is a calcium-antagonist used for the treatment of

hypertension. The molecule is, because of its neutral and lipohilic
(logD7.4 = 4.3) nature, poorly water-soluble and highly permeable
and hence classified as a BCS Class II drug. The biorelevant solubil-
ity is significantly higher than in buffer (SFaSSIF/Sbuffer > 50) indicat-
ing significant partitioning of felodipine into the micelles.
Felodipine is completely absorbed when administered as a solution
(fabs � 100%) (Edgar et al., 1985). However, the F is only 16% due to
extensive pre-systemic elimination in gut and liver (Edgar et al.,
1985). Felodipine is predominately eliminated by metabolism in
the liver and less than 1% is excreted unchanged in urine (Edgar
et al., 1985). Significant drug–drug interactions with known
CYP3A4 inhibitors have been reported indicating this enzymes
clinical importance (Baarnhielm et al., 1986; Jalava et al., 1997).
In this study, intestinal absorption and concentration–time profiles
following oral intake of solutions (doses 10 mg) or solid formula-
tions (10 mg IR-tablet and 100 mg IR-capsule) was simulated and
compared to clinical data. Systemic PK parameters were estimated
based plasma concentration profiles after a 3 mg dose adminis-
tered as an intravenous 10 min infusion.

4.4.6. Fenofibrate
The lipid-lowering agent fenofibrate activates the peroxisome

proliferator activated receptor a through its active metabolite fen-
ofibric acid. Fenofibrate is a very lipophilic (logD7.4 = 6.9) and neu-
tral molecule with low buffer solubility (Sbuffer = 0.25 lg/ml), which
is increased by the presence of micelles (SFaSSIF/Sbuffer = 6.3). Previ-
ous studies have reported fenofibrate to be highly permeable and
it is consequently classified as a BCS class II drug. The F of a
160 mg dose administered as a nanoformulation has been reported
to be approximately 70% (Zhu et al., 2010). In this study, simula-
tions were performed for a micronized formulation (IR-capsule)
with a particle diameter of 1.1 lm (dose 160 mg) and a nanosized
formulation (IR-tablet) with a particle diameter of 0.2 lm (dose
145 mg) and compared to reported studies (Sauron et al., 2006).
The particle size of the microcoated formulation was reported to
be about 10 lm (Sauron et al., 2006; Vogt et al., 2008). However,
due to the formulations characteristics the dissolution profile
was identical with a micronized formulation with a particle size
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of 1.1 lm (Vogt et al., 2008). This indicates rapid deagglomeration
of the 10 lm particle. Analogous to a previous absorption predic-
tion study by Sugano, a particle size of 1.1 lm were used in the
simulations to account for this quality (Sugano, 2011). As fenofi-
brate is completely biotransformed to fenofibric acid the predicted
plasma concentration profiles had to be compared to fenofibiric
acid plasma concentrations (Weil et al., 1990). The systemic PK in-
put was based on fenofibric acid plasma concentrations profile
after a 130 mg dose administered in proximal small bowel (cor-
rected for F = 87.9%) (Zhu et al., 2010).

4.4.7. Fexofenadine
Fexofenadine is a selective nonsedating histamine H1 receptor

antagonist classified as a BCS Class III drug with high solubility
and low permeability. Dose–exposure linearity in oral administra-
tion has been reported over a range from 0.1 mg to 240 mg (Lappin
et al., 2010; Robbins et al., 1998). This indicates that major phar-
macokinetic processes, e.g. absorption, distribution and elimina-
tion, for fexofenadine are unsaturable in this wide dose range.
Fexofenadine is considered to be reasonably metabolic stable
although the fraction metabolized after an intravenous dose was
reported to be 30% (Lappin et al., 2010). An equally large fraction
(�29%) was excreted in bile which indicates that approximately
40% is eliminated through biliary excretion (Lappin et al., 2010).
Fexofenadine is known to be a substrate of several uptake and ef-
flux membrane transporter proteins (Ming et al., 2011; Petri et al.,
2004; Shimizu et al., 2005). Even as clinical data is ambiguous, the
apical efflux protein P-gp has been proposed to play a central role,
both in intestinal absorption as well as for biliary excretion (Petri
et al., 2006; Tannergren et al., 2003; Uno et al., 2006; Yasui-Furuk-
ori et al., 2005). In this study, fexofenadine GI absorption and phar-
macokinetics was simulated for oral administration of solutions
(doses 0.1, 20, 60, 120 and 240 mg) and tablet (dose 120 mg).
The results were compared to data collated from literature (Lappin
et al., 2010; Robbins et al., 1998). Systemic PK parameters were
estimated based on the plasma concentration profile after admin-
istration of an intravenous micro dose (0.1 mg) (Lappin et al.,
2010).

