
Research Article

Characterising Drug Release from Immediate-Release Formulations of a Poorly
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Abstract. The study aimed to characterise the mechanism of release and absorption of
Basmisanil, a biopharmaceutics classification system (BCS) class 2 compound, from
immediate-release formulations via mechanistic absorption modelling, dissolution testing,
and Raman imaging. An oral absorption model was developed in GastroPlus® and verified
with single-dose pharmacokinetic data in humans. The properties and drug release behaviour
of different oral Basmisanil formulations were characterised via biorelevant dissolution and
Raman imaging studies. Finally, an in vitro-in vivo correlation (IVIVC) model was developed
using conventional and mechanistic deconvolution methods for comparison. The GastroPlus
model accurately simulated oral Basmisanil exposure from tablets and granules formulations
containing micronized drug. Absorption of oral doses below 200 mg was mostly dissolution
rate-limited and thus particularly sensitive to formulation properties. Indeed, reduced
exposure was observed for a 120-mg film-coated tablet and the slower dissolution rate
measured in biorelevant media was attributed to differences in drug load. This hypothesis
was confirmed when Raman imaging showed that the percolation threshold was exceeded in
this formulation. This biorelevant dissolution method clearly differentiated between the
formulations and was used to develop a robust IVIVC model. The study demonstrates the
applicability and impact of mechanistic absorption modelling and biopharmaceutical in vitro
tools for rational drug development.

KEY WORDS: absorption modelling; GastroPlus; immediate-release formulation; in vitro-in vivo
correlation; poorly water-soluble compound.

INTRODUCTION

The biopharmaceutical behaviour of orally administered
compounds is a key property that needs to be considered for
the development of novel medicines. Understanding the
mechanism of drug release and absorption from an oral
formulation improves the prediction of drug bioavailability

and allows development of safe and effective drug products.
This is an important element of the Quality by Design (QbD)
strategy for formulation development in the pharmaceutical
industry (1). Implementing QbD in pharmaceutical develop-
ment requires a profound understanding of critical quality
attributes and process parameters, as well as the possibility to
predict in vivo performance based on in vitro observations.
Establishing this link between formulation properties and
in vivo performance is, however, often a major challenge.

In vitro dissolution testing is a key biopharmaceutical tool
for formulation characterisation. Dissolution profiles are gener-
ally used as control parameters for the quality attributes of a drug
product, but can also be a surrogate of in vivo drug release if an
in vitro-in vivo correlation (IVIVC) has been established. IVIVC
not only provides an opportunity to address post-approval
changes, but is also becoming increasingly important at earlier
stages of development, for example to estimate the possible
impact of changes in formulation composition or manufacturing
process on in vivo drug release (2). While IVIVC is being
routinely used for modified release formulations (2–6), it is much
less frequently reported for immediate-release formulations.
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Biopharmaceutical modelling and simulation has been
recognised as another important tool for establishing the link
between drug and formulation properties and in vivo perfor-
mance (7–9). Physiologically based pharmacokinetic (PBPK)
models describe the kinetic processes of drug absorption,
distribution, metabolism, and excretion considering anatomy
and physiology as well as physicochemical properties of drug
substance and formulation. Such models can provide informa-
tion about in vivo drug and formulation behaviour, including for
example the kinetics of drug dissolution, precipitation, and
absorption (8,10,11). Several publications have presented the
use of PBPK modelling to understand absorption, with the
majority targeting human dose or food effect predictions and
only a few specifically focused on formulation properties (9).
There is a clear need for more case studies to demonstrate the
validity and applicability of biopharmaceutical in vitro and in
silico tools to support their potential, not only for risk
assessment and decision making during development but also
in a regulatory environment (12).

The current study presents the use of mechanistic
absorption modelling and in vitro dissolution testing to study
the key biopharmaceutical properties of Basmisanil, a selec-
tive orally active γ-amino butyric acid (GABA)-A α5
receptor inverse antagonist which is currently in clinical
development. Basmisanil is a low molecular weight molecule
exhibiting poor aqueous solubility and good membrane
permeability. It was classified as class 2 according to the
biopharmaceutics classification system (BCS). Two oral
immediate-release formulations were developed, a tablet
and a granules in sachet formulation, which contained
micronised drug and were similar with respect to the
qualitative composition. The formulations were produced
using the same manufacturing technology. However, despite
these similarities, a single-dose comparative bioavailability
study in healthy adult volunteers showed different oral
exposure profiles for the two dosage forms.

