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ABSTRACT

The purpose of the present study was to investigate the oral absorption simulation of free base drugs. In
the case of a low solubility free base drug, a portion of drug particles remains incompletely dissolved dur-
ing the stomach transit and can reach the small intestine. As the pH is neutralized in the small intestine,
the solubility of the drug decreases and the concentration gradient around the particles becomes a nega-
tive value. The drug particles would then grow because of this negative concentration gradient resulting
in a reduction of the dissolved drug concentration. The modified Nernst Brunner equation was used to
simulate both particle dissolution and growth (particle growth is the opposite phenomena of particle dis-
solution). Albendazole, aprepitant, dipyridamole, gefitinib and ketoconazole were used as model drugs
(all free solid form (not salts)). The effect of stomach pH on oral absorption was appropriately simulated.
Based on the simulation results, it was suggested that the dissolution patterns in the gastrointestinal

Oral absorption

tract were significantly different depending on the dose-solubility ratio in the stomach.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Computational oral absorption simulation (COAS) is anticipated
to be a useful tool in drug discovery and development (van de
Waterbeemd and Gifford, 2003). To enable a mechanistic approach,
the theoretical equations of dissolution, precipitation (nucle-
ation), permeation and gastrointestinal transit were compiled as
a gastrointestinal unified theoretical framework (GUT framework)
(Sugano, 2009b), in which various drug molecular states (free
undissociated monomer, bile micelle bound molecule, etc.), drug
molecular properties (dissociation constant, solubility, bile parti-
tion coefficient, surface activity, etc.), drug substance properties
(particle size, particle shape, free/salt form (including solubil-
ity product), etc.), drug product properties (immediate release,
controlled release, etc.), permeation pathways (unstirred water
layer, passive transcellular, etc.), physiological conditions (pH, bile
micelles, buffer capacity, agitation strength, etc.) and morpholog-
ical parameters (fold and villi structure, etc.) are explicitly taken
into account. Previously, the GUT framework has been applied and
validated for the cases when the stomach has little effect on oral
absorption, i.e., the oral absorption of low solubility undissocia-
ble and free acidic drugs, and high solubility-low permeability
drugs. The GUT framework was found to appropriately simulate
the fraction of a dose absorbed (Fa) (Sugano, 2009a,c), species
differences (Sugano, 2009f), particle size dependency (including
nano-particles) (Sugano, 2009f, 2010), dose dependency and the
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food effects (Sugano et al., 2010). Therefore, in the cases where the
stomach has little effect on oral absorption, the GUT framework
was validated by various in vivo data. However, a low pH in the
stomach adds another dimension of difficulty in COAS.

Since pH in the stomach is lower than that in the small intestine,
a basic compound shows higher solubility in the stomach than in
the small intestine. Therefore, in the case of a basic drug which has
alow solubility in the small intestinal fluid, the drug molecule once
dissolved in the stomach can precipitate out in the small intestine.
The precipitation process can be divided into two steps, nucleation
and particle growth (the latter is the reverse process of dissolu-
tion). The active pharmaceutical ingredient (API) of a basic drug
can be categorized into two types, free base and salts. The differ-
ence of these two solid forms in the GUT framework is that, for
a salt form, a nucleation model equation is required to simulate
the precipitation of a new free form after dissolution of the salt,
whereas it would not be required for a free form API since a portion
of the free form solid particles are not completely dissolved during
the passage through the stomach and reach the small intestine as
undissolved solid particles which become nuclei particles for pre-
cipitation (Johnson, 2003; Sugano, 2009b). In this article, the oral
absorption of free base drugs is focused.

In the GUT framework, the Nernst Brunner (NB) equation was
modified to take the difference between the bulk fluid and solid
surface pHs into account (Sugano et al., 2007). This modified NB
(mNB) equation can be used to calculate both the dissolution and
“particle growth” of APL. The API particles dissolve or grow depend-
ing on the concentration gradient (AC) of dissolved drug molecule
around a particle, i.e., ACbeing positive for dissolution and negative
for particle growth. Since the pH in the stomach is lower than that
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of the small intestine, as the stomach fluid (which contains both
dissolved drug molecules and undissolved drug particles) pours
into the small intestine, the pH was neutralized, and the dissolved
drug concentration (Cgissory) in the small intestine becomes higher
than the equilibrium (saturated) solubility of a drug at a neutral
pH, resulting in a negative AC and particle growth in the small
intestine.