4.4.8. Griseofulvin
The antifungal API griseofulvin has been used for systemic

treatment of fungal infections in animals and man. It is classified
as a BSC Class II drug with low solubility and high permeability.
The low solubility is not markedly increased by the presence of mi-
celles in biorelevant media (SFaSSIF/Sbuffer = 1) despite that griseoful-
vin is neutral and lipophilic (logD7.4 = 2.9). The reported F is low
and variable as a consequence of the slow dissolution in the lumen
and potential first-pass elimination (Lin and Symchowicz, 1975).
Solid dispersion formulations (microsize and ultramicrosize) has
been developed and used in commercial products in an attempt
to increase the dissolution rate and thereby the fraction absorbed
(Straughn et al., 1980). Griseofulvin is completely eliminated
through metabolism however the terminal half-life after oral
administration is long and variable (9.5–21 h) (Chiou and Riegel-
man, 1971). Predictions of griseofulvin GI absorption and plasma
concentration time-profiles after oral administration of microsize
or ultramicrosize particle formulation in the dose range of 250–
1000 mg were performed in this study. Reference oral data was
collated from published studies (Lin et al., 1973; Marvel et al.,
1964). Systemic PK parameters were estimated based on the plas-
ma concentration profile after intravenous administration of
108 mg griseofulvin (Chiou and Riegelman, 1971).

4.4.9. Irbesartan
The angiotensin II receptor antagonist irbesartan is used for

treatment of hypertension. The molecule has a low lipophilicity
(logD7.4 = 1.5) and is regarded as highly permeable. However, de-
spite that the molecular structure includes an acidic moiety
(pKa = 4.9) it has previously been classified as a BCS Class II drug
even at intestinal pH due to the relation between solubility
(Sbuffer = 102 lg/ml) and maximum clinical dose (300 mg). The sol-
ubility is not affected by the presence of micelles (SFaSSIF/Sbuffer = 1).
A less than linear increase in exposure with dose has been shown
at doses above 600 mg solubility indicating solubility limited GI
absorption of the solid formulations (Marino et al., 1998). Irbesar-
tan has a reported F of approximately 60–80% (dose 50–150 mg)
and is mainly eliminated unchanged through biliary excretion
(Chando et al., 1998; Vachharajani et al., 1998). Simulations of GI
absorption and pharmacokinetics after oral administration of 50,
150, 300, 600 and 900 mg irbesartan as tablets was performed in
this study and compared to clinical studies (Marino et al., 1998;
Vachharajani et al., 1998). No particle size information could be
found in the literature. Systemic PK parameters were estimated
based on intravenous plasma concentration profiles (Vachharajani
et al., 1998).

4.4.10. Ketoconazole
Ketoconzole is an oral antifungal imidazole derivate used for

the treatment of systemic fungal infections. It is highly lipophilic
(logD7.4 = 4.1) and classified as a BCS Class II drug with low solubil-
ity and high permeability. Ketoconazole is a diprotonic base with
pKa values within the gastrointestinal pH range (pKa1 = 2.9 and
pKa2 = 6.5). The solubility is enhanced by the presence of micelles
(SFaSSIF/Sbuffer = 4). The relative F of 200 mg dose given as a tablet
compared to the same dose in solution was reported to 81%, which
indicates that ketoconazole is rapidly dissolved in the stomach
(Huang et al., 1986). However, the solubility of ketoconazole in
the duodenum is several orders lower than in the stomach, as a re-
sult of the difference in pH. This increases the potential for nucle-
ation and particle growth, which indeed has been observed in
clinical studies (Psachoulias et al., 2011). Previously published
in vitro precipitation data was used to estimate the interfacial ten-
sion to a value of 20 mN/m (Edwards et al., 2013). Ketoconazole is
eliminated through metabolism as well as an inhibitor of many
drug metabolizing enzymes (Badcock et al., 1987; Pelkonen et al.,
2008). It has been suggested that ketoconazole inhibits its own
metabolism (possible both gut and liver metabolism) as a supra-
proportional increase in AUC vs. dose has been observed (Danesh-
mend et al., 1984). Reference data were collected from the litera-
ture and the simulations performed in this study comprised oral
administration of 200, 400 and 800 mg ketoconazole both as solu-
tion and tablet formulation (Daneshmend et al., 1984; Huang et al.,
1986; Otte and Carvajal, 2011). Due to the lack of intravenous data
and the presumed auto-inhibition, the systemic PK parameters for
each dose were estimated based upon the plasma-concentration
time profiles for the oral solutions, after compensation for the pre-
dicted fabs, (Huang et al., 1986).

4.4.11. AZ1. and AZ2
Two AstraZeneca investigational APIs were included in the eval-

uation of GI-Sim. AZ1 is a neutral molecule with moderate buffer
solubility of 80 lg/ml and a high Caco-2 permeability (Papp = 120 -
� 10�6 cm/s). It is lipophilic (logD7.4 = 2.4) but do not partition into
micelles to a high degree (SFaSSIF/Sbuffer = 1.3). AZ1 was classified as
a BCS Class II drug based on these properties. AZ1 is primarily elim-
inated through liver metabolism but does not undergo gut wall
metabolism. In this study, simulations of an oral micronized sus-
pension at the doses 2, 6, 18, 30, 50, 100 and 180 mg were per-
formed. Predictions of intestinal absorption and plasma
concentration–time profiles were compared to observations from
a clinical study. Pharmacokinetic parameters were estimated based
on plasma-concentration time profiles obtained after intravenous