In the present study, we applied oral absorption model-
ling using the commercial PBPK software package
GastroPlus® and biorelevant in vitro dissolution testing to
characterise the mechanism of drug release and the root
cause for different exposure after oral administration of the
formulations. Furthermore, the development of an IVIVC
model using different deconvolution methods is presented
here, which can be used as a tool for the prediction of oral
absorption profiles for future formulation changes.

MATERIALS AND METHODS

API and Formulation Properties

Basmisanil is a lipophilic substance exhibiting poor
solubility in aqueous media across the physiological range
from pH 1 to pH 9. The physicochemical properties of the
drug substance are listed in Table I. Basmisanil was formu-
lated in micronised form and exhibited a D90 of less than
10 μm.

Three different formulations were developed for clinical
studies, as summarised in Table II. Single and multiple
ascending dose (SAD and MAD, respectively) studies were
conducted with an uncoated, immediate-release tablet formu-
lation exhibiting four different dose strengths (0.5, 5, 40, and

250 mg). In a second step, a comparative bioavailability study
was done using a film-coated tablet and a granules in sachet
formulation, both exhibiting a dose strength of 120 mg. The
formulations were composed from standard compendial
excipients, including α-lactose monohydrate and microcrys-
talline cellulose as fillers (60–82% w/w), polyvinylpyrrolidone
as a solid binder (5–6% w/w), croscarmellose sodium as a
disintegrant (3–4% w/w), and magnesium stearate as a
lubricant (0.6–1% w/w). The tablet and film-coated tablet
formulations contained a glidant (2% w/w talc) in the
extragranular phase. Moreover, an anionic surfactant (1%
w/w sodium laurylsulfate) was included in the tablet formu-
lation used in SAD studies. However, it was shown to have no
significant impact on drug release and was later removed
from the film-coated tablet and the granules in sachet
formulation. The above-mentioned formulations differed in
drug load. The API content of the uncoated tablets ranged
between 0.07 and 33.3% w/w, while the drug load of the film-
coated tablet and the granules in sachet formulation was
26.7% w/w and 12.8% w/w, respectively (Table II).

The granules were produced via roll compaction and
then filled into sachets or compressed into biconvex-shaped
tablets after addition of filler, glidant, and lubricant in the
extragranular phase. The compaction blend was prepared via
mixing the API stepwise with the excipients of the

Table I. Physicochemical Characteristics and Kinetics of Disposition
of Basmisanil

Parameter Value

Molecular weight 445.5 g/mol
pKa 2.07 (base)
logD (pH 7.4) 1.86
Blood/plasma concentration ratio 0.59
Fraction of drug unbound in plasma 5.6%
Solubility

Aqueous buffer pH 1–9 0.001 mg/mL
SGF pH 1.6 0.008 mg/mL
FaSSIF pH 6.5 0.010 mg/mL
FeSSIF pH 5 0.032 mg/mL

Particle size distribution
D10 1.4 μm
D50 4.7 μm
D90 10.1 μm

Disposition model parameters
k12 1.294 1/h
k21 0.979 1/h
k10 0.245 1/h
Vc/kg 0.235 L/kg
V2/kg 0.311 L/kg
CL/kg 0.058 L/h/kg
CL2/kg 0.304 L/h/kg
Elimination half-life 7.0 h

pKa acid dissociation constant, logD distribution coefficient, SGF
simulated gastric fluid, FaSSIF fasted state simulated intestinal fluid,
FeSSIF fed state simulated intestinal fluid, k12 and k21 transfer rate
constant from the central to the peripheral compartment and from
the peripheral to the central compartment, respectively, k10 elimina-
tion rate constant, Vc and V2 volumes of distribution of the central
compartment and in the elimination phase, respectively, CL and CL2

clearances of the central compartment and in the elimination phase,
respectively
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intragranular phase in order to achieve homogeneous blends.
Film-coating was performed using a rapidly dissolving film-
coat based on hydroxypropylmethylcellulose.

