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ABSTRACT
Purpose To develop an in vitro methodology for prediction of
concentrations and potential precipitation of highly permeable,
lipophilic weak bases in fasted upper small intestine based on
ketoconazole and dipyridamole luminal data. Evaluate useful-
ness of methodology in predicting luminal precipitation of
AZD0865 and SB705498 based on plasma data.
Methods A three-compartment in vitro setup was used.
Depending on the dosage form administered in in vivo studies, a
solution or a suspension was placed in the gastric compartment. A
medium simulating the luminal environment (FaSSIF-V2plus) was
initially placed in the duodenal compartment. Concentrated
FaSSIF-V2plus was placed in the reservoir compartment.
Results In vitro ketoconazole and dipyridamole concentrations and
precipitated fractions adequately reflected luminal data. Unlike lumi-
nal precipitates, in vitro ketoconazole precipitates were crystalline. In
vitro AZD0865 data confirmed previously published human phar-
macokinetic data suggesting that absorption rates are not affected by
luminal precipitation. In vitro SB705498 data predicted that significant
luminal precipitation occurs after a 100mg or 400mg but not after a
10 mg dose, consistent with human pharmacokinetic data.
Conclusions An in vitro methodology for predicting concen-
trations and potential precipitation in fasted upper small intes-
tine, after administration of highly permeable, lipophilic weak
bases in fasted upper small intestine was developed and evalu-
ated for its predictability in regard to luminal precipitation.

KEY WORDS high permeability . in vitro assessment . luminal
concentrations . precipitation . weak bases

INTRODUCTION

Weak bases constitute a significant portion of orally adminis-
tered active pharmaceutical ingredients (APIs) (1). Due to
their ionization characteristics, they dissolve more readily at
acidic pHs. Depending on their lipophilicity and the adminis-
tered dose, API concentration in the fluids emptying from the
stomach is likely to exceed the saturation solubility in the
upper small intestine (duodenum and first part of the jeju-
num), especially in the fasted state. Precipitation in the upper
intestinal lumen will decrease early exposure and, perhaps,
peak exposure and can also contribute to an overall increase
in variability in exposure. Supersaturated drug concentrations
on the other hand, will lead to plasma levels higher than
anticipated from equilibrium solubility data. It has recently
been shown that, depending on intragastric concentrations,
exposure after administration of a suspension of posaconazole
(a poorly soluble weak base) can be significantly increased, due
to supersaturated drug levels in the small intestine (2).

Prediction of luminal supersaturation after administra-
tion of weak bases has been recently evaluated by applying
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in vitro solvent-shift methods (3,4). Although these
approaches are very useful for initial evaluations, one issue
is that estimation of degree of supersaturation of luminal
contents is contingent on equilibrium solubility of the ad-
ministered form, e.g. of a salt, a hydrate, or another crystal
form (5).

To date, two approaches have been used for predicting
lumenal concentrations of weak bases, In the first, concen-
trations of lipophilic weak bases in the upper small intestine
after oral administration in the fasted state have been mod-
elled by combining theoretical particle dissolution and par-
ticle growth kinetic models (6,7) or, in the case of
administration of liquid dosage forms, by combining nucle-
ation and particle growth models (8), according to the clas-
sical theory of crystallization. These approaches have been
shown to be useful in forecasting the average plasma profile
(7), the cumulative % dose absorbed vs. time plots (6) and
the linearity of Cmax vs. Dose and AUC vs. Dose data (8) in
humans. In the second approach, concentrations of lipophil-
ic weak bases in the upper small intestine after oral admin-
istration in the fasted state have been modelled using in vitro
setups either in the form of single compartment systems (8)
or, more frequently, in the form of multiple compartment
systems (9–12). One of these systems has been shown to be
useful in forecasting the total % dose absorbed in humans
(9). Another, the so called artificial stomach and duodenum
(ASD) model, has been shown to be useful in selecting the
most appropriate formulation of weak bases, based on phar-
macokinetic data in dogs pretreated with pentagastrin (12).

One issue for both the theoretical and the in vitro models is
that their ability to predict luminal concentrations of weak
bases in the upper small intestine has, at best, been evaluated
indirectly, i.e. by using plasma data or pharmacokinetic
parameters in animals or in humans rather than by using
luminal data in humans. In addition, with the exception of a
few theoretical models (7,8), such evaluations are based on
predictability of AUCt or of % dose absorbed. Luminal con-
centrations and the extent of precipitation of lipophilic (highly
permeable) weak bases in the upper small intestine are likely to
affect early exposure and Cmax to a greater extent than total
exposure, as total exposure is more dependent upon efficient
dissolution of the dose throughout the GI tract. As a result,
validation of both theoretical and in vitro models remains a
challenge with current methodologies.

The present investigation had two objectives. The first was
to develop an in vitro methodology for prediction of concen-
trations and potential precipitation of highly permeable, lipo-
philic weak bases in fasted upper small intestine based on
luminal data of ketoconazole and dipyridamole (5). The sec-
ond objective was to evaluate the usefulness of the methodol-
ogy in predicting luminal precipitation of AZD0865 and
SB705498 based on plasma data (8,13, GSK data on file).
AZD0865 (MW 366.46 g/mol) has an alkaline pKa of 6.1 and

logP of 4.2 (8). SB705498 (MW 429.23 g/mol) has an alkaline
pKa of 4.38 and logP of 3.6 (GSK data on file).