Even though the mechanistic theoretical framework has been
proposed to simulate the oral absorption of free base drugs in the
GUT framework, a verification study has not been reported. The
purpose of the present study was to apply the GUT framework
for oral absorption simulation of free base drugs and demonstrate
that the mNB equation can be used to simulate the concentration
reduction by the particle growth in the small intestine. Albendazole,
aprepitant, dipyridamole, gefitinib and ketoconazole were used as
model drugs, since a full set of physicochemical data and clinical
oral absorption data are available in the literature.

2. Method

The GUT framework was previously reported in detail (Okazaki
etal., 2008; Sugano, 2008, 2009a,b,c,e, 2010), therefore, only briefly
explained in the following sections. In the GUT framework, the dis-
solved amount of a drug is defined as the sum of unbound monomer
and bile micelle bound molecules for the standard formulation
cases.

2.1. Modified Nernst Brunner equation

The mNB equation was used to represent both dissolution and
particle growth in the gastrointestinal (GI) tract. In the modified
mNB equation, the solid surface solubility (Sgface) Was taken into
account.

Z qundissolv,ij _ dXdissolv
- dt h dt
ij

3 Deg 173 2/3
= § : - rhpp Xundissolu,ini,ij 'Xundissolv,ij SAC (1)
r
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Ac= Ssurface <1 VGlSdissolu) B Ssurface (1 Sdissolv ) (2)
where X, qissory aNd Xyissory are the undissolved and dissolved drug
amount (weight or molar), respectively, Do is the effective diffu-
sion coefficient in bile micelle media, r is the particle radius, p is
the true density of the drug particles estimated from the chemi-
cal formula (Cao et al., 2008), hy, is the effective thickness of the
unstirred water layer on the drug particles, Sissor iS the solubility
of a drug in bile micelle media such as the fasted state simulated
intestinal fluid (FaSSIF) (Galia et al., 1998), Sq;fce is the solubility
at the solid surface, and V; is the volume of the gastrointestinal
fluid. The subscripts i and j represent the particle size and vir-
tual particle size bins, respectively. At the beginning of dissolution,
Caissolv < Sdissolv» therefore AC~ Sgce. Eq. (1) is a first approxi-
mation to appropriately treat the dissolution rate and saturated
solubility simultaneously in an equation.

The effective diffusion coefficient in a bile micelle media was
calculated as:

Deﬂc = Dmono - fmono + Dpm - fom (3)

where Dpono and Dy, are the diffusion coefficients of free
monomer and bile micelle bound molecules, respectively, and
fmono is the fractions of free monomer. Dyono Was estimated as
Dinono =9.9 x 107> MW~0453 (Avdeef, 2010). Dy, in the fasted state
simulated intestinal fluid (FaSSIF) was set to 0.12 x 106 cm?/s

(Okazaki et al., 2008). finono was calculated as Spjgnk/Sgissory Where
Shiank i the solubility in the blank buffer without bile micelles.

hy was calculated by the fluid dynamic model as previously
reported (Sugano, 2008). The agitation strength in the GI tract was
assumed to be equivalent to that of the USP paddle method with
50 rpm. When the terminal velocity of a particle was less than
0.0023 m/s, it was assumed that the particle sediments on the wall
of the intestine and the asymptotic diffusion occurred as the disso-
lution process (i.e., hp =1p).

2.2. Py estimation
The permeation rate constant (kperm ) and the effective intestinal

membrane permeability coefficient (P,y) were estimated as previ-
ously reported.

dX 2
dzzbs = kperm : Cdissolv : VGI = RfGl - DF - Peff ' Cdissolu . VGI (4)
P = 1 -PE (5)
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where X, is the amount of the drug absorbed into the body, DF
is the degree of flatness of the intestinal tube, R, is the radius of
the intestine, hyyy is the thickness of the unstirred water layer
(UWL) on the intestinal membrane, Py, is the UWL permeabil-
ity by water conveyance, Acc is the accessibility of a drug to the
epithelial membrane (Oliver et al., 1998), VE is the surface expan-
sion ratio by the villi structure, and PE is the surface expansion ratio
by the plicate structure. According to the pH partition theory, pas-
sive transcellular permeation was estimated by the undissociated
fraction (fp) and intrinsic transcellular permeability (Pyans,0). Ppara
is the paracellular permeability coefficient calculated based on the
negatively charged sieve permeation model using the pore radius
and charge for humans (Adson et al., 1994; Sugano et al., 2002,
2003; Sugano, 2009f). Ptqns o is calculated from the octanol/water
partition coefficient (Pyc¢) as (Avdeef et al., 2005; Sugano, 2009a),