Pharmacokinetics of Basmisanil in Healthy Adults

The pharmacokinetic profile of Basmisanil was deter-
mined after intravenous and peroral administration in six
healthy adult volunteers. An intravenous microdose of 0.1 mg
[13C]-labelled API was administered as an aqueous solution
by a constant rate infusion over 15 min, starting 3.75 h after
the administration of an oral dose of 160 mg. Plasma
concentrations were measured pre-dose, as well as 5, 15, 20,
25, 30, 45 min, and 2.25, 4.25, and 8.25 h post-dose.

In SAD and MAD studies, single doses of between 1.5
and 1250 mg were administered to six healthy adults per dose
level. The tablets (dose strength 0.5, 5, 40, or 250 mg, Table II)
were given with 250 mL of still water within 5 min after
completion of a standardised meal. Plasma concentrations of
Basmisanil were measured pre-dose, as well as 0.5, 1, 1.5, 2,
2.5, 3, 4, 6, 8, 11, 14, 24, 36, 48, and 72 h post-dose.

The single-dose comparative bioavailability study, which
compared the pharmacokinetic performance of the 120-mg film-
coated tablet and the 120-mg granules in sachet formulations,
was a randomised cross-over study in 18 healthy adult volun-
teers. Single doses were administered orally within 30 min of the
start of a standard high-fat, high-calorie breakfast. Film-coated
tablets were swallowed whole with 240 mL of still water.
Granules in sachet were mixed with or sprinkled onto a
tablespoon of apple sauce and the whole mixture was swallowed
followed by 240 mL of still water. There was a 4-day washout
period between study drug administrations (film-coated tablet
or granules in sachet formulation). Plasma concentrations of
Basmisanil were determined pre-dose, as well as 0.5, 1, 1.5, 2, 3,
4, 5, 6, 8, 10, 12, 16, 24, 36, 48, and 60 h post-dose. All clinical
studies were reviewed and approved by independent ethics
committees (North London Research Ethics Committee, Lon-
don, UK; Stichting Beoordeling Ethiek Bio-Medisch
Onderzoek, Assen, NL; National Research Ethics Service
Committee North East—York, Jarrow, UK).

Simulation of Plasma Concentration Profiles Following Oral
Administration

The disposition kinetics of Basmisanil was described using
a two-compartment PK model fitted to the mean plasma

concentration-time profile obtained after a single intravenous
administration of 0.1 mg [13C]-labelled drug to six healthy male
volunteers. The model fitting was performed in the PKPlus®
module of GastroPlus and the derived pharmacokinetic
parameters were integrated in the GastroPlus model together
with the physicochemical and physiological parameter values
(Table I). In vivo drug release was predicted using the Johnson
dissolution model (13) and immediate-release kinetics was
assumed for all formulations (BIR tablet^ for uncoated and
film-coated tablets; BIR suspension^ for the sachet formulation).
The drug particle size distribution was included (Table I) and it
was assumed that particles were distributed into three bins with
constant radii. Drug solubility was determined experimentally in
simulated gastric fluid (SGF) pH 1.6, fasted state simulated
intestinal fluid (FaSSIF) pH 6.5, and fed state simulated
intestinal fluid (FeSSIF) pH 5.0 at 37°C (14). The effective
human jejunal permeability of 3.75 × 10−4 cm/s was obtained
from permeability measurement across Caco-2 cells. The
conversion of in vitro permeability to an estimate of human
jejunal permeability was done as described previously (15). Due
to the very low extraction ratio of <5% of the liver blood flow,
no first pass extraction was assumed in the oral absorption
model.We simulated plasma concentration-time profiles for oral
doses from 1.5 to 1250 mg Basmisanil under fed state conditions
by using the BHuman-Physiological-Fed^ physiology and the
default absorption scale factor model (Opt logD Model SA/V
6.1). An overview of clinical data used for oral absorption
modelling is reported in the Supplementary Material.

Parameter Sensitivity Analysis

A parameter sensitivity analysis (PSA) was conducted to
explore the sensitivity of rate and extent of oral absorption
(expressed as peak plasma concentration, Cmax, and fraction
absorbed, Fa, respectively) to the mean drug particle radius.
The mean drug particle radius was varied in the range of 0.5
to 50 μm with logarithmic spacing (10 tests) for 1.5, 120, and
330 mg doses in the fed state.