MATERIALS AND METHODS

Materials

Ketoconazole (KCZ) was from Janssen Pharmaceutical Ltd.
(Little Ireland, Cork, Republic of Ireland, lot# 0712003723).
Dipyridamole (DPD) was fromBoehringer Ingelheim Espanã,
S.A. (Malgrat De Mar, Spain, lot# 08342). AZD0865 (AZD)
was from AstraZeneca PLC (London, U.K.). SB705498 (SB)
was from GlaxoSmithKline, Corporate Environment, Health
& Safety (Brentford, UK). Αcetonitrile, dichloromethane and
methanol of HPLC grade were from E. Merck (Darmstadt,
Germany). Egg phosphatidylcholine (Lipoid E PC® 99.1%
pure, lot# 105019-1/14) was kindly donated by Lipoid
GmbH (Ludwigshafen, Germany). Maleic acid (Reagent-
Plus® ≥99% pure), sodium oleate (88.9% w/w pure) and
cholesterol (Sigma grade, minimum 99%) were purchased
from Sigma-Aldrich (St. Louis, U.S.A.). Sodium chloride
and sodium hydroxide pellets were of analytical grade and
purchased from Riedel-de Haën® (Seelze, Germany) and
AppliChem GmbH (Darmstadt, Germany), respectively. So-
dium taurocholate (>99.0%) was purchased from Prodotti
Chimici e Alimentari S.p.A. (Basaluzzo, Italy). Water of
HPLC grade was obtained by using a Labconco® water pro
ps. System (Kansas City, USA). Hydrochloric acid, trifluoro-
acetic acid and ethanol 99.5%v/v were purchased from Pan-
reac Co. (Barcelona, Spain). Diethylamine was purchased
from Riedel-de Haën® (Seelze, Germany). PEG400 (SABO-
PEG 400, lot# 2-55247) was from CELLCO chemical Ltd.
(Athens, Greece). HPMC [Pharmacoat 603 (lot# 0118458)
and Pharmacoat 606 (lot# 9038173)] were from ShinEtsu
(Tokyo, Japan).

In Vitro Setup

The setup is schematically presented in Fig. 1. All three com-
partments were made of double wall glass and maintained at
37±0.5°C. The duodenal compartment was a cylindrical ves-
sel with an internal diameter of 5.5 cm. Flow rates were
controlled by a multi-channel peristaltic pump that allowed
for simultaneous operation of various channels at different flow
rates (IPC-12, ISM762, Ismatec S.A., Zurich, Switzerland).
The sum of flow rates coming in the duodenal compartment
equalled the outgoing flow rate (Fig. 1). During each experi-
ment, the volume of contents of duodenal compartment was
maintained at 60 ml.

During each experiment, contents of gastric and reservoir
compartments were mildly agitated by means of a teflon
magnetic stirrer. The contents of the duodenal compartment
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were agitated with a paddle having a U shape (Fig. 1). The
paddle was rotated at 200 rpm [model RW 20 DZM over-
head stirrer, IKA® LABORTECHNIK (Staufen, Germany)].
The paddle was positioned at the center and as close as
possible to the bottom of the duodenal compartment. These
conditions ensured perfect tank mixing conditions with mini-
mal vortex, and, subsequently, representative sampling with
respect to potentially precipitated material.

Composition of Gastric Compartment

Experiments with KCZ and DPD. To simulate the adminis-
tration conditions applied in the recent clinical study (5), two
HCl solutions of KCZ and two HCl solutions of DPD were
studied; a low dose KCZ (100 mg) solution (KCZ-L), a high
dose KCZ (300 mg) solution (KCZ-H), a low dose DPD
(30 mg) solution (DPD-L) and a high dose DPD (90 mg)
solution (DPD-H). The solutions were prepared by dissolv-
ing the relevant doses of KCZ and DPD in 240 ml HCl
solutions. The final pH of all solutions was 2.7 (5). To take
into account the resting gastric contents in the fasted state
(5), 240 ml of each solution and 10 ml HCl solution, pH 1.8,
were brought in the gastric compartment prior to the initi-
ation of the experiment. The resulting pH of contents in the
gastric compartment was ~2.5.