Fig. 3. Sensitivity simulations. The fraction absorbed (fabs) as a function of permeability (Peff) and solubility (S) for a generic API (central plot = default settings) with following
properties: neutral, Mw = 400 g/mol, D = 0.7 (10�9 m2 s–1), SFaSSIF/Sbuffer = 1, and a molecule density of 1.3 g/ml. The dose (25 mg) was administred as a suspension (particle
radius = 10 lm) given together with 200 ml water. The following changes to the default settings (dose = 25 mg, particle radius = 10 lm) have been made to the respective
plots. (A) Dose = 2.5 mg; (B) dose = 250 mg; (C) particle radius = 0.1 lm; (D) particle radius = 100 lm. The blue and red lines indicate where fabs = 50% at the present and
default condition, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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administration. AZ2 is a diprotonic base (pKa1 < 1, pKa2 = 2.7) with
low solubility (Sbuffer = 3.7 lg/ml). The solubility is only moderately
enhanced by the presence of micelles (SFaSSIF/Sbuffer = 2.4). In vitro
studies indicates that it has a low intestinal permeability
(Papp = 1.9 � 10�6 cm/s) probable due to the low lipophilicity
(logD7.4 = 1.5) and it is also a substrate for P-gp. The intestinal
absorption of AZ2 is solubility limited as no increase of exposure
was observed between solid doses of 20 mg and 60 mg. Elimina-
tion mainly takes place through hepatic metabolism. AZ2 was clas-
sified as a BCS Class IV drug. In this study absorption and
pharmacokinetics was simulated after oral administration of 20
and 60 mg AZ2 as a suspension and the result were compared to
clinical observations. Pharmacokinetic parameters were estimated
based on plasma-concentration time profiles obtained after intra-
venous administration.
5. Results and discussion

5.1. Sensitivity simulations

The sensitivity analysis was performed to visualize the response
(fabs) of the model to changes in input when both permeability and
solubility processes are of importance. The interplay between
these two parameters was clearly shown as high permeability
facilitated the absorption process at low solubility by maintaining



Fig. 4. Absorption prediction of solutions for APIs with measured human Peff. (A) Observed (open squares) and predicted (green circles) fabs of oral solutions for APIs with
measured human effective jejunal permeability (Peff) values using the Loc-I-Gut technique. (B) Comparison of predicted and observed fabs. Solid line indicate line of unity,
dotted lines indicate a 2-fold deviation. The red line indicates fabs�pred/100, i.e., the limit of possible under prediction. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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a high concentration gradient in the system. Overall, the simula-
tion exercise showed that a reduction of dose and/or particle size
only had a moderately positive effect on the intestinal absorption
while an increase of these parameters significantly reduced fabs

(Fig. 3). Still, for certain permeability/solubility ranges, a dose
and particle size reduction was clearly beneficial for an increased
absorption process. Also, it is important to remember the condi-
tions under which the simulations were performed. All simula-
tions, except at the highest level of solubility, were carried out
during some level of, initial or continuous, solubility/dissolution
limitation to the absorption. The positive effect of a dose reduction
(Fig. 3A) was seen in the intermediate permeability range (Peff: 0.2–
2 � 10�4 cm/s) demonstrating the benefits of an increased solubil-
ity to dose ratio. The high dose simulations (Fig. 3B) clearly showed
the negative impact on fabs of a reduction of the solubility to dose
ratio. Still, high permeability reduced this effect by maintaining
the concentration gradient as discussed above. The selected default
dose (25 mg) was to be dissolved completely at the highest solubil-
ity investigated (100 lg/ml). This was confirmed by intestinal
compartment phase analysis and also through the results observed
for the 2.5 mg dose (Fig. 3A). The positive effect on fabs of a particle
size in the nano-range (Fig. 3C) was seen at moderate to high per-
meability (Peff > 0.8). This effect is both due to increased dissolution
rate and the stipulated theory of small particle diffusion through
the ABL. The particle diffusion in ABL increases the API concentra-
tion adjacent to the intestinal membrane. This has a significant im-
pact on the effective absorption rate for high permeability APIs but
less so for low-moderate permeability APIs. Hence the increased
positive effect of a small particle size obtained with increasing per-
meability. In GI-Sim, the potential benefit of particle size reduction
is consequently greater for BCS Class II drugs (low solubility, high
permeability) than for BCS Class IV drugs (low solubility, low per-
meability). The larger particle size (Fig. 3D) significantly decreased
the intestinal absorption as a consequence of incomplete and
slower dissolution. This dissolution rate limiting effect was most
easily observed at S = 100 lg/ml when no impact of solubility lim-
itation was present. The results also indicated that a solubility of
approximately 10 lg/ml could be used as a rough lower limit for
high permeability APIs (Peff > 3) to obtain acceptable absorption
(fabs = 50%). One benefit of this modeling and simulation exercise
was the knowledge gained of when, i.e., the APIs characteristics,
the model is more or less sensitive to specific input values. It also
gave an overall indication when a particle size reduction would be
useful or not.
5.2. Absorption prediction of solutions for APIs with determined Peff

The purpose with this part was to evaluate how well GI-Sim
could predict fabs when the best possible permeability input was
used, i.e., single-pass measured Peff (Lennernäs, 2007). By compar-
ing predicted to observed fabs after administration of a solution the
impact of potential effects related to dissolution as well as particle
ABL effects were avoided.