In Vitro Dissolution Testing

In vitro dissolution of the tablets, film-coated tablet, and
granules in sachet formulation (Table II) was tested using a
United States Pharmacopoeia (USP) type 2 dissolution
apparatus in 900 mL FeSSIF medium (14) at 37°C. The
rotation speed was set to 50 rpm. Fractions of the

Table II. Overview of Oral Formulations

Formulation type Dose strength
(mg/unit)

Weight of dosage
form (mg/unit)

Drug load (% w/w) Clinical study

Uncoated tablet 0.5 750 0.07 SAD/MAD
5 750 0.7
40 750 5.3
250 750 33.3

Film-coated tablet 120 450a 26.7 Comparative
bioavailability
study

Granules in stick-pack
formulation

120 936b 12.8

SAD/MAD single and multiple ascending dose studies
aWeight of uncoated tablet core
b Fill weight of stick pack
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formulations containing a constant amount of drug (40 mg)
were tested. Samples were removed after 5, 15, 30, 45, 60, 90,
and 120 min, filtered, and analysed via high performance
liquid chromatography (HPLC) with UV detector. Dissolu-
tion experiments were conducted in triplicate.

Raman Imaging

Raman imaging of 40 mg tablet, 120 mg film-coated
tablet, and 120 mg granules in sachet formulations was
performed using a Renishaw InVia Streamline microscope
(Renishaw plc, Wotton-under-Edge, UK). To obtain a flat
surface of the sample, the tablets were cut in their length
using a Leica EM Trim specimen trimming device (Leica,
Wetzlar, Germany). For data acquisition, the ×20 objective
was used. The excitation wavelength of the laser source was
785 nm. The optical bench was set to use a 1200 l/mm grating,
allowing spectral acquisition between 555 and 1676 cm−1

Raman shifts with a resolution of 1 cm−1. The exposure time
was 0.44 s using a binning of three pixels on the detector
resulting in a spatial resolution of 21.3 μm per pixel. The
image size was approx. 150 × 150 pixels, resulting in 22’500
spectra per image of approx. 3 × 3 mm size.

The false colour images were recalculated using the
direct classical least squares (DCLS) analysis algorithm in
WiRE® 4.1 (Renishaw plc, Wotton-under-Edge, UK), given
the pure spectra of the API and the excipients.

IVIVC Model Development

IVIVC modelling was conducted using the IVIVCPlus®
module in GastroPlus version 9.0. First, an IVIVC model was
developed with a limited number of datasets, i.e. those
obtained from the single-dose PK study, where the 120-mg
film-coated tablet and the 120-mg sachet formulation were
tested. Three different deconvolution methods to obtain an
in vivo dissolution profile were compared: the two-
compartment Loo-Riegelmann method (16), the numerical
deconvolution method (17), and the GastroPlus Mechanistic
Absorption model (18). For the numerical and the GastroPlus
Mechanistic Absorption method, the deconvoluted in vivo
dissolution profiles were fitted using a single and a double
Weibull function for comparison. The deconvoluted in vivo
dissolution profiles were then correlated to the in vitro
dissolution data in FeSSIF pH 5 for each specific formulation.
The best correlation function was selected based on the Akaike
Information Criterion (AIC). The model predictability was
evaluated for each deconvolution method in terms of correlation
coefficient (R2), standard error of prediction (SEP), mean
absolute error (MAE), and AIC. External model validation
was finally done with in vivo data obtained from SAD and
MAD studies.

RESULTS

Pharmacokinet ic Prof i les Fol lowing Oral Drug
Administration

The mean plasma concentration-time profiles following
single administrations of 1.5 to 1250 mg Basmisanil in the fed
state are shown in Fig. 1a (six subjects per dose). The drug

was administered as an uncoated tablet formulation
exhibiting dose strengths of 0.5, 5, 40, and 250 mg in these
studies. Basmisanil was rapidly absorbed with maximum
plasma concentrations (Cmax) observed at approximately 4 h
(Tmax) although some prolongation was apparent at higher
doses. Cmax increased in a dose-proportional manner for
doses up to 160 mg, and in a less than proportional manner
thereafter. The same trend was observed with AUC0-last.