Experiments with AZD. Two formulations (oral solutions)
were studied. These formulations contained the maximum
AZD doses previously administered to healthy adults (8). As
doses in the relevant clinical studies had been administered
on mg/kg basis (8), in order to prepare and test the formu-
lations in vitro, the body weight of an adult was assumed to
be 75 Kg. For preparation of AZD Solution 1 (AZD-1),
310 mg of AZD were dissolved in 110 ml of an aqueous
solution containing 22 ml PEG400 (20%v/v), 5.5 ml EtOH
99.5% (5%v/v) and the necessary amount of HCl for the
final apparent pH to be 3 (8). AZD-1 had been co-
administered with 240 ml of water in vivo and in order to

also take into account the resting gastric contents, AZD-1
was diluted with 250 ml HCl solution pH 3. For preparation
of AZD Solution 2 (AZD-2), 65 mg of AZD were dissolved
in 21.3 ml of an aqueous solution containing 4.26 ml
PEG400 (20%v/v), 1.065 ml EtOH 99.5% (5%v/v) and
the necessary amount of HCl for the final apparent pH to be
3 (8). AZD-2 had been co-administered with 100 ml of
water in vivo and in order to also take into account the
resting gastric content, AZD-2 was diluted with 110 ml
HCl solution pH 3.

Experiments with SB. Three suspensions simulating the
intragastric conditions, after administration of immediate
release tablets of SB, were studied. SB Suspension 1, SB
Suspension 2 and SB Suspension 3 simulate the intragastric
conditions immediately upon administration of 2 SB tablets
(5 mg/tab), 4 SB tablets (25 mg/tab), and 16 SB tablets
(25 mg/tab), respectively. These doses had been previously
administered to healthy adults with a glass of water (GSK
data on file).

Drug suspensions were used to mimic the conditions
likely after disintegration of tablets in the stomach. On the
one hand, the tablet is dispersed into solid particles, from
which the drug must dissolve, and on the other hand,
especially in the case of the two higher doses considered
for SB, the solubility will quickly be achieved as the disso-
lution of the drug from the dispersed particles proceeds; the
dose/solubility ratios of SB in acidic solutions with pH
values as low as 2 are 165 ml, 1,653 ml, and 6,611 ml for
the 10 mg, 100 mg and 400 mg doses, respectively (GSK
data on file).

Since each of the tablets administered to humans
contained 12.5 mg Pharmacoat 603, 5.5 mg Pharmacoat
606 and 0.61 mg PEG400, appropriate amounts of these
excipients were also included in each suspension. Consider-
ing that each dose had been administered with 240 ml of
water, one liter of SB Suspension 1 was prepared by dis-
solving 104.2 mg Pharmacoat 603, 45.8 mg Pharmacoat
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Concentrated biorelevant medium

4a ml/min

a ml/min

5a ml/min
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Fig. 1 Scheme of the three-
compartment setup used in the
present study for evaluating drug
concentrations and precipitation
of lipophilic, highly permeable
weak bases in the fasted upper
small intestine, and photograph of
the paddle used for agitating
contents of the duodenal
compartment.
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606 and 5.1 mg PEG400 in one liter of HCl solution, pH
2.5, and by suspending 41.6 mg of SB in the solution. For
preparation of one liter SB Suspension 2, 208.4 mg Phar-
macoat 603, 91.6 mg Pharmacoat 606 and 10.2 mg
PEG400 were dissolved in one liter HCl solution, pH 2.5,
and 416.6 mg of SB were suspended in the solution. For
preparation of SB Suspension 3, 0.8334 g Pharmacoat 603,
0.3666 g Pharmacoat 606 and 40.6 mg PEG400 were dis-
solved in one liter HCl solution, pH 2.5, and 1.6666 g of SB
were suspended in the solution.

In order to reach meaningful conclusions and quantify
precipitation (if any) in the in vitro test, reproducible empty-
ing of particles is required, i.e. the suspension should not
consist of aggregated particles. Therefore, although the
correlation between in vitro and in vivo data would be affected
in case of significant particle aggregation occurs in vivo, each
suspension underwent five cycles of sonication (20 min/cy-
cle) and agitation (magnetic stirrer, 30 min/cycle) at 37°C,
after addition of the appropriate amount of SB, and was
then stirred in USP II dissolution apparatus with the paddle
rotating at 150 rpm for 48 h at 37°C. On the following day
(experimental day), the suspension was sonicated for 20 min
at 37°C, and was then agitated by means of a magnetic
stirrer at 37°C for 1 h.

Saturated suspensions enabled study of the effect of solid
particles on precipitation without the complicating effects of
particle dissolution. Approximately half of each suspension
was filtered through polytetrafluoroethylene filters [PTFE]
(Whatman®, 30 mm, 0.45 μm, Whatman GmbH, Dassel,
Germany) using glass syringes. Depending on the suspension,
the filtrate was designated as SB Solution 1, SB Solution 2,
and SB Solution 3. At each dose, a separate experiment was
performed for the suspension and the corresponding solution
(without the presence of the particles).

Composition of Duodenal Compartment

At the beginning of each experiment, the duodenal com-
partment contained a medium that simulates the composi-
tion of contents in the fasted upper small intestine (FaSSIF-
V2plus). Compared with FaSSIF-V2 (14), FaSSIF-V2plus
also contained free fatty acid (sodium oleate, 0.5 mM) and
cholesterol (0.2 mM) (5). For preparation of FaSSIF-V2plus,
0.1712 g of sodium oleate was dissolved in 1 l FaSSIF-V2.
Then, 0.0781 g of cholesterol, dissolved in ~10 ml dichloro-
methane, was added and an emulsion was formed.
Dichloromethane was evaporated at about 40°C under
magnetic stirring. The resulting micellar solution was slight-
ly hazy and had no perceptible odour of dichloromethane.
After cooling to room temperature, the volume was adjusted
to 1 l with purified water. Macroscopic appearance of
FaSSIF-V2plus as well as oleates and cholesterol

concentrations remained unchanged at room temperature
for at least 48 h (data not shown). Superiority of FaSSIF-
V2plus over FaSSIF-V2 in predicting luminal concentra-
tions was confirmed by using KCZ-H in the gastric
compartment.

