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1. Introduction and objective
1.1. Introduction
It is a great compound, but it has a minor formulation issue.
Phrases like these are always a question of interpretation. But what does it mean for
pharmaceutical scientists? Despite high drug efficacy, formulation issues of a drug can impede
the development of new drug products. Formulation issues can be related to the
manufacturability or the stability of the developed product, which typically includes a drug and
various excipients. From a biopharmaceutical point of view, poor oral bioavailability of a drug
is one of the greatest challenges for formulation scientists. Poor bioavailability can result from
many factors, like poor intestinal permeability, instability under intestinal conditions, or presystemic metabolic processes, such as a high first-pass-effect. Furthermore, the processes of
liberation, involving disintegration and dissolution, often represent limiting factors for oral
bioavailability. Therefore, formulation scientists and biopharmaceutical scientists focus on the
interplay between the properties of a formulation, the physicochemical and pharmacokinetic
parameters of a certain drug, as well as human gastrointestinal (GI) physiology.
BCS and poor drug solubility
The Biopharmaceutics Classification System (BCS) was developed by Amidon and coworkers to classify drugs that are administered as immediate release (IR) formulations based on
their solubility and permeability (Figure 1) [1].
A drug is regarded as ‘highly soluble’ when the
highest single dose is soluble in ≤ 250 mL of
aqueous media within the pH range between
pH 1 and pH 6.8. In addition, a drug is
considered to be ‘highly permeable’ if the
systemic bioavailability or extent of absorption
of an administered dose is 85% or more [2]. A
recent article by Ting et al. described that about
30% and 10% of marketed drugs, and 60-70%
and 10-20% of new drug candidates in the
discovery pipelines of pharma companies

Figure 1. Biopharmaceutics Classification
System of drugs dependent on their
permeability and solubility (modified from
Ting et al. 2018).

belong to the BCS classes II (low solubility, high permeability) and IV (low solubility, low
Circle charts
marketed
(left)suffer
and
permeability) (Figure 2) [3]. Consequently, up to Figure
90% of1.marketed
and ofpipeline
drugs

from poor aqueous solubility.

pipeline drugs (right) classified by BCS classes
(Fehler! Ungültiger Eigenverweis auf
Textmarke.) (modified from Ting et al. 2018,
Biconjugate
Chemistry).Figure
2.
Biopharmaceutical Classification System of
drugs dependent on their permeability and
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Figure 2. Circle charts of marketed (left) and pipeline drugs (right) classified by BCS classes
(modified from Ting et al. 2018).

Since a drug can only be absorbed in its dissolved form, poor aqueous solubility can lead to
Figure 223. Schematic representation of the two automated in vitro transfer model set-ups.Figure
high
variability and decreased absorption and thus, results in poor and variable oral
224. Circle charts of marketed (left) and pipeline drugs (right) classified by BCS classes (Figure 1.
bioavailability.
Consequently,
amounts
the drug are
required
to achieve
desired
Biopharmaceutics
Classificationhigher
System
of drugsofdependent
on their
permeability
andthe
solubility
(modified from Ting et al. 2018).

therapeutic effect, which, in turn, potentially impairs drug safety [4].
Poor drug solubility – root cause and consequences

Figure 1. Circle charts of marketed (left) and pipeline drugs (right) classified by BCS classes (Fehler!
Ungültiger
Textmarke.)
Ting by
et the
al. 2018,
Biconjugate
Nowadays,Eigenverweis
new chemical auf
entities
(NCEs) are(modified
typically from
discovered
application
of high
Chemistry).Figure 2. Biopharmaceutical Classification System of drugs dependent on their
throughput
(HTS)
permeabilityscreening
and solubility
. and combinatorial and computational chemistry. In general, HTS

is applied to identify drugs with high potency, whereby the driving force of drug-receptor
binding is mostly related to hydrophobic interactions. Consequently, strong hydrophobic
Figure 3. Circle charts of marketed (left) and pipeline drugs (right) classified by BCS classes (Fehler!

interactions
Ungültigersuch
Eigenverweis
as pi-pi stacking
auf Textmarke.)
of aromatic ring
(modified
systemsfrom
causeTing
high planarity
et al. 2018,
of NCEs,
Biconjugate
which,
Chemistry).

in turn, lead to decreased aqueous solubility [5]. As a result of their low aqueous solubility, these
compounds often show poor oral bioavailability [3, 6]. For example, the solubility of the tyrosine
Figureinhibitor
4. Schematic
representation
of the
® two automated in vitro transfer model set-ups.Figure 5.
kinase
pazopanib
(Votrient
, HCl-salt; Novartis AG, Basel, Swiss), which is
Circle charts of marketed (left) and pipeline drugs (right) classified by BCS classes (Fehler!

administered
single doses auf
of 800
mg, is 0.8 (modified
µg/mL atfrom
pH 7.4
a volume of
Ungültiger in
Eigenverweis
Textmarke.)
Ting[7].etTherefore,
al. 2018, Biconjugate
Chemistry).Figure
6. Biopharmaceutical
Systemhighlighting
of drugs dependent
on risk
theirof
1000
L would be required
to dissolve a doseClassification
of 800 mg, clearly
the potential
permeability and solubility .