As shown in Table 3 and Fig. 4, there was an overall good agree-
ment between observed and predicted fabs where the difference
was less than 10% in 77% (23 of 30) the investigated drugs. The
drugs with moderate and high permeability (Peff > 0.2� 10�4 cm/s)
were well predicted with a slight tendency for overprediction of
fabs in the moderate permeability region. In contrast, there was a
tendency for underprediction of fabs for low permeability molecules
(Peff < 0.2 � 10�4 cm/s). Assessment of the accuracy in the predic-
tions, including the limit of possible underprediction, i.e., predicted
fabs divided by 100%, is shown in Fig. 4B. Even if the accuracy for
APIs with predicted fabs < 100% is variable it is still shown that
84% (11 of 13) of the predictions were within a 2-fold deviation
to the observations. It is important to recognize that the variability
in measured Peff and fabs is higher for permeability limited mole-
cules than for highly absorbed drugs, which contribute to the devi-
ations between predictions and measured in vivo data (Hellriegel
et al., 1996). It should also be noted that information of micellar
partitioning was absent in these predictions. However, it is
unlikely that this would have a significant effect on the result since
the APIs included in this part of the evaluation, except cyclospor-
ine, are relatively hydrophilic and should therefore theoretically
not partition extensively into the micelles. It is also noteworthy
that there currently is a lack of measured Peff for highly lipophilic
- low solubility APIs. New human permeability data on highly lipo-
philic molecules would facilitate the development of improved
absorption algorithms. Nevertheless, the data presented above
show that GI-Sim accurately predicts fabs of solutions for moderate
and high permeability molecules but that the model may overem-
phasize the impact of permeability on fabs for low permeability
molecules.
5.3. Prediction of fabs and plasma exposure of model APIs with limited
absorption in humans

The purpose of this part was to evaluate how well GI-Sim could
predict fabs and plasma exposure in humans for APIs with reported
or expected incomplete absorption when administrated as formu-
lations containing solid particles. A compilation of measured and
collected input parameters for the model APIs used in the predic-
tions is shown in Table 4. The model APIs included in the evalua-
tion span over a wide range of biopharmaceutical properties
(buffer solubility at pH = 6.5: 0.25–530 lg/ml; SFaSSIF/Sbuffer: 1.3–
56; Peff: 0.07–7.8 � 10�4 cm/s). The included model APIs also had
differences in their physicochemical properties such as ionization
(base/acid/neutral), size (Mw) and lipophilicity (logD7.4), which



Table 5
Predictions of fabs and plasma exposure for absorption limited drugs using GI-Sim. Doses, formulations, plasma exposure (observed ± standard deviation and predicted) and
predicted fabs for the reference APIs included in the study. Key processes for limitation of absorption are denoted as follows, permeability (Perm), solubility (Sol) and dissolution
(Dis).

Drug Dose (mg) Formulation Particle radius (lm) AUCobs (ng h/ml) AUCpred (ng h/ml) fabs�pred (%) Predicted absorption limitation

Aprepitant 80 Nanosuspension 0.06 13,000 ± 2200 13,300 75 Sol
Aprepitant 125 Nanosuspension 0.06 22,400 ± 3300 20,600 67 Sol
Ketoconazole 200 Solution – 15,800 ± 8300 22,300 49 –
Ketoconazole 200 Tablet 10 14,400 ± 8200 17,700 39 Sol
Ketoconazole 400 Solution – 57,300 ± 15,000 55,200 22 –
Ketoconazole 400 Tablet 10 35,200 ± 23,000 53,600 21 Sol
Ketoconazole 800 Solution – 173,000 ± 39,000 165,000 12 –
Ketoconazole 800 Tablet 10 166,000 ± 90,000 153,000 11 Sol
AZ2 20 Suspension 2.35 256 ± 86c 367c 29 Perm/Sol
AZ2 60 Suspension 2.35 336 ± 150c 409c 11 Perm/Sol
Carbamazepine 200 Suspension 5 149,000 ± 21,000 149,000 100 –
Carbamazepine 400 Tablet 75 225,000 ± 56,000 237,000 79 Dis
Danazol 100 Capsule 2.23 136 ± 68 102 21 Sol
Danazol 400 Capsule 2.23 512 ± 170 161 8.2 Sol
Griseofulvin 250 Solid 2 13,400 ± 5300 24,100 84 Sol
Griseofulvin 472 Solid 0.6 30,200 ± 8100 36,500 68 Sol
Griseofulvin 1000 Solid 3 55,000 ± 19,000 39,100 34 Sol
Griseofulvin 1000 Solid 8 39,000 ± 3800 35,200 31 Sol
Felodipine 10 Solution – 19.6a 18.6 99 –
Felodipine 10 Tablet 2.5 15.3a 14.8 83 Dis
Felodipine 100 Capsule 2.5 50.3a 82.0 49 Sol
AZ1 2 Suspension 2.18 197 ± 55c 193c 100 –
AZ1 6 Suspension 2.18 466 ± 80c 582c 100 –
AZ1 18 Suspension 2.18 1480 ± 240c 1750c 100 –
AZ1 30 Suspension 2.18 3060 ± 435c 2910c 100 –
AZ1 50 Suspension 2.18 5110 ± 1900c 4850c 100 –
AZ1 100 Suspension 2.18 6900 ± 2700c 9700c 100 –
AZ1 180 Suspension 2.18 16,400 ± 2300c 17,400c 100 –
Digoxin 0.25 Solution – 4.06 ± 0.98 7.70 70 Perm
Digoxin 0.25 Solid 6.5 4.03 ± 0.68 6.89 63 Perm
Digoxin 0.25 Solid 51 1.56 ± 0.34 1.73 16 Perm/Dis
Fexofenadine 0.1 Solution – 2.18 ± 0.38 1.58 24 Perm
Fexofenadine 20 Solution – 467 ± 160 316 24 Perm
Fexofenadine 60 Solution – 1490 ± 610 949 24 Perm
Fexofenadine 120 Solution – 2860 ± 970 1900 24 Perm
Fexofenadine 240 Solution – 7280 ± 2500 3790 24 Perm
Fexofenadine 120 Tablet 10 2030 ± 660 1870 24 Perm
Irbesartan 150 Solution – 8210 ± 3500 9100 100 –
Irbesartan 150 Tablet 50b 8610 ± 4100 8450 84 Dis
Irbesartan 300 Tablet 50b 16,100 ± 6400 14,200 80 Dis
Irbesartan 600 Tablet 50b 25,100 ± 14,000 26,100 74 Sol
Irbesartan 900 Tablet 50b 33,300 ± 23,000 35,900 68 Sol
Fenofibrate 145 Nanosuspension 0.2 120,000a 74,500 40 Sol
Fenofibrate 160 Solid 1.1 100,000a 36,200 17 Sol