In the single-dose comparative bioavailability study, the
oral exposure following administration of a 120-mg film-
coated tablet and a 120-mg granules formulation was
determined in 18 adults in the fed state. As shown by the
plasma concentration-time profiles in Fig. 1b, significantly
different exposures were observed for the two formulations,
despite their similarity in qualitative composition and the
same applied granulation process. The exposure from the
granules formulation was higher than from the film-coated
tablet, resulting in a Cmax of 1.6 and 1.2 μg/mL and AUC0-inf

of 23.0 and 17.5 μg·h/mL for granules and film-coated tablet,
respectively.

GastroPlus Modelling of Uncoated Tablet Study Data

GastroPlus simulations were conducted for the oral
plasma concentration-time profiles depicted in Fig. 1a, b. We
assumed immediate drug release using the Johnson dissolu-
tion model, while the drug disposition parameters obtained
from two-compartment model fitting were kept constant. The
model captured the dose proportionality observed in expo-
sure from uncoated tablet dosing over a dose range from 1.5
to 1250 mg (tablet formulation), as shown in Fig. 2. While the
prediction of Cmax was excellent over the entire dose range,
AUC was slightly overpredicted especially at lower doses.
However, both observed and predicted values showed a clear
drop in Cmax and AUC at doses higher than approximately
160 mg. The overprediction of AUC in the dose range
<100 mg was due to more rapid elimination at these doses
compared to the 160-mg dose at which disposition kinetics
were determined.

A sensitivity analysis for drug particle radius was
conducted assuming immediate release from a tablet formu-
lation. Three oral doses were simulated (1.5, 120, and 330 mg)
in order to study the parameter sensitivity below, close to, and
above the dose threshold of dose-linear pharmacokinetics,
respectively. As seen in Fig. 3, drug particle radius had a
significant impact on Cmax and Fa. Also, the effect was
strongly dose dependent. For the lowest dose of 1.5 mg, a
critical particle radius was found at approximately 5 μm,
whereas for the 120 and 330 mg doses, this value was
significantly smaller (approx. 2.5 and <1 μm, respectively).

In the GastroPlus model, we assumed that API particles
were distributed into three bins with constant particle radius
in each bin (1.4, 4.7, and 10.1 μm, respectively). The three
bins corresponded to the measured D10, D50, and D90 values
of clinical API batches. Increasing the number of bins had no
significant impact on the simulation results. The simulated
dissolution rate of drug particles belonging to bin 1, bin 2, and
bin 3 in the gastrointestinal lumen, following oral administra-
tion of 1.5, 120, and 330 mg Basmisanil, is reported in the
Supplementary Materials. When simulating the 1.5-mg dose,
complete drug dissolution occurred within the small intestine
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transit time despite the slightly slower dissolution of larger
particles. In contrast, for the 330-mg dose, the % dissolved
profile was comparatively low. Only the smallest particles (bin
1) dissolved completely, while particles in bin 2 and bin 3
resulted in incomplete dissolution within the small intestine
transit time. Also, a clear drop in dissolution rate was
observed after approximately 5 h. The simulated concentra-
tion vs. time profiles of Basmisanil in different regions of the
intestinal lumen (Supplementary Material) showed that, with
the 1.5-mg dose, the intraluminal concentration was signifi-
cantly smaller than the predicted solubility measured in
FeSSIF media. In contrast, following administration of 120
and 330 mg Basmisanil, the solubility limit was reached in the
duodenum and the jejunum.

GastroPlus Modelling of Granules and Film-Coated Tablet
Formulations

In a second step, we studied the in vivo performance of
two different formulations, i.e. the 120-mg granules in sachet
and the 120-mg film-coated tablet formulation. As shown in
Fig. 4a, the GastroPlus model accurately predicted the oral

exposure of the granules in sachet formulation. However, the
result was comparatively poor for the film-coated tablet
formulation. The model significantly overpredicted the
plasma concentrations, resulting in much higher than ob-
served Cmax and AUC (Fig. 4b). The root cause for the
comparatively low exposure with the film-coated tablet
formulation was further investigated via dissolution testing
and Raman spectroscopy.