impaired absorption. According to the BCS, pazopanib is classified as a ‘low solubility’ drug.
Compared to marble (calcium carbonate), which yields a solubility of about 14 µg/mL at neutral
Figure 7. Circle charts of marketed (left) and pipeline drugs (right) classified by BCS classes (Fehler!

pH
[8], pazopanib
and many auf
otherTextmarke.)
drugs show (modified
a substantially
solubility.
In case
Ungültiger
Eigenverweis
from lower
Ting aqueous
et al. 2018,
Biconjugate
Chemistry).Figure
8.
Biopharmaceutical
System of drugs
dependent
on their
these
‘practically insoluble’
drugs [9] show Classification
both low hydrophilicity
and low
lipophilicity,
they
permeability and solubility .

are also called brick-dust molecules.
Several strategies are being applied to overcome the problems associated with poor and pH-

Figure 9. Circle charts of marketed (left) and pipeline drugs (right) classified by BCS classes (Fehler!
dependent
aqueous solubility
of orally
administered
drugs
such Biconjugate
as the risk Chemistry).
of impaired
Ungültiger Eigenverweis
auf Textmarke.)
(modified
from Ting
et al. 2018,

absorption and bioavailability. The main approaches are the formation of salts and the
development
of so-called
enabling formulations.
The formation
of saltsmodel
has been
successfully
Figure 10. Schematic
representation
of the two automated
in vitro transfer
set-ups.Figure
11. Circle
charts poorly
of marketed
(left)
and pipelinetodrugs
(right)
classified
by BCS
classesIn
(Fehler!
applied
to various
soluble
compounds
increase
their
aqueous
solubility.
case of
Ungültiger Eigenverweis auf Textmarke.) (modified from Ting et al. 2018, Biconjugate
Chemistry).
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imatinib, another kinase inhibitor, the formation of a mesylate salt yielded substantially higher
solubility [4, 10]. Thus, imatinib-mesylate is freely soluble in aqueous media with a pH of up to
5.5, and its absolute bioavailability is 98% [11]. The term ‘enabling formulation’ summarizes
various formulation strategies that can be used to optimize the in vivo performance of orally
administered drugs. This includes techniques such as the amorphization or complexation of
drugs, but also the use of mesoporous carriers or self-emulsifying drug delivery systems [12].
The formation of amorphous systems, for example by spray-drying, hot-melt extrusion, or coprecipitation, is a commonly applied formulation strategy to increase the solubility of poorly
soluble drugs. Therefore, the number of Food and Drug Administration (FDA)-approved
amorphous solid dispersions (ASDs) considerably increased in the last two decades [13]. For
example, Zelboraf®, which contains the kinase inhibitor vemurafenib (BCS class IV), represents
a marketed product that is produced via co-precipitation of the drug together with a polymer.
The solubility of vemurafenib (in Fasted State Simulated Intestinal Fluid (FaSSIF)) in this
amorphous co-precipitate formulation is increased by a factor of 30 from around 1 µg/mL for
the crystalline drug to approximately 30 µg/mL for the ASD [14]. Similarly, the amorphous
formulation yields a 4- to 5-fold increase in oral exposure compared with crystalline material.
Kaletra®, containing the two human immunodeficiency virus (HIV) protease inhibitors lopinavir
and ritonavir, demonstrates how pharmacokinetic (PK) variability can be descreased through
amorphization of the drug substance [15].
GI physiology – why is this important for oral targeted therapy?
Since the oral route of administration is the one with the highest acceptance and patient
compliance, the consideration of GI physiology represents a key aspect during the
characterization and pharmaceutical development of NCEs. Apart from the physicochemical
properties of the drug as well as the formulation characteristics, the rate and degree of
dissolution of a drug depends on the physiological environment in the human GI tract. Drug
solubility and dissolution, representing prerequisites for absorption, can be influenced by several
physiological factors, such as the volume and distribution of free fluids, the levels of bile salts
and phospholipids, or physicochemical properties of the luminal fluids such as pH value, buffer
capacity, or viscosity (Table 1) [16]. Additionally, it must be taken into account that the human
stomach is not an absorptive compartment. In contrast, mainly due to its large surface area, the
small intestine is generally the major site for drug absorption for the majority of orally
administered drugs [16-18]. Based on the anatomical and physiological differences between the
stomach and the small intestine, and their role for absorption, the transit times through the
human GI tract and the GI motility play another important role for drug dissolution and
absorption.

4

Introduction and objective

Table 1.

Comparison of parameters relevant for drug dissolution and absorption along the upper
human GI tract in the fasted state.
Stomach

Surface area (m2)

Duodenum

Small intestine
Jejunum

Ileum

0.053[19]

30[20] *

Total fluid volume
(mL)

21 ± 17[21]
85 ± 29[22]

43 ± 14[23] *
105 ± 72[24] *

pH

1.7 – 3.3[25]

5.0 – 7.0[25]

6.0 – 7.8[25]

6.5 – 8.0[25]

7 – 18[25]

4 – 13[16]

2.4 – 2.8[16]

6.4[16]

0.08 ± 0.03[26]
0.081[27]

1-5.3[28]
0.3 –9.6[29]

0.8 – 5.5[30]
0 –17[31]

2 – 10[32]

-

0.1 – 1.5[29]
0.03 – 0.06[28]

0.2 ± 0.07[33]