Composition of Reservoir Compartment

The reservoir compartment contained concentrated
FaSSIF-V2plus that was pumped into the duodenal com-
partment to compensate for the dilution and the pH change
caused by the incoming gastric fluid. By using FaSSIF-
V2plus in the duodenal compartment it was found that
concentrated FaSSIF-V2plus in the reservoir compartment
must have six times higher buffer capacity than FaSSIF-
V2plus in order for the pH in the duodenal compartment
to remain at about 6.5 during the experiment. In addition,
since the volume that enters the duodenal compartment
from gastric compartment is four times higher than the
volume that enters from the reservoir compartment
(Fig. 1), concentration of all other components of concen-
trated FaSSIF-V2plus was four times higher than in
FaSSIF-V2plus.

In Vitro experiments

The overall process of emptying from the gastric compart-
ment follows first-order kinetics with t½ approximately
15 min (e.g. 15,16). However, within a specific 15-min
interval, emptying occurred at a constant rate (Table I).
The continuous drop of intraluminal concentration (5),
due to rapid absorption of lipophilic compounds and rapid
transit of duodenal contents, was simulated by evaluating
the environment in the duodenal compartment during each
15-min time interval independently i.e. with a separate
experiment. For each interval the corresponding gastric
emptying rate was applied (Table I) and one sample was
collected at the middle time point, i.e. at 7.5 min.

Upon collection, each sample was divided in three parts:

i) The first part was immediately filtered through regener-
ated cellulose filters (Titan 2, 17 mm, 0.45 μm, SUN
SRi, Rockwood, U.S.A.) for KCZ, DPD and AZD, and
through PTFE filters for SB. The filtrate was divided in
three portions:

– The first, after appropriate dilution with mobile
phase (so that precipitation during subsequent han-
dling was avoided), was used for measuring the
drug concentration, C.

– The second was incubated (37°C, 48 h, 75 oscilla-
tions/min). One half was filtered through a
0.45 μm filter and the drug concentration, Cinc,
was measured. The other half was centrifuged
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(37°C, 12,560 × g, 10 min) to collect the precipitate
for XRPD analysis.

– The third was incubated (37°C, 48 h, 75 oscilla-
tions/min) in presence of excess of API and, after
filtration through a 0.45 μm filter, equilibrium sol-
ubility, Cs, was measured.

ii) The second part was used for measuring the total drug
content (solid and in solution), after appropriate dilution
with mobile phase, Ct.

iii) The third part was centrifuged (37°C, 12,560 × g,
10 min) to collect the solids for XRPD analysis.

The choice of filters was based on the lack of adsorption,
as confirmed previously for DPD and KCZ (17,18) and in
preliminary experiments for AZD and SB. In experiments
with AZD and SB, glass vials and syringes had to be used to
avoid drug adsorption on the plastic. All APIs were found to
be stable in FaSSIF-V2plus at 37°C for at least 48 h. Forty-
eight hours were considered adequate for reaching equilib-
rium with the specific shaking setup (75 oscillations/min,
model UNITRONIC OR, J.P. SELECTA,s.a., Barcelona,
Spain) based on previous measurements (17). Samples for
XRPD analysis were stored at −70°C without prior drying.

For all APIs, experiments were performed in triplicate.
For each API, solubility values in filtrates corresponding to
various time intervals were similar; coefficient of variation
varied with the API from 2.32% to 11.5%. Therefore,
solubility during a specific time interval was evaluated by
measuring it in only one filtrate. Since coefficient of varia-
tion for concentrations in the duodenal compartment at
each time interval was also very small (0.92-13.5% for all
APIs), concentration after 48 h incubation at 37°C was also
evaluated by measuring it in only one filtrate at each time
interval.

Assays for KCZ and DPD were performed by using
previously published HPLC-UV methods (5,18). Assays for
both AZD and SB, involved the use of a BDS C18 (250×
4.6 mm, 5 μm, Hypersil®, ThermoQuest Inc., U.S.A) col-
umn with a BDS C18 (10×4,6 mm, 5 μm, Hypersil®,
ThermoQuest Inc., U.S.A.) pre-column and a flow rate of
1 ml/min. For AZD, the mobile phase consisted of

acetonitrile:water:diethylamine 50:50:0.1 v/v/v, the wave-
length was set at 258 nm and the injection volume was 20 μl.
Quantification limit was 50 ng/ml. For SB, the mobile
phase consisted of acetonitrile:water:trifluoroacetic acid
50:50:0.1 v/v/v, the wavelength was set at 240 nm and
the injection volume was 50 μl. Quantification limit was
40 ng/ml.