a No variability was available.
b No particle size information available.
c AUC values for AZ1 and AZ2 are in arbitrary units due to confidentiality.
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indicates that general conclusions likely can be made from this
selection of molecules.

5.3.1. Overall predictive performance of GI-Sim
The predicted AUC and fabs for all of the performed simulations

of the model APIs are shown in Table 5 and the corresponding ob-
served and predicted plasma profiles are shown in Fig. 5. Since it is
difficult to obtain accurate in vivo data of the fabs in humans, the
general evaluation was based on prediction of AUC, Cmax and tmax

instead, which are well established parameters for this purpose.
In general, there was a good agreement between observed and
predicted AUC and Cmax, while there was a somewhat poorer cor-
relation for tmax (Fig. 6). The predicted plasma AUC was within
one standard deviation of observed mean plasma AUC in 74% (29
of 39) of the simulations (Table 5 and Fig. 5). The accuracy in pre-
dictions was categorized into four levels depending on the devia-
tion (observation–prediction): high (625% deviation), medium
(25–50% deviation), low (50%-2-fold deviation) and inaccurate
(>2-fold deviation). Based on this, accuracy in the AUC predictions
were high, medium and low in 58%, 15% and 22% of the simula-
tions. In total 95% was within a 2-fold prediction error (Table 6).
The predictions of Cmax was slightly less accurate regarding the
highest level but equivalent to the AUC predictions in general as
73% was within 50% deviation and 90% of the cases was within a
2-fold prediction error (Table 6). Ketoconazole solutions as well
as carbamazepine at the dose of 200 mg were excluded from this
evaluation as the PK parameters were based upon the observed
plasma concentration–time profiles from these administrations.
No general trend was observed in the predictive power of GI-Sim
between neutral, acidic or basic APIs.

The data presented above shows that GI-Sim predicts AUC, and
thus fabs, with a high level of accuracy. This makes the model
suitable to use in early API absorption risk assessment and in
predictions of in vivo performance of different formulations, espe-
cially as no model adjustment or data fitting was used in this
investigation. It also indicates that GI-Sim performs well compared
to other absorption simulation software where the predictive per-
formance, as a 2-fold deviation to observation, has been reported.



Fig. 5. Plasma concentration profiles. Observed (symbols) and predicted (dotted lines) plasma concentration time profiles of investigated administrations. Plasma
concentrations for AZ1 and AZ2 are in arbitrary units due to confidentiality. Administration of solutions are indicated by a star (�). Error in observation is indicated as standard
deviation. Linear or log scale of the y-axis was chosen based on best vizualization of the plasma profiles. Observed concentration–time data are appended as supplementary
data (not for AZ1 and AZ2 due to confidentiality).
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Fig. 6. Overall results. Overview of the overall results from the model API
evaluation of GI-Sim. The graphs depict the accuracy in predicted AUC (A), Cmax

(B) and tmax (C). Error bars in observed AUC and Cmax represent standard deviation.
Observations in tmax are displayed without error due to the discrete character of the
parameter. APIs are indicated by color and shape, the solid line and the dotted lines
represent the line of unity and a 2-fold difference, respectively.
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For instance, the evaluations of the GUT framework, presented by
Sugano, and the intestinal supplement to PK-Sim, performed by
Table 6
Summary of the overall accuracy in the predictions of the pharmacokinetic parameters AUC

Level of accuracy(deviation from observation)

High (0–25%) Medium (25–50%)

AUC 58 15
Cmax 50 23
tmax 28 43

High (0–25%) Medium or higher (0–50%)