In Vitro Dissolution Kinetics

The kinetics of drug dissolution from the film-coated
tablet and the granules in sachet formulations was measured
in FeSSIF pH 5.0. A constant dose-to-volume ratio of 40 mg
Basmisanil in 900 mL dissolution medium was kept for each
formulation, which corresponded to 120% of the equilibrium
solubility of Basmisanil in FeSSIF pH 5.0. Accordingly, only
fragments of the film-coated tablets and a defined proportion
of the granules were used.

The dissolution curves for the two formulations are
presented in Fig. 5. In addition, the dissolution profile of the
granules used for tablet compression and those of the final

Fig. 1. Mean observed plasma concentration-time profiles following oral administration of a tablet formulations and b granules and film-coated
tablet formulations to healthy adult subjects in the fed state

Fig. 2. Mean observed (empty square, ± standard deviation) and simulated (continuous line) dose normalised Cmax (a) and AUC (b) values
obtained from uncoated tablet studies
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tablet blend containing the extragranular phase were deter-
mined. The granules for sachet formulation exhibited the
fastest dissolution, reaching the solubility limit in FeSSIF
within 45 min. Dissolution from the film-coated tablet
formulation was significantly slower and only about 50% of
the incorporated drug substance dissolved within 120 min.
The granules intended for tablet compression and the final
tableting blend showed faster dissolution profiles than the
film-coated tablet. It was confirmed in a separate experiment
that the film-coating did not have significant influence on the
dissolution behaviour under simulated gastric and intestinal
conditions (data are not presented here).

Raman Imaging of Basmisanil Formulations

Raman images in Fig. 6 show the distribution of API in
the formulation matrix of the 40-mg tablet, the 120-mg film-
coated tablet, and the 120-mg granules in sachet formulation.
All formulations exhibited areas with high drug particle
density, which suggested that the API had cohesive properties
in the excipients mixture. This effect was even more
pronounced following tablet compression and can be ob-
served when comparing the images of the two tablets and the
granules formulation.

A major difference however existed between the 120-mg
film-coated tablet and the other two formulations. The 120-
mg film-coated tablet showed large agglomerated clusters, in
which the drug particles formed a coherent network in the
tablet matrix. The other two formulations showed API-rich
regions as well, but excipients were still detected within these
regions (visible as black shaded regions in Raman images). It
can therefore be assumed that the combination of cohesive
properties of the micronized API, the compression pressure
during tableting, and the high drug load in the tablet
formulation resulted in the formation of a coherent API
network in the tablet matrix of the 120 mg film-coated tablet.

IVIVC Model

An IVIVC model was developed using in vitro dissolu-
tion and in vivo plasma concentration-time profiles for the
120-mg granules and the 120-mg film-coated tablet formula-
tions. The AIC suggested that the best IVIVC was obtained
using the GastroPlus Mechanistic Absorption model to
deconvolute in vivo data and the single Weibull function to
fit the in vivo dissolution profiles. The correlation between
in vitro and in vivo data was best described by a power
function resulting in an R2 value of 0.990 (Fig. 7). In contrast,

Fig. 3. Simulated impact of drug particle radius on a Cmax and b the fraction absorbed following oral administration of 1.5, 120, and 330 mg
Basmisanil. The grey line shows the mean drug particle radius of Basmisanil administered in clinical studies

Fig. 4. Observed and simulated plasma concentration-time profiles following oral administration of a 120 mg granules in sachet and b 120 mg
film-coated tablet formulation. Observed data represent mean values and standard deviations (n = 18)
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the model performance obtained from the Loo-Riegelmann
and the numerical deconvolution method was comparatively

poor with R2 values smaller than 0.90. The individual R2, SEP,
MAE, and AIC values for different deconvolution methods
are reported in the Supplementary Material.

Validation of the IVIVC model was conducted with the
plasma concentration-time profiles obtained following admin-
istration of 0.5 to 1250 mg as tablet formulation (MAD and
SAD study data). The model provided a good prediction of
oral exposure over the entire dose range, as shown in Fig. 8.
The plasma concentration-time profiles, which were predicted
using the IVIVC model, were included in the Supplementary
Material.

DISCUSSION

Understanding the mechanism of drug liberation, disso-
lution, and absorption from the gastrointestinal tract is of key
importance for the development of high quality drug prod-
ucts. In the present study, we investigated the rate-limiting
processes for oral absorption of the poorly water-soluble
compound Basmisanil and the difference in exposure be-
tween two formulations by means of oral absorption model-
ling and dissolution testing.