Data Analysis

In vitro data on the presence of API in duodenal compartment
are presented as Mean ± SD values. Previously collected
luminal and in vivo data are presented as Box-Whisker plots
showing the median value, the 10th, 25th, 75th, and 90th

percentiles, and the 5th and 95th percentiles as symbols where-
as the mean values are indicated with a solid white line
(arithmetic mean) or with a black closed symbol (geometric
mean). Precipitated fractions in the duodenal compartment,
π, were estimated by using the following equation (5):

p ¼ 1� C
Ct

ð1Þ

where C is the drug concentration and Ct is the total amount of
drug (solid and in solution) per unit volume.

Precipitated fractions after incubation of filtrates of indi-
vidual samples from the duodenal compartment were esti-
mated using Eq. 1, with C as Ct and Cinc as C (5). In all cases,
values of precipitated fractions followed a normal distribu-
tion [SigmaStat 3.5 (SPSS Science Inc., New York, USA)].
The significance of the precipitated fraction was evaluated
with one-sample one-tailed t-test by setting Type I error to
0.05 (S-Plus 4.5, Insightful Corporation, Seattle, USA).

XRPD Analysis

Crystallinity of precipitates was assessed by XRPD analysis
using a PANalytical X’Pert Pro diffractometer Model
PW3040/60 equipped with an X’Celerator detector (PAN-
alytical B.V., Almelo, The Netherlands) and Cu Kα radia-
tion at 40 kV and 45 mA. Samples were scanned from 2.0°

Table I Volumes Assumed to be
Emptied from the Stomach of a
Fasted Adult at Various 15-min
Intervals After the Administration of
240 ml Aqueous Non-caloric Solu-
tion (plus 10 ml Resting Gastric
Volume) and Volumes Emptied from
the Gastric Compartment During
the In Vitro Experiments at Various
15-min Intervals After the Initiation
of Emptying of 250 ml Aqueous
Non-caloric Solution

Time interval after
initiation of emptying (min)

In vivo In vitro

Total volume assumed to
be emptied from stomach (ml)

Outgoing gastric
flow rate (ml/min)

Total volume emptied from
gastric compartment (ml)

0–15 125 8 120

15–30 62.5 4 60.0

30–45 31.8 2 30.0

45–60 15.9 1 15.0

60–75 7.94 0.5 7.50
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to 40.0° (2θ) using a 0.0167° 2θ step size and 190.5 s time
count. Each sample was prepared by applying a few milli-
grams to a Si wafer (zero background substrate), resulting in
a thin layer of material suitable for analysis. Based on
previous experience, freezing and thawing is unlikely to
have an impact on the morphic form and all diffractograms
were obtained under ambient temperature.

RESULTS AND DISCUSSION

Prediction of Luminal Concentrations
and Precipitated Fractions of KCZ

Total amount per ml and concentration in the duodenal
compartment closely matched the corresponding average
luminal data during the first 30 min of gastric emptying of
KCZ-L (Fig. 2, upper graphs) and during the entire gastric
emptying period of KCZ-H (Fig. 2, lower graphs). KCZ

presence in the lumen 40-70 min post dosing of KCZ-L was
only slightly overestimated by the in vitro data (Fig. 2, upper
graphs). Unlike FaSSIF-V2plus, FaSSIF-V2 does not lead to
concentrations of KCZ in duodenal compartment similar to
those observed intraluminally during the first 30 min, after
the administration of KCZ-H (Fig. 2, lower graphs). The
equilibrium solubility of KCZ [Mean(SD), (n03)] in
FaSSIF-V2 and in FaSSIF-V2plus was measured to be
14.75(0.90) and 22.78(0.25) μg/ml, respectively. Although
the solubility of KCZ in FaSSIF-V2plus still underestimates
median luminal solubility of KCZ (36–73 μg/ml, depending
on the time after administration of a glass of water) (5), it is
closer to the luminal value than the solubility in FaSSIF-V2.
These data indicate that FaSSIF-V2plus is more appropri-
ate than FaSSIF-V2 for the duodenal compartment. For
KCZ-L, significant precipitation was observed both intra-
luminally [5 min, 20–30 min, and 50–70 min post dosing
(5)] and in vitro [at 0–15 min and 15–30 min time intervals
(this study)]. For KCZ-H, significant precipitation was
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observed both intraluminally [up to 70 min post dosing (5)]
and in vitro [up to the 45–60 min time interval (this study)].
Precipitated fractions of KCZ in vitro were up to 0.08 during
the emptying of KCZ-L in the duodenal compartment and
up to 0.20 during the emptying of KCZ-H, similar to
average luminal data [up to 0.11 and 0.16 after KCZ-L
and KCZ-H, respectively (5)]. Deviations from in vivo data
and high between-subject variability of luminal data may be
related to the dynamic changes of contents in the region,
e.g. movement of contents (and, therefore, of the drug)
towards various directions. The hydrodynamics applied in
the in vitro experiments [type of agitation and volume of
contents in the duodenal compartment (60 ml)] were based
on preliminary data (not shown) and constitute a compro-
mise between biorelevance [fluid volumes in the small intes-
tine of fasted subjects are between 45 and 319 ml (19)] and
the need to take into account the rapid duodenal transit and
absorption of highly permeable compounds.