Ptrans.0 (cm/s) = 2.36 x 10*6130“1,1 6)

The model compounds used in this article are highly lipophilic.
In this case, the rate-limiting step becomes the UWL permeability
(first term in the dominator of Eq. (5)), rather than the epithelial
membrane permeability. Dy, in the UWL was set to be threefold
larger for FaSSIF (Li et al., 1996). For albendazole and aprepitant,
a reduction in hyy; by the particle drifting effect (PDE) was con-
sidered for P calculation since the particle size is small and dose
strength is high (Sugano, 2010). It was suggested that when the
dose (mg)/particle diameter (um) ratio exceeds 20, the particle
drifting effect would become significant.

2.3. Gl transit model and integration

The 1 stomach-7 small intestine-1 colon compartment system
was used in this article (Sawamoto et al., 1997; Yu and Amidon,
1999). Drug particles and dissolved drug molecules were assumed
to transfer between the compartments following the first order
kinetics (T, =10 min for the stomach and 21 min for each intesti-
nal compartment) (Kortejaervi et al., 2007; Parrott et al., 2009).
The dose volume was set to 225mL and added to the stomach
compartment with the settling volume of 25 mL (Dressman et al.,
1998). The excretion of the stomach fluid (containing both undis-
solved and dissolved drug) into the first compartment of the small
intestine was simulated to follow the first order kinetics with the
settling volume of 25 mL (the secretion rate of the stomach fluid
was set to 1.7mL/min). The fluid volume in the small intestine
was kept at 250mL (36 mL for each compartment). The differ-
ential equations for dissolution, particle growth, permeation and
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GI transit were simultaneously numerically integrated using 4th
Runge-Kutta method with an integration step of 0.1 min for 8 h.

The particle size distribution was represented by assigning a bin
to each particle size range. Twenty bins were used to represent the
particle size distribution (i=20, log-normal distribution with 0.3
log unit standard deviation). A particle size bin was further divided
into 100 virtual bins (j=100, except for albendazole) to represent
the movement of particles in the GI tract (for albendazole, j=500
was used to increase the accuracy in the single digit percent range
of the fraction of a dose absorbed (Fa%)). Each virtual bin was trig-
gered to start dissolving once the API particle is released from the
formulation.

2.4. Drug and physiological parameters

The drug parameters of the model drugs are obtained from the
literature and summarized in Table 1 (Diaz et al., 1998; Avdeef,
2003; Glomme et al., 2006; Takano et al., 2006, 2008; Vertzoni
et al., 2007; Escher et al., 2008; Vogt et al., 2008; Parrott et al.,
2009; Wilson et al., 2009). In the case of acid and base drugs, it
is well known that the solid surface pH is affected by the dissolv-
ing drugs. In this study, according to Serajuddin et al. (Serajuddin,
2007, Pudipeddi et al., 2008), the experimental S;;fyce Values were
taken from the literature (Table 1). In addition, the Mooney-Stella
method was used to estimate the solid surface pH (Mooney et al.,
1981). The modified Henderson-Hasselbalch equation was used to
calculate the solubility from the pH, pKj, bile micelle partition coef-
ficient, bile micelle concentration and intrinsic solubility (Sugano,
2009Db). Since particle size data of dipyridamole, gefitinib and keto-
conazole were not available in the literature, they were estimated
from the dissolution test data (Fig. 1) (Zhou et al., 2005). Previously,
estimation of the particle size from the dissolution test data was
shown to be appropriate (Avdeef et al., 2009). In addition, there are
many reports showing that the mNB appropriately predicted the
dissolution profile from the particle size data, suggesting that the

Table 1
Compound parameters?.

Table 2
Physiological parameters for fasted humans?.
Position Value
Morphology
Rai Small intestine 1.5cm
DF Small intestine 1.7
PE Small intestine 3
VE Small intestine 10
GI transit
T1/2 Stomach 10 min
Small intestine 21 min®
Fluid property
Var Stomach 25mL
Small intestine 250 mL¢
pH Stomach 1.8/6.5
Small intestine 6.5
Agitation strength Stomach 50 rpm equiv.4
Small intestine 50 rpm equiv.
Others
hywe Small intestine 300 wm
Py Small intestine 0.23 x 1074 cm/s

2 Sugano (2009) and references there in.

b Mean small intestinal transit time=3.5h.