AUC 58 73
Cmax 50 73
tmax 28 70
Thelen et al., showed 84% (n = 80) and 100% (n = 8) predictive per-
formance of fabs, respectively (Sugano, 2011; Thelen et al., 2011).
Jones et al. applied GASTROPLUS™ in a simulation study and re-
ported the performance level of AUC predictions to be 76%
(n = 21) whereas the level of accomplishment in the PHRMA initia-
tive for this measurement only was 11% (n = 18) (Jones et al., 2011;
Poulin et al., 2011). The discrepancy in performance between these
studies and models may depend on model differences, e.g., in-
cluded processes, model structure, system parameters and applied
algorithms. However, since the evaluation procedure, e.g., the
model APIs included, reference data, what kind of input that is
used, as well as the absolute values of the input parameters is dif-
ferent between the studies it is not feasible to make absolute com-
parisons between the results presented or to compare the
predictive performance of the models as such. Also, in some studies
parameters, such as gastric pH and regional solubility, was modi-
fied making a comparison even more difficult (Parrott et al.,
2009; Sugano, 2011). There is currently no report available where
a direct head-to-head comparison of the performance of the differ-
ent absorption simulation software has been made. Such an evalu-
ation would require that simulations are carried out, preferable by
the same operator, on the same drugs with identical input for both
the drug related biopharmaceutical parameters and the formula-
tion properties.

The use of observed AUC instead of in vivo fabs is associated
with potential risks as AUC is affected by additional processes
than absorption. Many of the included model APIs are for instance
extensively metabolized and substrates for CYP3A4. Hence, there
is a risk that the observed AUC also was affected by first-pass gut
wall extraction. This potential pre-systemic loss was not ac-
counted for and could lead to an overprediction of AUC, and a
misinterpretation of the level of accuracy in predicted fabs. Also,
absorption from the colon compartments were excluded in this
evaluation since it is known to result in overpredictions of fabs

(Kesisoglou and Wu, 2008). Although the extent of colonic
absorption in vivo is generally low for APIs with permeability
and/or solubility limited absorption (BCS class II, III and IV) due
to limited surface area and fluid volume in relation to the small
intestine this may in turn result in a bias towards underpredic-
tions (Tannergren et al., 2009). Moreover, transporter-mediated
effects may potentially also affect the accuracy in the fabs predic-
tions. Carrier mediated uptake, with significant contribution to
fabs, has predominately been shown for molecules with peptide
like structures (Brandsch et al., 2008). Whether carrier mediated
efflux will effectively reduce fabs, increase the possibility for
metabolism or solely reduce the absorption rate and by this delay
the absorption process rather than to affect total absorption has
been debated (Benet and Cummins, 2001; Pang, 2003). However
combined with improved knowledge, the inclusion of intestinal
efflux and metabolism functionalities as well as an improved co-
lon model would increase the confidence in the use of GI-Sim as
well as potentially increase the accuracy in the predictions of fabs

and plasma profiles.
, Cmax and tmax. The results are shown as percent of the cases in specific accuracy level.

Low (50%-2-fold) Inaccurate (>2-fold)

22 5
17 10
12 17

Low or higher (0–2-fold) Inaccurate (>2-fold)

95 5
90 10
83 17



Fig. 7. Dose dependent absorption. Prediction of dose dependent absorption of formulations containing solid material. Observed (green) and predicted (red) AUC (ng h/ml)
(arbitrary unit for AZ2 due to confidentiality), normalized to dose (mg), as well as predicted fabs (black) is indicated. Observations are displayed as means with standard
deviation. Information of variability was unavailable for felodipine. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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5.3.2. Prediction of dose dependent absorption of formulations
containing solid material

The observed dose normalized AUC of solid dosage forms of car-
bamazepine, griseofulvin, danazol, felodipine, irbesartan and AZ2
decreases at higher doses to various degrees as a consequence of
a decrease in fabs due to solubility limited absorption. As shown
in Fig. 7, the dose dependent absorption of these drugs was well
predicted by GI-Sim. In all cases, except danazol, similar trends
in AUCpred as for AUCobs were acquired. No dose dependent absorp-
tion has been observed for the low solubility molecule AZ1, and in-
deed fabs of 100% was predicted by GI-Sim over the studied dose
range (Table 5).

GI-Sim was able to properly capture the supra-proportional
dose–exposure trend observed for ketoconazole. This was accom-
plished by a combination of well predicted absorption and the fact
that the pharmacokinetic parameters were based upon plasma
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concentration–time profiles for solutions at the same doses. Ap-
plied CL and distribution volume were hence compensated for bio-
availability, i.e., CL/F and V/F. As fabs already were accounted for, the
supra-proportional trend was most likely related to dose depen-
dent alteration of gut wall and hepatic first-pass effects, according
to F = fabs � (1 � Eg) � (1 � Eh). The clinical data collected for carbam-
azepine and griseofulvin were related to administration of differ-
ent doses of formulations with different particle sizes. The result
from this study indicates that the absorption of carbamazepine will
be sufficiently high provided that the formulation is adequately
micronized, which was not the case for the 400 mg dose. The var-
iable prediction success shown for griseofulvin may be a result of
incomplete particle size information. The micronization process
used for griseofulvin results in a material named microsize or
ultramicrosize with a general particle size up to 5 lm (Martin
and Tsuk, 1982). This formulation is manufactured by spraydrying
API together with polymers, thus making the effective particle size
of the API difficult to assess.