Compared with the spectrum of reference KCZ sample,
almost all XRPD spectra exhibited additional peaks at ap-
proximately 5o and/or 32o 2θ, presumably due to an or-
ganic material (e.g. an alternative solid state form or version
of KCZ) and inorganic salts (e.g. NaCl), respectively. XRPD
data suggest that, during the emptying of KCZ-H, two
different forms of KCZ are precipitated in the duodenal
compartment: one form corresponds to the KCZ reference
material that was used to prepare the KCZ-H (Fig. 3, image
a vs. image b); the alternative form (assumed) presents a
characteristic low angle peak at 5.2° 2θ (Fig. 3, image a vs.
image c). Unlike these data, luminal precipitates of KCZ
observed immediately upon collection of aspirates were
primarily amorphous (5). After incubation of the in vitro
filtrates for 48 h at 37°C precipitates were always crystalline

and predominantly adopted the form of the reference ma-
terial (Fig. 3, image a vs. image d) similar to previous
observations with precipitates of KCZ after incubation of
luminal supernatants (5). It may worth mentioning that a
number of signature peaks (17–30° 2θ) are missing from
many spectra of the in vitro precipitates (Fig. 3, image a vs.
image b, c and d), due to preferred orientation of particles.
Due to limited sample availability, however, alternative
particle orientation could not be achieved.

Based on equilibrium solubility data in FaSSIF-V2plus
(presented above) and Fig. 2, contents of duodenal compart-
ment are supersaturated in regard to the free base during
the emptying of KCZ-L and KCZ-H. This was further
confirmed by data collected after incubation of samples:
significant precipitation was observed in samples collected
at all time intervals during the emptying of KCZ-L or KCZ-
H with the precipitated fractions ranging from 0.15 to 0.90
or from 0.30 to 0.96, respectively. These data are in agree-
ment with previous data from incubated luminal samples
indicating significant precipitation in all samples collected
during the first hour after administration of KCZ-L or
KCZ-H with precipitated fractions being 0.17–0.52 or
0.22–0.73, respectively (5).

Prediction of Luminal Concentrations
and Precipitated Fractions of DPD

Total amount per ml and concentration in the duodenal
compartment reflected the corresponding average luminal
data during the gastric emptying of both DPD-L (Fig. 4, upper
graphs) and DPD-H (Fig. 4, lower graphs). Statistically signif-
icant precipitation was observed only during the emptying of
DPD-H both intraluminally [50 min, 60 min and 70 min post

Fig. 3 Representative XRPD
spectra of (a) KCZ reference
material used for preparing
solutions for the gastric
compartment and measuring
equilibrium solubilities, (b)
precipitate in the duodenal
compartment 7.5 min after the
initiation of emptying of KCZ-H
solution, (c) precipitate in the
duodenal compartment 52.5 min
after the initiation of emptying of
KCZ-H solution, and (d) precipi-
tate in the incubated (37°C/48 h)
filtrate of the sample collected from
the duodenal compartment
7.5 min after the initiation of
emptying of KCZ-H solution.
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dosing (5)] and in vitro [at 0–15 min and 30–45 min time
intervals (this study)]. Inability to statistically detect a signifi-
cant precipitation in vitro at the 15–30 min time interval could
be attributed to the very low precipitated fraction and, there-
fore, to the relatively inaccurate estimation of it. Precipitated
fractions of DPD in vitro were practically non-existent during
the emptying of DPD-L in the duodenal compartment and up
to 0.09 during the emptying of DPD-H, similar to average
luminal data that were up to 0.05 and 0.07 after DPD-L and
DPD-H, respectively (5).

Due to the limited amounts of precipitates, crystal structure
could not be evaluated with certainty.

Equilibrium solubility of DPD in FaSSIF-V2plus [Mean
(SD), (n03)] was measured to be 12.919(0.039) μg/ml.
Therefore, according to Fig. 4 contents of duodenal com-
partment are supersaturated in regard to the free base
during the emptying of DPD-L and DPD-H up to the 30–
45 min and the 60–75 min interval, respectively. This was

further confirmed by data collected in incubated samples.
After incubation, significant precipitation was observed in
samples, collected during the emptying of DPD-L at the 0–
15, 15–30 and 30–45 min intervals with the precipitated
fractions ranging from 0.12 to 0.63. For incubated DPD-H
samples, precipitation was observed in all cases and fractions
were 0.19–0.92. These data are in agreement with previous
data from incubated luminal samples indicating significant
precipitation in all samples collected during the first hour
after administration of DPD-L or DPD-H and precipitated
fractions were 0.22–0.40 or 0.15–0.41, respectively (5).