¢ 36 mL per each compartment.

d Agitation strength equivalent to 50 rpm in the USP paddle method.

mNB can be used to calculate the particle size from the dissolution
data (Hintz and Johnson, 1989; Jinno et al., 2006; Okazaki et al.,
2008).

The physiological parameters are summarized in Table 2.
Clinically observed Fa% data were obtained from the clinical phar-
macokinetic data, as discussed in detail in the following section.

3. Results and discussion

The simulated Fa%-time profiles and dissolved%-time profiles
are shown in Fig. 2. The simulated concentration time profile in the

Albendazole Aprepitant Dipyridamole Gefitinib Ketoconazole

Phys. chem. properties

MW 265.3 534.4 504.6 446.9 531.4

log Poct 3.1 4.8 3.9 4.1 4.3

pKa 4.2 4.2 6.2 5.28,7.17 2.9,6.5

Density (g/cm?)? 13 1.5 1.2 13 13
Intrinsic parameters

Intrinsic solubility (mg/mL) 0.00055 0.0008 0.004 0.0007 0.006

Dmono (x1076 cm?[s)¢ 79 5.8 5.9 6.2 5.8

Ptranso (cm/s)d 0.0061 0.45 0.046 0.076 0.13
Feeding parameters

Saissove (t€) (mg/mL)f 0.14 0.20 >30 >5.0 >30

Ssurface (St) (mg/mL) 0.14! (pH 1.8) 0.20' (pH 1.8) 8.6 (pH 3.1) 5.0 (pH 5.0) 9.0 (pH 3.5)

Saissolve (5i¢) (mg/mL)8 0.0021 0.006 0.017 0.085 0.021

Shiank (si) (mg/mL)" 0.00055 0.0008 0.006 0.0041 0.012

Ssurface (si) (mg/mL) 0.0021 0.006 0.017 0.085 0.021

Degy (st) (x10-6 cm?/s) 7.9 5.8 5.9 6.2 5.8

Degr (si) (x10-6 cm?/s) 2.2 0.87 2.2 0.42 33

Peg (si) (x10~# cm/s) without PDE 2.9 1.8 3.0 1.2 41

Peg (si) (x10~% cm/s) with PDE 6.5 8.5 (0.2 umk) - - -

o

Solubility, pK,, and log P, data were taken from the literatures (Diaz et al., 1998; Avdeef, 2003; Glomme et al., 2006; Takano et al., 2006, 2008; Vertzoni et al., 2007;

Escher et al., 2008; Vogt et al., 2008; Parrott et al., 2009; Wilson et al., 2009, aprepitant interview form; gefinitib interview form).

b Calculated from chemical formula (Cao et al., 2008).
¢ Calculated from MW (Avdeef, 2010).

d Calculated from P,

¢ st=stomach, si=small intestine.

f Solubility in the blank buffer at pH 1.8.

& Solubility in the fasted state simulated intestinal fluid (FaSSIF) composed of 3 mM taurocholic acid and 0.75 mM phosphatidylcholine (pH 6.5).

Solubility in the blank buffer at pH 6.5.

I pH and solubility were calculated by the Mooney-Stella and Henderson-Hasselbalch equations.

h
1
' Average value calculated by ACD V8.14 (pK, =4.02) and Pallas V3.0 (pK, =4.38).
k Particle size.
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Fig. 1. Observed and simulated dissolution profiles in the USP paddle method. (A) Dipyridamole and (B) ketoconazole. The observed profiles were obtained from Zhou et al.

(2005).

Gl tract is shown in Fig. 3. The number of particles which remained
incompletely dissolved during the stomach transition is shown in
Fig. 4. Overall relationship between simulated and observed Fa% is
summarized in Table 3 and shown in Fig. 5.

A qualitative correlation was observed between simulated and
observed Fa% for free base drugs with various physicochemical
properties and dose range (Table 3 and Fig. 4), suggesting that
dissolution and particle growth in the GI tract could be simulated
using the mNB equation for a rough estimation of Fa% in drug dis-
covery and early drug development. The effect of the stomach pH
on the oral absorption of weak base free drugs was appropriately
captured by the simulation. This is important for developing an

appropriate API form and formulation to mitigate the risk of the
drug-drug interaction with antacids via stomach pH and varia-
tion of the exposure for hypoacid stomach patients (Morihara et
al,, 2001). However, the prediction accuracy was considered to be
insufficient for late development (i.e., <10-20% error). The current
approach tended to underestimate the Fa%, probably due to an
underestimation of the real solubility of the drugs in the intestinal
fluid (Clarysse et al., 2009), resulting in a non-linear relationship
between predicted and observed Fa¥%. To improve the predictabil-
ity, further improvements in the accuracy of drug and physiological
parameters would be required (Lennernds, 2007), as well as more
sophisticated model equations.