-

Buffer capacity
(mmol/L/ΔpH)
Concentration of bile
salts (mM)
Concentration of
phospholipids (mM)

* for entire small intestine, - indicates that no data is available

Furthermore, it must be considered that the luminal conditions in the human GI tract are
highly dynamic and that parameters such as gastric and intestinal fluid volumes or pH values
show high variability under fasting and fed conditions [21, 34, 35]. This variability in GI
parameters becomes especially important when the absorption of a drug is affected by solubility
limitations and/or by pH-dependent solubility of the drug.
pH-dependent solubility – a challenge for formulation development
Weakly basic drugs with basic pKa values of ≤ 6.7 like the kinase inhibitors pazopanib (BCS
class II, basic pKa 2.1 and 6.4 [36]) and lapatinib (BCS class IV, basic pKa 4.6 and 6.7 [37])
represent a considerable proportion of drugs approved in the past and of current pipeline drugs
[38]. Given the physiological differences between stomach and small intestine, their pHdependent solubility represents a major challenge for the development of oral formulations [36,
39].
Budha et al. investigated clinical data from 15 orally administered anti-cancer drugs and
discussed if poor and especially pH-dependent solubility is the ‘achilles heel of oral targeted
therapy’ [36]. For this purpose, the extent of the interaction with acid-reducing agents, which
increase the gastric pH and lower the gastric solubility of weakly basic drugs, was taken into
particular consideration. The authors conclude that the effect of an elevated gastric pH was
greatest for those compounds that show a significant drop in aqueous solubility between pH 1
and pH 4. These pH values are all within the physiologically relevant gastric pH range of pH 15, measured after administration of a glass of water in the fasted state [40, 41]. In contrast, after
the administration of acid-reducing agents, gastric pH values are generally above pH 4 [42]. Two
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of the drugs that have been described in the review by Budha et al. are pazopanib and lapatinib.
The PK of these two drugs in humans is complex and not yet fully understood. However, the
solubility of the two kinase inhibitors is described to be pH-dependent, with higher solubility
under acidic conditions and lower solubility under less acidic or neutral conditions [36]. Based
on this pH-dependent solubility, the bioavailability of pazopanib and lapatinib substantially
decreased in patients with concomitant esomeprazole medication. In case of pazopanib, the area
under the curve (AUC) and maximum concentration (Cmax) decreased by 40% and 42%, whereas
in case of lapatinib AUC and Cmax decreased by 26% and 25% [37, 43]. In addition, the
absorption of both drugs in clinically relevant doses of 800 mg pazopanib and 1250 mg lapatinib,
respectively, was found to be incomplete and highly variable in the fasted state [44, 45]. Based
on these data, it can be assumed that the oral absorption of these compounds suffers from
solubility issues, which may be attributed to their low and pH-dependent solubility.
In case of an IR formulation, the following scenario needs to be taken into account: weakly
basic drugs usually experience a higher solubility in the acidic environment of the human
stomach, but this effect is often reversed by their low solubility in the more neutral luminal
fluids of the small intestine. If the luminal pH is higher or similar to the pKa of the base, the
pH-shift caused by bicarbonate secretion into the duodenum can reduce the solubility of weakly
basic drugs and induce the precipitation of the drug. Therefore, pH-dependent dissolution and
precipitation during GI transit can have a dramatic impact on the absorption of weakly basic
and poorly soluble drugs [36]. In order to understand the kinetics of these processes, a profound
understanding of the physicochemical properties of the drug and of the luminal conditions
inside the human GI tract is required.
The stomach is not a waiting room
In the last years, different in vivo tools were used to generate information on GI physiology
in humans. The analysis of GI parameters after the intake of telemetric capsules, such as the
Intellicap® or the SmartPill®, in the fasted and fed state yielded new insights into GI residence
times, pH- and temperature-profiles, and GI pressure activity [41, 46]. Using these telemetric
capsules, Koziolek et al. and Schneider et al. were able to record realistic pH profiles after the
intake of the capsules with 240 mL of water [40, 41]. In these studies, the authors demonstrated
that unexpectedly high pH values, median pH of 4.6, after water intake were present in the
fasted stomach. The pH during gastric residence of the capsules was observed to be substantially
lower with a median pH of 1.2, clearly showing a pH-profile in the fasted stomach after the
intake of water. Variable gastric pH values and the presence of pH-profiles after water intake
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may therefore be especially important for pH-dependent soluble drugs which need to dissolve
in the acidic stomach.
In the fasted state, gastric motility in the presence of large and non-disintegrating objects is
dictated by the migrating motor complex (MMC). This cyclic motor pattern, which is present
during the interdigestive state from the stomach until the ileum, consists of four phases of
different lengths and intensities [47, 48]. Recently, using magnetic resonance imaging (MRI),
Grimm et al. showed that the gastric emptying as well as the residual (acidic) gastric volume was
highly variable even under highly standardized fasting conditions [49]. Consequently, the high
variability in these physiological gastric parameters can affect the solubility of weakly basic and
poorly soluble drugs, and may thus be a source contributing to variability in drug dissolution
and absorption. Since physiological parameters, such as gastric pH, fluid volume, and emptying
can mainly affect drug dissolution and dictate how a drug appears at the site of absorption and
precipitation, the stomach does not only represent a waiting room prior to intestinal drug
absorption.
Dynamic conditions in the small intestine
In several studies, the intestinal fluid volume was additionally observed to be variable [23,
24]. Moreover, it has been described that the small intestine is not continuously filled with fluid.
Instead, it is known that the intestinal volume, being approximately 105 ± 72 mL in the fasted
state [23], is the sum of multiple fluid pockets which are located in the intestine, rather than a
water front [21]. Therefore, the intestine may not represent a favorable place for drug
dissolution and, consequently, contributes to the overall high variability [21, 23, 24]. Compared
to the stomach, the pH values in the small intestine are less variable which can be explained by
the intestinal secretion of buffering bicarbonate [21]. Additionally, it has been demonstrated
that remarkable fluctuations in intestinal pH were only observed in proximal parts, but not in
distal parts of the small intestine [40]. Fluctuations in the proximal parts were related to the
entry of small amounts of gastric fluid. However, these fluctuations disappear with increasing
intestinal residence times [21].
Since drugs can only be absorbed in their dissolved form, and given the role of the small
intestine for oral drug absorption, the analysis of intestinal drug concentrations is key to assess
the impact of drug dissolution on drug absorption. However, luminal drug concentrations can
be studied in vivo only by aspiration of luminal contents [50, 51]. Therefore, information on the
in vivo behavior of drugs are hard to obtain. The aim of these studies is to directly measure the
luminal drug concentrations after oral drug administration using aspiration of GI fluids through
catheters which were introduced into the stomach and small intestine via mouth or nose. By
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that, the effect of formulations or excipients, aiming to increase intestinal drug concentrations,
can be additionally studied [52].
Intestinal drug precipitation – a highly dynamic process
The following chapter provides an
overview of the current understanding of
intestinal drug precipitation. Most of the
information presented is based on in vitro
experiments, in which a drug is transferred
either dissolved or undissolved from a
simulated gastric into a simulated intestinal
compartment. Figure 3 shows how drug
concentrations can change from stomach to
small intestine. After a dissolved weakly basic
drug enters the duodenum, the range of
precipitation events can range from no