The oral absorption model developed using GastroPlus
was in most of the cases well predictive for in vivo exposure
over a large dose range. However, some discrepancy was
observed depending on the formulation. The model predic-
tion was comparatively poor for the 120-mg film-coated tablet
data, which exhibited lower peak plasma concentrations
compared to the granules formulation, even though the same
dose of 120 mg was administered (Fig. 1b). This observation
suggested that there was an underlying difference in release
kinetics between the two dosage forms, which was further
investigated.

SAD and MAD study data showed a dose proportional
increase in Cmax and AUC in the dose range from 1.5 to
approximately 160 mg, but less than proportional exposure
for higher doses (Fig. 1a). The GastroPlus model resulted in
an excellent prediction of this non-linearity, particularly with
regard to Cmax (Fig. 2a). It was therefore reasonable to
explore the mechanism of this dose-dependent exposure by
means of oral absorption modelling.

The particle size of Basmisanil was found to be a critical
parameter with regard to drug absorption (Fig. 3). The
simulated intraluminal dissolution profiles of small, medium,
and large drug particles suggested an initial dissolution rate-
limited drug release, followed by a saturation effect of
intestinal fluids during later intestinal transit. Based on
FeSSIF solubility data, the 1.5-mg drug dose can be assumed
to be completely soluble in the fed state intestine. Therefore,
drug absorption was likely limited by the dissolution rate
only. At higher dose levels, however, the concentration of
dissolved Basmisanil approached the solubility limit in
intestinal fluids. Drug release and absorption were initially
dissolution rate limited, but became solubility-limited follow-
ing solubilisation of the small particles fraction. This effect
could explain the drop in dissolution during intestinal transit
as well as the incomplete drug absorption observed at higher
doses.

The findings on the rate-limiting processes in oral
absorption of Basmisanil indicated potential root causes for
the difference in exposure between the granules and the film-

Fig. 5. Dissolution profiles (mean ± standard deviation, n = 3) of
granules in sachet (filled circle), granules for compression of 120 mg
film-coated tablets (empty triangle), final blend for compression of
120 mg film-coated tablets (empty diamond), and film-coated tablet
(filled square) in FeSSIF pH 5

Fig. 6. Raman images of 40 mg tablets (a, b), 120 mg film-coated
tablets (c, d), and 120 mg granules in sachet formulation (e, f). Each
formulation is shown in two different magnifications. Basmisanil is
marked in red and the tablet matrix in black
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coated tablet formulation. These two formulations were
administered at single doses of 120 mg and, at this dose, oral
exposure was shown to be particularly sensitive towards
particle size (Fig. 3). Minor changes in API and/or formula-
tion properties may therefore influence the drug release
behaviour and the rate of absorption.

To investigate the formulation properties and their
impact on drug release, we conducted in vitro dissolution
studies in FeSSIF and Raman imaging. The in vitro dissolu-
tion method captured a difference in drug release between
the granules in sachets and the film-coated tablet. Tablet
compression had some influence on the kinetics of dissolu-
tion, which was in good agreement with previous findings
(19). However, a significant difference was observed between
the dissolution rate of the granules for tablet compression and
the granules in sachet formulation. Considering that the
qualitative composition and the manufacturing technology
(roll compaction) of the two granules were identical and the
two formulations only differed in drug load (12.8 vs. 34.2% w/
w), this formulation property was supposed to be the root
cause for the difference in dissolution behaviour and in vivo

plasma profiles between formulations. The percolation theory
describes the formation of clusters in a random system. In a
binary powder system consisting of components A and B, the
particles of component A form isolated clusters within a
continuous phase of the component B below a critical
concentration that is referred to as the percolation threshold.
Once the percolation threshold of component A is exceeded,
these particles form a coherent network (infinite cluster) and
dominate the characteristics of the whole system (20–23).

Raman images evidenced that the micronized primary
API particles were not dispersed as single particles in the
tablet, but formed large agglomerated clusters that percolated
the hydrophilic tablet matrix. It is reasonable to assume that,
after tablet disintegration, the agglomeration of micronized
API particles resulted in the release of large clusters instead
of micronized primary particles (24). This observation was in-
line with the results of parameter sensitivity analysis.