The exposure of the nanoparticle formulation of aprepitant was
well captured for both doses investigated (80 and 125 mg). It
should be noted that aprepitant has been classified as a moderate
permeability API in previous studies based on Caco-2 data (Takano
et al., 2008; Wu et al., 2004). The same conclusion was made in our
lab in the absence of BSA in the basolateral chamber in the Caco-2
permeability assay (data not shown). However, in presence of BSA
in the basolateral chamber, the permeability was very high
(Papp = 1.7 � 10�4 cm/s). This indicates that the moderate perme-
ability measurement is an in vitro artefact likely caused by binding
and/or lack of maintained sink condition over the course of the
experiment. Error in the permeability input has high impact on
the predictive performance and may be one of the reasons for ear-
lier difficulties to attain accurate predictions of in vivo perfor-
mance of nanoformulations of aprepitant (Kesisoglou and Wu,
2008).
Fig. 8. Particle size dependent absorption. Prediction of particle size dependent
absorption. Observed (green) and predicted (red) AUC (ng h/ml), normalized to dose
(mg), as well as predicted fabs (black) is indicated. The particle sizes in the plots is
the radius given in lm. Observations of are displayed as means with standard
deviation. Information of variability was unavailable for fenofibrate. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
5.3.3. Prediction of particle size dependent absorption
Reference APIs with different particle size for the same solid

dose were digoxin, fenofibrate and griseofulvin. Fenofibrate was
designated to this investigation as the particle size differences be-
tween the available administrations were much larger (0.2–
1.9 lm) than the difference in dose (145–160 mg). The observed
dose normalized AUC of solid dosage forms of digoxin and fenofi-
brate decreases when the particle size increases as a consequence
of decreased fabs due to dissolution/solubility limited absorption.
As shown in Fig. 8, the particle size dependent absorption of digox-
in and fenofibrate was well predicted by GI-Sim whereas the effect
of particle size was overpredicted for griseofulvin. The latter dis-
crepancy might be due to the formulation process influencing par-
ticle size or API form as discussed previously (see Section 5.3.2).
The increase in digoxin exposures due to a reduction of particle
size were to some extent overpredicted. This can however not be
explained by the influence of intestinal P-gp efflux since the expo-
sure of the 51 lm formulation was well predicted. The result for
fenofibrate is discussed further below (see Section 5.3.4).

The results presented above (Figs. 5, 7 and 8, Table 5) clearly
shows that GI-Sim has the ability to predict dose and particle size
dependent absorption in vivo in humans caused by solubility and
dissolution limited absorption, respectively. This has practical
implications for the clinical formulation development as it may en-
able early decisions related to the need for micronization or solu-
bility enhanced formulations as well as by reducing cost and
development time by avoiding clinical studies, which would fail
due to incomplete absorption and too low plasma exposure. The
ability of GI-Sim to predict particle size and dose dependency is
comparable to previous results reported by Sugano, however it
should be noted that no parameter optimization was done in this
work to achieve the reported results (Sugano, 2011).
5.3.4. Prediction of in vivo performance of nanoformulations
It is well established that nanoformulations can be used to im-

prove the intestinal absorption of low solubility APIs, in particular
those classified in BCS Class II. As the development of these formu-
lations are costly and resource demanding, quantitative predic-
tions of fabs and F would be very useful to guide decisions to
initiate development of nanoformulation. However, the inability
to accurately predict the in vivo performance of nanoformulations
has been suggested to be a major limitation for existing absorption
models (Kesisoglou and Wu, 2008). Both aprepitant and fenofibrate
have been developed as nanoformulations. The predictions of the
plasma exposure of aprepitant after administrations of a nanofor-
mulation were excellent (Table 5 and Fig. 5). For fenofibrate, the
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relative increase in plasma exposure obtained with a nanoformula-
tion compared to a micronized formulation was well captured by
GI-Sim, but the absolute plasma exposure was underpredicted
(Table 5 and Fig. 8). The discrepancies in successful outcome may
be explained by that high-quality information of particle charac-
teristics and pharmacokinetics was available in the literature for
aprepitant but less so for fenofibrate. Previous physiological
absorption modeling approaches to simulate the in vivo perfor-
mance of the nanoformulation of aprepitant in humans have ap-
plied regionally adjusted solubility values to enable appropriate
simulation of the corresponding plasma profiles of aprepitant
(Parrott et al., 2009). In all, GI-Sim has the potential to make accu-
rate predictions of the improvement to the absorption that may be
achieved with a nanoformulation.
6. Conclusions

The evaluation of GI-Sim towards clinical reference data for BCS
class II, III and IV drugs showed that the predictive performance of
oral absorption was high as 95% of the predicted AUC was within a
2-fold deviation to observation. It was also shown that GI-Sim was
able to capture the influence of dose and particle size effects,
including nanoformulations, on drug absorption. The adequate
performance of GI-Sim was also shown in that no influence on
the performance was seen between neutral, acid or basic APIs. In
all, the outcome is particularly satisfying considering that the se-
lected model APIs are incompletely absorbed. APIs with complete
and rapid absorption can generally be readily predicted, with little
demands on detailed information and sophisticated algorithms for
involved processes.