Table 3
Clinical and simulated Fa%.
Drug name Stomach pH Dose (mg)® Dose number Particle size (pwm) Fa%
Stomach Intestine Observed Simulated
Albendazole Normal 1400 40 2667 10 3.8 1.14
High pH? 1400 - 10 2.7 1.14
Aprepitant Normal 100 2 67 5 19 8.6
Normal 125 0.2 62 284
Dipyridamole Normal 50 <0.007 12 /58 57 59
High pH? 50 - 75¢ 36 14
Gefitinib Normal 250 <0.2 12 30¢ 73 76
High pH? 250 - 30¢ 39 20
Ketoconazole Normal 200 <0.03 38 200°¢ 69 59
High pH? 200 - 200¢ 5.8 5.1

2 H2 blocker treated.

b See text.

¢ Calculated from the dissolution test.
4 PDE was taken into account.
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Fig. 2. Simulated Fa% and dissolved% vs time profile. (A) Albendazole, (B) aprepitant (5 wm), (C) dipyridamol, (D) gefinitib and (E) ketoconazole. For albendazole, the particle

drifting effect was taken into account.

3.1. Albendazole

Clinically observed Fa% in humans with the normal stomach pH
at 1400 mg dose was calculated to be 3.8% from the AUC ratio of
tablet and solution formulations (Fa% =100% was assumed for the
latter case) (Schipper et al., 2000; Rigter et al., 2004). Fa% in humans
with the high stomach pH was calculated to be 2.7% from the AUC
ratio with and without a H2 blocker treatment (Schipper et al.,
2000).

The dose number (Do, Do = Dose/(V¢ x Sgissorv)) in the stomach is
20 and the calculated concentration in the stomach was maintained

at the saturated solubility for about 2 h (Fig. 3A). The simulated Fa%
values for the normal and high stomach pH cases were 1.1% for
both cases. Considering the possible experimental variation at this
low solubility and low Fa%, these Fa% values would rather be in good
agreement with the clinical observations. Without considering PDE,
Fa% was predicted to be 0.5% for the normal stomach case.

Even though albendazole is a low solubility basic compound,
the effect of stomach pH on Fa% at 1400 mg (20 mg/kg) was rel-
atively small compared to the other model drugs. Since the dose
number in the stomach is 40, enough solubilization capacity is not
anticipated for this high dose case (max. 35 mg of 1400 mg (2.5%)
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Fig. 3. Simulated dissolved drug concentration in each GI position. The bold line: the stomach (scale in the right Y axis), the solid lines: the small intestine (scale in the left Y
axis) (from left to right, compartments 1-7, proximal to distal). (A) Albendazole (5 wm), (B) aprepitant, (C) dipyridamole, (D) gefitinib and (E) ketoconazole. For albendazole,

the particle drifting effect was taken into account.

would be dissolved). Most of the particles reach the small intestine
as incompletely dissolved (Fig. 4A). It is interesting that, at 5 mg/kg
in rabbits, the AUC with the high pH stomach (pH > 5) was reported
to be threefold lower than that with normal low pH stomach (pH 1)
(Kohri et al., 1998). At 5 mg/kg dose with pH 1 for normal stomach
pH, ca. twofold difference was simulated (other parameters were
same as those for humans).

3.2. Aprepitant

Clinically observed Fa% of nano-particles formulation (0.2 pm,
80mg and 125mg) in humans with the normal stomach pH
was calculated to be 70% and 62%, respectively, from absolute
bioavailability (67% and 59%, respectively) and total clearance
(CL=0.85mL/min/kg, hepatic blood flow =20 mL/min/kg) assum-
ing that hepatic clearance is the main clearance route (aprepitant

interview form). By taking the mid-value, Fa% for 100 mg was esti-
mated to be 66%. Human Fa% of micronized particles (100 mg) was
reported to be 3.5-fold smaller than that of nano-particles (Wu et
al., 2004). Therefore, Fa’% of 100 mg micronized formulation (5 um)
was calculated to be 19%.