Drug particle agglomeration could be attributed to the
fact that the manufacturing process involved two unit
operations, which were both based on densification via
pressure, i.e. roll compaction and tablet compression. Addi-
tionally, increasing the drug load resulted in a higher drug-
excipient ratio in the solid formulation, which facilitated the
agglomeration of drug particles. The results of parameter
sensitivity analysis, in vitro dissolution studies, and Raman
imaging allowed the conclusion that the critical concentration
of the poorly soluble API was exceeded in the 120-mg film-
coated tablet formulation which was likely the root cause of
the difference in dissolution behaviour and the discrepancy
that was observed during pharmacokinetic modelling for this
formulation.

In the dose range below approx. 160 mg Basmisanil, the
GastroPlus model resulted in an accurate prediction of oral
exposure for those formulations which released primary drug
particles following disintegration (i.e. drug load below
percolation threshold). In this case, the absorption rate was
mainly driven by the dissolution rate of primary particles. The
simulation was however comparatively poor when clustering
of micronized API particles occurred during powder com-
pression, as shown for the film-coated tablet. In those

Fig. 7. Correlation between in vitro and in vivo dissolution data
obtained following deconvolution of in vivo profiles using the
GastroPlus Mechanistic Absorption Model. The data were best fitted
by a power correlation function

Fig. 8. Observed versus predicted a Cmax and b AUC values resulting from the IVIVC model developed using the GastroPlus mechanistic
absorption model as deconvolution method and by fitting a double Weibull function to the in vivo dissolution data. The open symbols represent
the two datasets used for IVIVC model development
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situations, the establishment of an IVIVC model provides
clear advantages for predicting oral exposure, as it captures
the release properties of the entire formulation including the
influence of excipients and process parameters on the release
profile.

In the present study we compared the suitability of the
Loo-Riegelmann, the numerical deconvolution, and the
GastroPlus Mechanistic Absorption model as deconvolution
methods for modelling the in vivo dissolution profiles of
Basmisanil. The GastroPlus Mechanistic Absorption method
was superior to the traditional deconvolution methods. An
excellent correlation was obtained between deconvoluted
in vivo dissolution profiles and the in vitro dissolution data
in FeSSIF. This deconvolution process considers the full
Advanced Compartmental Absorption and Transit (ACAT)
model and, in general, it allows modelling of complex (pre-
)absorption processes such as regionally dependent absorp-
tion, pH-dependent solubility, precipitation, influx and efflux
transport, food effect, and saturable kinetics. This is different
from the traditional and comparatively simple Loo-
Riegelmann or numerical deconvolution, which are typically
used for IVIVCs in the fasted state. These methods were
shown to be suitable for compounds with linear and non-
saturable absorption kinetics that are well-absorbed through-
out the GI tract (25–27). In the case of Basmisanil, however,
the kinetics of drug absorption is dissolution rate and
solubility-limited, depending on the dose, and is influenced
by the fed state physiology (e.g. prolonged gastric emptying
time), in which case the GastroPlus Mechanistic Absorption
method provided a clear benefit.

CONCLUSIONS

The present study evidences the strengths of combined
absorption modelling and in vitro dissolution testing to
elucidate the rate-limiting steps of oral drug absorption.
These tools were applied to explain the difference in oral
systemic exposure between two immediate-release formula-
tions containing a BCS class 2 compound. The drug load of a
poorly water-soluble and micronized API was shown to have
a critical impact on the dissolution rate and in vivo perfor-
mance of solid dosage forms which were manufactured via
roll compaction. Moreover, an IVIVC model was developed
which supports future formulation development as a link
between formulation properties and in vivo formulation
performance. In case of Basmisanil, which undergoes dose-
dependent dissolution- and solubility-limited absorption and
which was administered in the fed state, the use of a
mechanistic deconvolution method provided a clear benefit
in terms of IVIVC model performance.

Such advanced understanding of in vivo formulation
performance is important for a rational and science-driven
development of oral formulations according to the QbD
strategy. The study finally illustrates the validity and applica-
bility of biopharmaceutical in vitro and in silico tools and
demonstrates their potential during drug development.
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