Figure 3. Schematic figure of pH-dependent
precipitation events of a weak base during GI
transit.

precipitation to immediate precipitation. In case of immediate precipitation during GI transit
Figure
383.
Circle
chartsavailable
of marketed
and
and an ongoing pH-shift, it is assumed that the
drug
is no
longer
for (left)
intestinal
pipeline drugs (right) classified by BCS classes

absorption. In the case of no precipitation, the drug
stays in solution during GI transit and thus,
(Figure 1. Biopharmaceutics Classification
System
of drugs
dependent
on intermediate
their permeability
can be absorbed from the small intestine to a high
extent.
In most
cases, an
state
and solubility (modified from Ting et al. 2018).

of high intestinal solubility with subsequent precipitation of the drug can be assumed [53]. This
intermediate state is also known as supersaturated state, which is characterized by a higher free
Figure
1. Circle thermodynamic
charts of marketed
(left) and
energy (higher chemical potential) compared to
the saturated
(equilibrium)
pipeline drugs (right) classified by BCS classes

solubility [54]. Consequently, the more favored and
stable equilibrium
is reached by phase
(Fehler!
Ungültiger state
Eigenverweis
auf
Textmarke.)
from or
Ting
et al. 2018,
separation via precipitation to a solid [53, 54]. Precipitation
to (modified
an amorphous
crystalline
solid
Biconjugate

Chemistry).Figure

2.

can be divided into the steps of nucleation and crystal
growth of emerging
particles
Biopharmaceutical
Classification
System[55].
of drugs
dependent on their permeability and solubility .

Based on the assumption that amorphous material shows faster re-dissolution kinetics
compared to crystalline material [56], the solid-state characteristics, for example amorphous vs.
Figure 3. Circle charts of marketed (left) and

crystalline, may essentially impact drug dissolution
and
absorption.
Furthermore,
pipeline
drugs
(right) classified
by BCS different
classes
(Fehler!forms
Ungültiger
auf
crystalline forms such as the free base, salt, or hydrate
may show aEigenverweis
different dissolution
Textmarke.) (modified from Ting et al. 2018,

behavior. To date, solid-state characteristics of precipitates
in vitro assays, mimicking drug
Biconjugate from
Chemistry).
transfer from the stomach to the small intestine, or from in vivo luminal sampling studies have
only been rarely reported [57-59]. Thus, the extent and impact of drug precipitation on intestinal
Figure 4. Schematic representation of the two

drug dissolution and absorption is not yet fully understood.
automated in vitro transfer model set-ups.Figure
5. Circle charts of marketed (left) and pipeline
drugs (right) classified by BCS classes (Fehler!
Ungültiger Eigenverweis auf Textmarke.)
(modified from Ting et al. 2018, Biconjugate
Chemistry).Figure 6.
Biopharmaceutical
Classification System of drugs dependent on their
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Precipitation inhibitors
One option to increase intestinal drug concentrations is to inhibit drug precipitation.