Prediction of Luminal Precipitation of AZD

Mean ± SD precipitated fractions in duodenal compart-
ment during the emptying of AZD-1 and AZD-2 from the
gastric compartment are presented in Table II. Precipitation
after AZD-1 seems to be substantial during the first half
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hour (about 15–20%), whereas precipitation after AZD-2 is
limited over the same time period (up to about 8%). It
should be noted that AZD-2 would be practically emptied
within the first half of hour after administration, since the
total volume in stomach at the time of administration is
about 130 ml. Volumes of about 100 ml may not empty
according to first order kinetics in the fasted state (16) but,
based on data in Table II, alternative emptying rates would
not have an impact on precipitation in the upper small
intestine. After incubation of contents for 48 h at 37°C,
precipitated fractions varied for AZD-1 from 0.950 (8 ml/
min) to 0.720 (0.5 ml/min) and for AZD-2 from 0.934
(8 ml/min) to 0.451 (0.5 ml/min). These data indicate
significant supersaturation in the duodenal compartment.

XRPD data for precipitates of AZD in the duodenal
compartment during the emptying of AZD-1 solution
revealed the presence of amorphous material and also the
presence of peaks which partially matched the reference
crystal structure (Fig. 5, image a vs. image b). XRPD data
for precipitates collected after incubation for 48 h at 37°C,
revealed the presence of amounts of AZD in the form of the
reference material (Fig. 5a vs. c). The amounts of reference

material were higher in samples collected at later times from
the duodenal compartment. As in spectra of KCZ precip-
itates (Fig. 3), in most spectra of AZD precipicates additional
peaks at approximately 5o and/or 32o 2θ, were observed
presumably due to an organic material (e.g. an alternative
solid state form or version of AZD) and/or inorganic salts
(e.g. NaCl), respectively.

Previously collected in vivo data indicate that for various
formulations including AZD-1 and AZD-2, both the AUCt

vs. Dose and Cmax vs. Dose plots are linear (8). Therefore,
absorption rates are not affected by the dose, and it is
unlikely that precipitation in upper SI (a process which
would at least delay absorption) occurs to an extent that
would affect the rate and extent of absorption. It has been
previously shown for KCZ (a highly permeable weak base
having similar absorption and elimination kinetics with
AZD) that up to 20% precipitation in the upper small
intestine after single dose administration of 300 mg (5) does
not affect linearity of either AUCt vs. Dose or Cmax vs. Dose
plot, since linear relevant plots have been reported for the
200–800 mg dose range (20). In vitro data with AZD-1 and
AZD-2 also indicate up to 20% precipitation in the upper

Table II Mean ± SD Precipitated
Fractions in Duodenal Compart-
ment, During the Emptying of
AZD-1 and AZD-2 Solutions from
the Gastric Compartment

aConcentration of AZD in the
solution
bStatistically higher (p<0.05) than
zero

Rate of emptying from the gastric
compartment (ml/min)

AZD-1 (861 mg/ml)a AZD-2 (496 mg/ml)a

8 0.207±0.016b 0.081±0.034b

4 0.1520±0.0046b 0.053±0.052

2 0.031±0.014b 0.039±0.014b

1 0.090±0.118 0.026±0.027

0.5 0.0292±0.0054b 0.028±0.025

5 10 15 20 25 30 35

2Theta (°)

a

b

c

Fig. 5 Representative XRPD
spectra of (a) reference AZD
material used for preparing
solutions for the gastric
compartment, (b) precipitate in
the duodenal compartment
22.5 min after the initiation of
emptying of AZD-1 solution, and
(c) precipitate in the incubated
(48 h/37°C) filtrate of the sample
collected from the duodenal
compartment 22.5 min after the
initiation of emptying of AZD-1
solution.
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small intestine (Table II) and similarities in the in vitro mor-
phic forms of the precipitates. Therefore, the in vitro data are
consistent with in vivo pharmacokinetic data.

Prediction of Luminal Precipitation of SB

Based on Fig. 6 minimal (if any) precipitation occurs in the
duodenal compartment during the emptying of SB solution
1, SB solution 2 and SB Solution 3. Indeed, precipitated
fractions did not reach significance during the emptying of
SB 1, were up to 0.01 during the emptying of SB 2 and up
to 0.08 during the emptying of SB 3. Since all three solu-
tions had similar (saturated) concentrations (20.1–24.0 μg/
ml), small differences in precipitation behaviour may be
attributed to the precipitation inhibitor (HPMC) and/or
solubilizer (PEG) content of the administered formulations.
After incubation of contents of duodenal compartment,
precipitated fractions varied from 0.71 to 0.87 for SB 1
filtrates, 0.72–0.93 for SB 2 filtrates and 0.71–0.85 for SB
3 filtrates, confirming that filtrates were supersaturated to
similar degrees. XRPD data for precipitates in duodenal
compartment during the emptying of SB solutions or pre-
cipitates collected after incubation of filtrates could not be
studied with certainty, due to the very limited amounts of
precipitate available.