The dose number in the stomach is 2. The estimated dissolved
drug concentration in the stomach was maintained at the saturated
solubility for 1h (Fig. 3B). In the case of micronized formulation,
the particles larger than 3 wm were estimated to reach the small
intestine as incompletely dissolved (Fig. 4B). The simulated Fa%
values for the micronized (5 pm) and nano-particle (0.2 wm) API
cases were 9% and 28%, respectively. Without PDE, simulated Fa%
was 7% for nano-particles, suggesting that the consideration of
PDE decreased the discrepancy between the simulation and clinical
observation for nano-particle formulation. This was in good agree-
ment with the previous simulation results for oral absorption of
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Fig. 4. Percentage of the particles incompletely dissolved during the stomach transition and reached the small intestine. (A) Albendazole (5 wm), (B) aprepitant, (C)
dipyridamole, (D) gefinitib and (E) ketoconazole. For albendazole, the particle drifting effect was taken into account.

nano-particle formulation of danazol and cilostazol in dogs, further
supporting that PDE can explain the increase of Fa% by nano-particle
formulation (Sugano, 2010).

3.3. Dipyridamole

Clinically observed Fa% in humans with normal stomach pH
(57% at 50 mg dose) was calculated from the absolute bioavailabil-
ity (52%) and total clearance (2 mL/min/kg) assuming that hepatic
clearance is the main clearance route (Bjornsson and Mahony,
1983; Russell et al., 1994). Fa% in humans with high pH stomach
(36% at 50 mg dose) was calculated from the AUC ratio of 0.63 with
and without H2 blocker treatment (Russell et al., 1994).

The particle size (75 wm) was back calculated from the disso-
lution profile of the commercial tablet at pH 4.5 (Fig. 1A) (Zhou et

al., 2005). This particle size also appropriately simulated the dis-
solution at pH 6.5 (Fig. 1A), as well as in FaSSIF (data not shown)
(Takano et al., 2006). However, when using this particle size, the
dissolution rate at pH 1.2 was over-estimated more than 10-fold.
Since the dissolution of API particles is very rapid at pH 1.2, the
disintegration of the tablet could be the rate-limiting step at this
pH. Therefore, the release of API particles from the tablet was taken
into account (the bold line in Fig. 1A. 15%, 35%, 48% and 86% release
at 2, 3, 4, 5 min, respectively). The solid surface pH in the stomach
was estimated to be pH 2.9 (Mooney-Stella equation) and pH 3.1
(experimental value) (Vertzoni et al., 2007), which are significantly
higher than that of the stomach pH of 1.8.

The dose number in the stomach is <0.007 and the estimated
dissolved drug concentration in the stomach did not reach the sat-
urated solubility (Fig. 3C). Even though Do <1, the particles larger
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Fig. 5. Simulated and observed Fa%. For albendazole and aprepitant nano-particle
formulation, PDE was taken into account.

than 30 wm were estimated to reach the small intestine as >30%
incompletely dissolved (Fig. 4C). Simulated Fa% values for the nor-
mal and high stomach pH cases were 59% and 14%, respectively.
These values are in good agreement with the clinical observations.

3.4. Gefitinib

Clinically observed Fa% in fasted state humans with normal
stomach pH was calculated as the relative bioavailability against
the AUCin the fed state assuming that oral absorption was complete
in the fed state (Fa% in the fed state was calculated to be 100% from
the bioavailability (78%) and the hepatic clearance (500 mL/min))
(Gefitinib interview form). The fed/fasted AUC ratio was reported to
be 1.37 (Gefitinib interview form). Therefore, Fa% in the fasted state
with the normal stomach was calculated to be 73%. In addition, the
AUC ratio in the high/normal stomach pH was 0.53 (Bergman et
al., 2007). Therefore, Fa% with the high pH stomach (fasted) was
calculated to be 39%. The particle size (30 wm) was back calcu-
lated from the initial dissolution profile of the commercial tablet
in FaSSIF (data not shown) (Takano et al., 2006). The solid surface
pH was estimated to be pH 3.2 (Mooney-Stella equation) and pH
5.0 (Serajuddin method in the human gastric fluid) (Wilson et al.,
2009).