According to the ‘spring and parachute’ approach described by Augustijns and Brewster [60],
the addition of certain polymers such as hydroxypropyl methylcellulose (HPMC) can cause the
inhibition of precipitation, the so-called ‘parachute’ effect. By the addition of polymers, the
supersaturated state, also termed ‘spring’, can be maintained for longer times, which is generated
during GI transit, by simply adding them to the drug without using any further formulation
techniques.
Due to its molecular complexity, the mechanisms of precipitation inhibition are not yet fully
understood. Up to date, there are various theories trying to describe precipitation inhibition
which can be achieved using excipients and formulation strategies. Currently discussed
hypotheses include a reduced nucleation and subsequent reduced crystal growth through the
interaction of an excipient with the respective drug, polymer adsorption onto growing crystal
surfaces which prevents drug crystallization, and higher energy required for drug diffusion
through increased viscosity [61]. Song et al. hypothesized specific ionic interactions between the
(basic) lapatinib and the acidic polymer hydroxypropyl methylcellulose phthalate (HPMCP)
based on predicted pKa differences [62]. Using powder X-ray diffraction (PXRD), differential
scanning calorimetry (DSC), and 15N solid-state nuclear magnetic resonance (NMR), the authors
were able to demonstrate the ionic interactions in the amorphous system of lapatinib-HPMCP
mixtures, after spray-drying, by an increased glass transition temperature (Tg) and an altered
chemical shift of the aliphatic amine nitrogen, indicating the protonated form of the secondary
amine in lapatinib.
Due to the risk of pH-dependent drug precipitation during GI transit, and given the high
number of weakly basic drugs and NCEs, the in vitro investigation of drug dissolution with and
without precipitation inhibitors (PIs) represents a key parameter during drug development to
assess potential risks for drug absorption. Since the degree of supersaturation (DOS) strongly
affects the intestinal precipitation of a weak base, the consideration of GI parameters, especially
of the conditions in the stomach, is highly important. Moreover, the concentration by which
weakly basic drugs will be emptied from the stomach into the small intestine, depends on various
physiological parameters such as the volume and composition of gastric fluid or gastric pH.
Therefore, high variability in these parameters makes the development of predictive in vitro tools
more challenging.
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In vitro models to study drug dissolution, supersaturation, and precipitation
Various in vitro tools for a biorelevant simulation of physiologically relevant GI processes
have already been proposed [17, 63, 64]. Due to the high variability of several GI parameters
and the low solubility of the majority of marketed drugs and NCEs, the investigation of drug
substance and drug product solubility and dissolution in vitro is key to assess the impact of these
parameters on luminal drug concentrations and thus, on oral drug absorption in humans.
Although the dissolution apparatuses described in the pharmacopoeias represent valuable in vitro
tools to characterize drug products during quality control settings, their application to guide
formulation development and optimization is hampered by their simple and non-physiological
design [65]. Therefore, the development of biopredictive in vitro tools, with the aim to better
reflect human physiology and to better predict its impact on drug absorption, has increasingly
gained attention in the past [17, 66].
A first step towards the development of more biopredictive dissolution and solubility setups was the introduction of biorelevant media. Based on aspiration data from human GI fluids,
media such as Fasted and Fed State Simulated Intestinal Fluid (FaSSIF and FeSSIF) were
designed to mimic human GI conditions more closely [66]. The majority of media used for the
simulation of intestinal fluids contain bile salts and phospholipids, but they are mainly based on
non-physiological buffer systems. For example, phosphate and maleate buffers with a pH of 6.5
and pH 6.7 are used for the preparation of different versions of FaSSIF (-V1, -V2, and -V3)
[67-69]. These simple buffers are able to provide sufficient buffer capacity and stability over the
anticipated time course of an in vitro experiment at physiologically relevant pH values, but neither
of these buffers is actually physiologically relevant. Instead, it is widely known that small
intestinal luminal contents are mainly buffered by hydrogen carbonate (HCO3-) ions [70]. Due
to its complex nature, that results in a loss of carbon dioxide (CO2), and the associated instability,
the bicarbonate buffer has only been rarely used in the past. Interestingly, an approach to
integrate a biorelevant bicarbonate buffer into an in vitro model that mimics drug transfer from
the stomach into the small intestine has not been described in the literature so far. However, it
can be assumed that the selection of the buffer system can make a significant difference for the
dissolution and precipitation behavior of various drugs [71].
To date, there is no in vitro tool available which captures all relevant aspects to reliably predict
both drug dissolution and absorption in vivo. Based on the complex human GI physiology, the
development of such a model may be not favorable in terms of the high complexity required in
vitro. Since many years, the in vitro tool with the highest degree of complexity is the TNO
intestinal model-1 (TIM-1) [72]. The TIM-1 system comprises of four compartments that
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simulate stomach, duodenum, jejunum, and ileum. These compartments are separated via valves
to allow the controlled transfer of contents from one compartment to the other. Different
physiologically relevant parameters, such as transit times, luminal pH values, temperatures and
fluid compositions are captured in this model. In contrast to many other models, it even allows
to simulate drug absorption via the use of hollow fibre membranes present in the simulated
jejunum and ileum. Nowadays, the TIM-1 is used to study drug dissolution under simulated
fasted as well as under fed state conditions, to provide an estimate on the bioequivalence of
formulations, to predict dose linearity in exposure, and to support drug discovery and
development in general questions such as candidate or formulation selection [73-75].
The in vitro transfer model, published by Kostewicz
et al., represents a two-compartmental dissolution
model that is based on the USP II paddle apparatus
[76]. The transfer model was developed to investigate
the supersaturation and precipitation potential of
weakly basic drugs with pH-dependent solubility
during GI transit and therefore, it consists of a
simulated

gastric

and

a

simulated

intestinal

compartment. Even though the transfer model does
not take into account luminal absorption in the small