Concentrations in the duodenal compartment during the
emptying of SB Suspension 1 were identical to concentra-
tions during the emptying of SB Solution 1 (Fig. 7b vs.
Fig. 6b), i.e. there was no precipitation during the emptying
of SB Suspension 1. In contrast, concentrations during the
emptying of SB Suspension 2 during the first (0–15 min) and

the second (15–30 min) interval were 29% and 38% of the
concentration measured during the emptying of SB Solution
2 during the same intervals. Since practically no precipita-
tion was observed during the emptying of SB Solution 2, it is
reasonable to estimate that precipitated fractions in vitro after
the initiation of emptying of SB Suspension 2 are 1–0.290
0.71 during the 0–15 min interval and 1–0.3800.62 during
the 15–30 min interval. Similarly, concentrations during the
emptying of SB Suspension 3 during the first two time
intervals were 26% and 37% of the concentration measured
during the emptying of SB Solution 3 during the same
intervals, i.e. precipitated fractions were 1–0.2600.74 and
1–0.3700.63, respectively. Therefore, the in vitro data sug-
gest that when SB is administered at doses of 100 mg or
400 mg, substantial precipitation is likely to occur in the
upper small intestine, much greater than that observed with
the other three APIs.

Precipitated fractions measured after incubation (48 h/37°C)
of filtrates of contents of duodenal compartment collected dur-
ing the emptying of SB Suspension 1, SB Suspension 2 and SB
Suspension 3 were 0.69–0.86, 0.83–0.92 and 0.53–0.82, respec-
tively, confirming that filtrates were significantly supersaturated.

AUCt vs. Dose plot indicates a small deviation from line-
arity, while Cmax vs. Dose plot shows a clear deviation from
linearity at dose higher than about 20 mg (GSK data on
file). Therefore, a conclusion as to whether the rate of input
process is affected by the dose cannot be drawn from these
data. Cmax/AUCt reflects an overall input rate constant with-
out being affected by the fraction of the dose absorbed
(21,22). Alternatively, AUC1h/AUCt reflects early exposure
normalized by AUCt (23,24). Based on Fig. 8, both Cmax/
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AUCt and AUC1h/AUCt decrease as dose increases. This
could be related to changes in luminal dissolution, solubili-
zation capacity of luminal contents and/or precipitation in
upper small intestine as dose increases.

For doses up to 20 mg, Cmax/AUCt and AUC1h/AUCt

decrease substantially as dose increases (Fig. 8). This could
be attributed primarily to changes in the dissolution process
which may, at least partly, be related to the different
amounts of excipients in the administered doses. At doses
higher than 20 mg, drug concentrations and the number of
undissolved particles that reach the small intestine increase
and precipitation becomes likely. At high doses (100–400
mg), both Cmax/AUCt and AUC1h/AUCt are only slightly

affected by the dose. It is, therefore, reasonable to argue
that precipitation should be extensive and rapid, with SB
concentrations in upper SI being close to saturation level
and absorption rates being similar (solubility limited absorp-
tion) for as long as saturation level is maintained. In vivo
pharmacokinetics are, therefore, consistent with the in vitro
data from this study which indicate that no substantial
precipitation after administration of the 10 mg dose would
occur but that significant precipitation after administration
of 100 mg and 400 mg doses would be observed. Further, in
vitro data predict that luminal concentrations are practically
similar at the 100–400 mg dose range (Fig. 7b), in agree-
ment with the practically similar absorption rates observed
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after single administrations at this dose range (Fig. 8). Final-
ly, and in line with previously performed simulations (6), in
vitro data confirm the importance of the presence of undis-
solved particles on precipitation (Fig. 7b vs. Fig. 6b).

CONCLUSION

Tools for the prediction of the extent of luminal precipita-
tion of poorly soluble, highly permeable weak bases after
oral administration would facilitate their development, since
such a prediction would show whether a modification of the
formulation is necessary to reduce luminal precipitation. In
turn, reduction of precipitation would increase early and,
perhaps, peak exposure whereas it would decrease variabil-
ity in exposure, after oral administration.

Experience with in vitro models (8) together with recently
reported intraluminal data (5) indicates that simulation of
the decreasing concentrations in the lumen and the applied
in vitro hydrodynamics are key for valid predictions of intra-
luminal concentrations and potential precipitation of lipo-
philic weak bases in the upper small intestine. Indeed, a key
characteristic of the proposed methodology vs. previously
proposed in vitro methodologies is that the decreased drug
concentration in the upper intestinal lumen with time after
administration is adequately simulated. These parameters
may have to be adjusted when low permeability compounds
are studied. Also, optimization of hydrodynamics in the
gastric compartment is required for drugs that are partially
dissolved in the stomach. Composition of contents in the
duodenal compartment seems also to be important; al-
though FaSSIF-V2 is better than FaSSIF in assessing intra-
luminal dissolution (6), FaSSIF-V2 is not as suitable as
FaSSIF-V2plus for the evaluation of intraluminal precipita-
tion of KCZ.

The in vitro methodology developed and applied in this
investigation proved adequate for reproducing both luminal
concentrations and precipitated fractions of KCZ and DPD,
after administration of solutions of these APIs in the fasted
state at two different doses. The methodology was addition-
ally successfully used to evaluate two other lipophilic weak
bases, AZD and SB using previously collected plasma data
in humans.
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