An essential aspect to the evaluation was that all predictions
performed in this study were made with the exact same settings
to the software. Adjusting system parameters from case to case
is not an option for operational usage and confidence in the result.
This modeling approach is also crucial to increase the possibility to
re-evaluate previously performed predictions and to analyze large
numbers predictions for assessment of general outcome and soft-
ware performance.

The importance of well determined input parameters like per-
meability or particle size in the final formulation should also be
emphasized. The sensitivity analysis illustrated that the accuracy
in predictions for APIs with challenging biopharmaceutical proper-
ties is highly dependent on the quality of data. This puts high de-
mand on the methodologies, not only in terms of robustness and
sensitivity, but also in the analysis and interpretation of the raw
data acquired. The current study illustrated that predictions could
be improved by high quality permeability determination. Genera-
tion of extended high quality data set in the future is crucial for
further validation and improvement of predictive models like GI-
Sim. There are also possibilities for further enhanced functionality
in the absorption algorithms, for example regarding transforma-
tion of solid state forms with different solubility, regional variation
of permeability and carrier-mediated transport mechanisms.

In conclusions, the results in the current study are very encour-
aging showing that useful predictions of intestinal absorption in-
deed can be obtained, even for challenging APIs, if the adopted
model is well characterized and the input data is of high quality.
Thus, this could provide useful guidance in the development of oral
formulations for challenging molecules leading to increased devel-
opment efficiency by reducing trial and error approaches.
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Appendix A.

The GI-Sim model is here described in a schematic mathemati-
cal way. This description is for the case when all particles are con-
sidered monodisperse.

The state in compartment i is given by

Xsa,i = amount of drug in solid particles given in
administration.

Xsn,i = amount of drug in solid particles created by nucleation.
Xd,i = amount of drug in dissolved form, both in the solution

and distributed to micelles.
Nsa,i = number of drug solid particles given in administration.
Nsn,i = number of drug solid particles created by nucleation.

From the quantities above we can calculate the concentration of
dissolved drug in the aqueous phase,

Cb ¼ ð1� qÞXd;i

V i
: ðA:1Þ

Here Vi is the volume of compartment i. The average radius of
administered and nucleated particles, respectively, is

Rsa;i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Xsa;iVm

4pNsa;i

3

s
ðA:2Þ

Rsn;i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Xsn;iVm

4pNsn;i

3

s
ðA:3Þ

The pharmacokinetics is described by the amount of drug in
central compartment is Xcc and in the two peripheral compart-
ments X2 and X3, respectively.

The state in compartment i is changed according to

dXsa;i

dt
¼ Ftransit;Xsa;i

þ Fgrowth=dissolution;sa;i ðA:4Þ

dXsn;i

dt
¼ Ftransit;Xsn;i

þ Fgrowth=dissolution;sn;i þ Fnucleation;Xsn;i
ðA:5Þ

dXd;i

dt
¼ Ftransit;Xd;i

� Fgrowth=dissolution;sa;i � Fgrowth=dissolution;sn;i

� Fnucleation;Xsn;i
� Fabsorption;i ðA:6Þ

dNsa;i

dt
¼ Ftransit;Nsa;i

ðIf Xsa;i ¼ 0; setNsa;i ¼ 0Þ ðA:7Þ

dNsn;i

dt
¼ Ftransit;Nsn;i

þ Fnucleation;Nsn;i
ðIf Xsn;i ¼ 0; setNsn;i ¼ 0Þ ðA:8Þ

where

Ftransit;Xsa;i
¼ Xsa;i�1

si�1
� Xsa;i

si
ðA:9Þ

Ftransit;Xsn;i
¼ Xsn;i�1

si�1
� Xsn;i

si
ðA:10Þ

Ftransit;Xd;i
¼ Xd;i�1

si�1
� Xd;i

si
ðA:11Þ

Ftransit;Nsa;i
¼ Nsa;i�1

si�1
� Nsa;i

si
ðA:12Þ

Ftransit;Nsn;i
¼ Nsn;i�1

si�1
� Nsn;i

si
ðA:13Þ
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Fgrowth=dissolution;sa;i ¼ 4pRsa;iDNsa;iWsa;iðCb;i � Sb;iÞfstirringðRsa;iÞ ðA:14Þ

Fgrowth=dissolution;sn;i ¼ 4pRsn;iDNsn;iWsn;iðCb;i � Sb;iÞfstirringðRsn;iÞ ðA:15Þ

W ¼
R

Rþ5 lm growth

1 dissolution

(
ðA:16Þ

Fabsorption;i ¼ PAiCb;i ðA:17Þ

Fnucleation;Xsn;i

Fnucleation;Nsn;i

)
Described in Lindfors etal::ð2008Þ ðA:18Þ

Here Ai is the area of compartment i.
Pharmacokinetics is modeled by

dXcc

dt
¼ ð1� first passÞ �

X
Fabsorption;i

� k12 þ k13 þ
CL
Vcc

� �
Xcc þ k21X2 þ k31X3 ðA:19Þ

dX2

dt
¼ k12Xcc � k21X2 ðA:20Þ

dX3

dt
¼ k13Xcc � k31X3 ðA:21Þ

where CL is clearance and Vcc is the distribution volume of the cen-
tral compartment.

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ejps.2013.05.019.
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