Figure 4. Transfer model set-up
modified from Kostewicz et al. 2004.

intestine, the simplicity of this model allows to study the effect of single parameters, such as
gastric emptying or hydrodynamics, on drug concentrations in the simulated intestinal
compartment [77]. It has furthermore been applied to study the potential of excipients or
formulations to prevent weak bases from pH-dependent precipitation during simulated GI
transit [78, 79]. For example, Dressman et al. described the combination of mesoporous silica
formulations and polymers to enhance the in vitro supersaturation and to inhibit the intestinal
precipitation of fenofibrate [78]. According to the ‘spring and parachute’ approach, the use of
the mesoporous silica formulation increased the DOS of the drug, while the addition of HPMC
delayed drug precipitation. However, only a few studies are published which describe the use of
a transfer model and the addition of PIs to prevent weak bases from pH-dependent precipitation
[79, 80].
Another in vitro tool to simulate the transfer of dissolved and undissolved drug material from
a gastric into an intestinal compartment is the biorelevant gastrointestinal transfer system
(BioGIT) [81]. This in vitro model enables to estimate the apparent concentration and solid
fraction in the upper small intestine after simulating the fasted state administration of an IR
dosage form together with a glass of water. The BioGIT model is also based on the USP II
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paddle apparatus and comprises of three compartments: a gastric, a small intestinal, and a
reservoir compartment. The absorption of highly permeable drugs during transit through the
upper small intestine is simulated by the continuous in- and outflow of fluids from the intestinal
compartment. Compared to the transfer model, the BioGIT model was designed to take luminal
absorption into account, which is often assumed to be a weak point of the transfer model,
subsequently leading to an overprediction of drug precipitation. However, only a limited
number of drugs have yet been investigated using the BioGIT model [81-84].
Preclinical in vivo studies and in silico tools to predict drug precipitation
In early research and development stages, drug dissolution and absorption can be
investigated in vivo only by conducting preclinical animal studies, for example rat or dog studies.
Thus, from an ethical and monetary point of view, such data are hard to obtain. Physiologically
based pharmacokinetic (PBPK) modelling represents an opportunity to integrate a variety of in
vitro, and preclinical and clinical in vivo data to predict the effect of pH-dependent solubility on
drug absorption [85, 86]. This holistic approach, combining in vitro and in vivo data, under
consideration of physiological conditions, can, in the best case, yield a quantitative prediction
of the plasma concentration profile of a drug in preclinical species or humans. Thus, the
integration of data-sets into PBPK models is often applied to support candidate or dose
selection during the development of NCEs [87, 88]. Therefore, the understanding of human GI
physiology is key to develop sophisticated and physiologically relevant in vitro models aiming to
generate reliable input parameters for PBPK predictions. However, up to date, the integration
of in vitro pH-dependent precipitation, being especially important for weakly basic drugs, into
commercially available PBPK software is challenging. For example, using common PBPK
software such as GastroPlusTM (SimulationsPlus; Lancaster, CA, USA) or the Simcyp® Simulator
(Certara; Sheffield, UK), solely allows integrating single parameters from in vitro pH-dependent
precipitation experiments, which, in turn, does not allow to integrate detailed supersaturation
and precipitation profiles or information on the solid-state of precipitates into these models
[86]. The most recently introduced SIVA-toolkit (Certara) aims to better integrate in vitro
supersaturation and precipitation profiles into PBPK models and may thus represent an
opportunity to increase the in vitro – in vivo extrapolation. By now, the usefulness of this
elaborative approach has only been demonstrated on a few examples [89, 90].
Taken together, sophisticated and physiologically relevant in vitro models are required to
adequately predict the risk of intestinal drug precipitation to finally support formulation
development of NCEs and to increase the predictability of PBPK models.
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1.2. Objective
The main objective of this work was to characterize the supersaturation and precipitation
behavior of weakly basic and poorly soluble drugs by simulating relevant conditions present in
the human GI tract. These drugs are typically prone to pH-dependent precipitation upon entry
into the small intestine and hence, the intestinal concentrations can be affected by the ongoing
pH-shift, which may lead to lower and variable drug absorption in humans. This question of
pH-dependent precipitation arises especially during the development of NCEs, where only
limited amounts of drug substance are available. Thus, the application of commercial scales is
hampered. Therefore, an automated small-scale in vitro approach, able to study kinetic and
rapidly changing processes, such as precipitation events, through measurements of high
temporal resolution, should be designed to facilitate the detailed investigation of different
formulation approaches.
The following key aspects were addressed to develop a predictive automated small-scale in
vitro model which can be used to characterize poorly soluble drugs as well as the effect of
solubility-enhancing excipients under physiologically relevant conditions:
I.

Development of an automated small-scale in vitro transfer model equipped with UV inline analytics for detailed investigations of simulated intestinal concentrations

II.

Assessment of the impact of GI variability on drug supersaturation and precipitation
of weak bases by application of the automated small-scale in vitro transfer model

III.