The dose number in the stomach is <0.2 and the estimated
dissolved drug concentration in the stomach did not reach the sat-
urated solubility (Fig. 3D). Even though Do <1, the particles larger
than 70 wm were estimated to reach the small intestine as >30%
incompletely dissolved (Fig. 4D). Fa% values for the normal and high
stomach pH cases were 76% and 20%, respectively. These values are
in good agreement with the clinical observations.

3.5. Ketoconazole

Clinically observed Fa% in humans was calculated as the relative
bioavailability of the tablet formulation against the pre-dissolved
formulation (69% with the normal stomach and 5.8% with the high
pH stomach) (Lelawongs et al., 1988). Since the AUC of the pre-
dissolved formulation in the fasted state is almost the same with
that in the fed state, it would be appropriate to assume that this
formulation showed almost complete absorption. The particle size
(200 wm) was back calculated from the dissolution profile of the
commercial tablet at pH 4.5 (Fig. 1B) (Zhou et al., 2005). This particle
size also appropriately simulated the dissolution at pH 1.2 and 6.5
(Fig. 1B), as well as in FaSSIF (data not shown) (Takano et al., 2006).

Fig. 6. Fa% vs particle diameter. Ketoconazole was used as a model drug.

The solid surface pH was estimated to be pH 2.9 (Mooney-Stella
equation) (Mooney et al., 1981) and pH 3.2 (Serajuddin method in
the human gastric fluid) (Vertzoni et al., 2007).

The dose number in the stomach is <0.03 and the estimated
dissolved drug concentration in the stomach did not reach the sat-
urated solubility (Fig. 3E). Even though Do <1, the particles larger
than 100 wm were estimated to reach the small intestine as >30%
incompletely dissolved (Fig. 4E). Fa% values for the normal and high
stomach pH cases were 59% and 5%, respectively. These values are
in good agreement with the clinical observations.

The particle sizes of dipyridamole, gefitinib and ketoconazole
estimated from the dissolution test were relatively large even
though they are low solubility compounds. Since both dissolution
in the stomach and concentration reduction in the small intes-
tine become faster as the particle size of a drug was reduced, it
was theoretically suggested that there is an optimal particle size
to effectively utilize the low stomach pH to dissolve a weak base
drug to enhance oral absorption of the drug. Fig. 5 shows the
predicted particle size dependency of Fa% for ketoconazole. The
relatively large particle sizes of dipyridamole, ketoconazole and
gefitinib might be appropriate from the view of oral absorption
of a weak basic drug in humans with normal stomach pH. In con-
trast, the particle size of albendazole and aprepitant are smaller
than those of the other model drugs. The dose number of alben-
dazole and aprepitant in the stomach are greater than 1 and the
concentration in the stomach was simulated to reach the saturated
solubility (Fig. 3A and B), suggesting that sufficient dissolution in
the stomach cannot be expected. Actually, the negative effect of
H2 blocker on the oral absorption of albendazole is much less than
those for dipyridamole, gefitinib and ketoconazole (Table 3). In this
case, smaller particle size might be beneficial for these drugs as is
for undissociable drugs (Fig. 6).

The prediction strategy is important considering the real drug
discovery situation. Usually, the particle size data of API and disso-
lution test data of API and a formulation are available. With these
data, we can first check the predictability of the mNB equation
(Sugano et al., 2007). If this prediction failed, we should take the
disintegration process into account or apply the correction factor
in the mNB equation. In addition, an validation with a preclinical
animal study would be important to further ensure the reliability
of the mode, especially for P, assessment.

Ina certain commercial software (current version), precipitation
was assumed to occur as first order kinetics. The first order kinetic
constant and the particle size of the precipitated drug are arbitrar-
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ily given by the user to fit to the observed data (Sutton, 2009) (or
the default value of 900s~! is used). In addition, the difference of
free base and salt cannot be treated by the theoretical framework
of the commercial software, since the solid surface pH, solubility
product of salts, and nucleation process are not taken into account.
The GUT framework has advantages over a commercial software as
it is oriented to a fully mechanistic molecular based approach.

In conclusion, Fa% of free weak base drugs was simulated using
the mNB equation to represent both dissolution and particle growth
of a drug in the GI tract. It should be stressed that this approach is
only valid for a free base, but not for its salts (and solution formu-
lations). For the latter cases, a nucleation model equation is critical
to appropriate simulate the precipitation rate of free form in the
intestine (Sugano, 2009d). In addition, when the API changes its
solid form such as transforming to a hydrate, further modifications
of the model equations would be required.
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