Identification of suitable precipitation inhibitors for weakly basic and poorly soluble
drugs to increase their intestinal solubility by using the automated small-scale in vitro
transfer model

IV.

Evaluation of the impact of the buffer species on drug supersaturation and precipitation
by integrating a bicarbonate buffer into in vitro transfer experiments

V.

Establishing in vitro – in vivo relationships in rats based on in vitro transfer model
experiments using weakly basic and poorly soluble drugs, and precipitation inhibitors
under consideration of a physiologically relevant bicarbonate buffer

The data generated were intended to finally serve as a basis for the further development of
an in vitro assay that is able to reliably predict the risk of drug precipitation for drug absorption
using physiologically relevant test-sets and by including biopredictive buffers and media.
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2. Discussion
Two automated in vitro transfer model
set-ups applying two different buffer
systems for the simulation of the intestinal
environment

were

developed

in

this

doctoral thesis: a USP II-based (USP II
paddle apparatus) and a small-scale model
(Figure 5). The in vitro transfer model setups, as developed in this work, can be used
to characterize the supersaturation potential
and precipitation risk of drugs during the
ongoing pH-shift from a simulated gastric
into

a

simulated

small

intestinal

compartment. Thus, these models focus on
simulating the effect of critical GI transit

Figure 5. Schematic representation of the two
automated in vitro transfer model set-ups.
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residual gastric volume [24, 92, 93] and 200 mL of co-administered water, a gastric volume of
250 mL was used for transfer model experiments based on the USP II paddle apparatus model.
For the small-scale model, only 25 mL (1:10 scale-down) was used. The acidic drug solutions or
suspensions were transferred via a peristaltic pump from a gastric into a neutral small intestinal
compartment to simulate GI transfer. A first order gastric emptying rate with a half-life of 5 min
was applied to simulate the complete
gastric emptying of the fluid from the
gastric compartment within 25 min [23,
49]. In the small intestinal compartment,
250 mL (25 mL in the small-scale model)
of FaSSIF-V1 pH 6.5 (phosphate buffer)
was chosen to mimic the presence of
intestinal fluids [68]. Thus, in the case of
weakly basic and poorly soluble drugs, pHdependent precipitation occurred upon
entry

into

the

simulated

intestinal

compartment. This process depended on
the physicochemical parameters and the
dose of the respective drug as well as on
the simulated physiological parameters.

Figure 6. Schematic representation of a simulated
GI transfer experiment using the small-scale model.

In the past, it has been described that biorelevant dissolution and precipitation testing, and
combined investigations of biorelevant dissolution and precipitation testing with formulation
aspects, using such models, can contribute to the development of new drugs in the future [78,
82, 94]. However, in the aforementioned in vitro GI transfer models, manual sampling coupled
with chromatographic analysis of the respective samples is applied to quantify the drug
concentration during these kind of experiments [76, 79, 95]. Since drug precipitation represents
a kinetic and often rapidly occurring process, direct, automated, and more frequent
measurements are superior. In the first part of this thesis, an approach to automate in vitro
transfer model systems was proposed to obtain data in high temporal resolution for further
investigations. The automation of the in vitro model was achieved by the installation of a second
peristaltic pump. This pump was programmed to act in a loop of recurring events, i.e., minuteby minute, of pumping samples forward into the flow-through cuvettes, stagnation during
measurement, and pumping samples backwards into the simulated intestinal compartment.
Since undissolved or precipitating particles led to a substantial baseline shift in turbid samples
due to their light scattering effect, they unavoidably impaired direct UV measurements. The
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utilization of the second derivative spectroscopic method addressed this issue and represented
a suitable approach to equalize baseline shifts in turbid UV samples [96, 97]. Thus, it was
possible to integrate direct UV analytics, without the need of prior centrifugation or filtration
and dilution of samples, into the dynamic GI transfer experiment. The results of this work were
published in the research paper In-line derivative spectroscopy as a promising application to a small-scale
in vitro transfer model in biorelevant dissolution and precipitation testing in the Journal of Pharmacy and
Pharmacology (see chapter 5.1).
The in-line concentration measurements provide several advantages compared to sample
preparation and off-line HPLC analysis. As demonstrated by the example of ketoconazole in
vitro transfer experiments, the direct concentration analysis using second derivative spectroscopy
yielded a better description of drug concentration especially during drug supersaturation.
Insufficient separation of particles or ongoing precipitation of ketoconazole during sample
preparation prior to dilution, as required for HPLC analysis, was detected using dynamic light
scattering (DLS). Thus, the application of second derivative analytics was able to overcome
sample ageing issues compared to the common procedure of manual sampling coupled with
HPLC analytics. In addition, a higher sampling frequency through automation allowed a more
detailed investigation of ongoing processes, such as maximum supersaturation, precipitation
onset, and the precipitation kinetics. The utilization of the automated set-up was found to be
particularly valuable to characterize the supersaturation and precipitation kinetics of gefitinib,
which showed a ‘multi-step’ precipitation, and to capture rapidly occurring precipitation of
drugs such as pazopanib and the weakly basic and poorly soluble Merck Healthcare KGaA
research compound, MSC-A (see chapter 5.3). Additionally, it is important to generate more
reliable input parameters for PBPK models, since solely the precipitation rate constant or the
supersaturation ratio can be integrated into established commercial models to account for drug
precipitation during the prediction of in vivo plasma profiles [86].
Since no samples were withdrawn from the set-up during concentration measurements, the
method developed herein enabled to scale-down the in vitro transfer model. This would not have
been possible using manual sampling techniques, since manual sampling in a comparably high
frequency would have substantially reduced the experimental volume or changed the
experimental conditions by replacing with fresh medium, and therefore impaired the
experiment. Additionally, no solid material, i.e., undissolved or precipitated drug, was removed
from the simulated intestinal compartment, which facilitated the possibility of re-dissolution of
precipitates. Furthermore, the analysis of samples without dilution steps can yield better values
for the limit of detection and quantification, being beneficial to determine very low
concentrations due to low drug solubility.
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The use of the set-ups developed as part of this work facilitates the parallel investigation of

four drug supersaturation and precipitation experiments, because the peristaltic pump employed
provides four independently running channels to measure concentrations time-displaced from
four vessels. Thus, the developed models do not only represent an improved approach to
generate more precise supersaturation and precipitation profiles; they also represent very timeeffective models through automation and parallelization.
In addition to the new analytical method, the comparability between the two automated setups developed herein was investigated and published in the research paper Automated small-scale
in vitro transfer model as screening tool for the prediction of in vivo-dissolution and precipitation of poorly solubles
in the International Journal of Pharmaceutics (see chapter 5.2). In this work, two model drugs,
ketoconazole and MSC-A, both BCS class II drugs with pH-dependent solubility, were used.
For both drugs, solubility was high under acidic conditions (SGF pH 2.0) and low under neutral
conditions (FaSSIF pH 6.5). Two simulated first order gastric emptying rates that represented a
fast rate (t1/2 = 5 min) and a slow rate (t1/2 = 15 min) for gastric emptying in the fasted state,
were applied to compare the different scales of the set-ups with respect to their hydrodynamics.
For practical reasons, a magnetic stirrer speed of 150 rpm was employed for the small-scale
model, whereas a paddle speed of 75 rpm was applied for the USP II-based transfer model. The
experiments revealed high supersaturation and precipitation during simulated GI transfer of
both drugs. Highly comparable results between both set-ups were observed for the fast
emptying rate, whereas for the slow emptying rate, hydrodynamic differences between the two
set-ups caused a different supersaturation and precipitation behavior of the weak bases.
Precipitation was observed to be faster in the small-scale model, which was probably induced
by higher shear rates in this set-up. This effect was apparently less important under fast emptying
compared to slow emptying. It is described that in vitro shear forces arising from the paddle or
stirrer speeds can impact the processes of drug crystallization and precipitation [77, 98]. The
data for the two drugs strongly suggested that there was a complex interplay between drug
supersaturation and precipitation, and simulated hydrodynamics and emptying rates. At the
same time, this observation highlighted the role and complexity of hydrodynamics and gastric
emptying on in vitro drug dissolution in the simulated intestinal compartment.
As described in the research paper Automated small-scale in vitro transfer model as screening tool for
the prediction of in vivo-dissolution and precipitation of poorly solubles in the International Journal of
Pharmaceutics (see chapter 5.2), the in vitro transfer model was utilized to study the impact of
different test parameters, which included gastric pH, gastric and intestinal fluid volume and
gastric emptying rate, on intestinal drug dissolution. As was demonstrated on the example of
the two weakly basic and poorly soluble drugs, ketoconazole and MSC-A, variations in GI
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parameters affected drug supersaturation and precipitation. At the same time, the effect of
varying parameters was found to be drug-specific. While variations in GI parameters affected
the simulated intestinal supersaturation and precipitation of ketoconazole under all conditions,
the dissolution of MSC-A was only affected by modifications in gastric pH, i.e., elevated gastric
pH.
To study the effect of an elevated gastric pH, which can result from co-medication with acidreducing agents such as proton pump inhibitors or H2 antagonists, simulated gastric pH values
of pH 4.0 and 5.0 were applied. In these experiments, a significantly lower drug supersaturation
in the intestinal compartment was observed as compared to the reference set, in which an
‘average’ of pH 2.0 was used to simulate the fasted stomach. This observation could be related
to the pH-dependent solubility of the weakly basic drugs. As reported by Koziolek et al. and
Schneider et al., gastric pH values higher than 2 can also be found in humans under fasting
conditions directly after the intake of a glass of water [40, 41]. The pH values were also found
to be highly variable. This variability was probably the result of variable fasted gastric content
volumes at the time of water intake. Recently, Grimm et al. demonstrated that residual fasted
gastric content volumes showed very high inter- and intraindividual variability [49]. Lower
residual gastric content volumes may lead to less acidic pH values after the residual has been
mixed with the administered water. Therefore, the fasted gastric content volume can impact the
solubility of weak bases in the stomach and, together with the gastric emptying rate, also the
DOS of the drug in the upper small intestine. Hence, the simulation of different physiologically
relevant gastric parameters such as pH value or fluid volume represents an important aspect for
the in vitro investigation of drug supersaturation and precipitation.
Gastric emptying is also described to be highly variable even under fasting conditions [49,
99, 100]. In case of ketoconazole, varying the gastric emptying rate mainly influenced the extent
of simulated intestinal supersaturation. The supersaturation of ketoconazole, expressed by the
DOS, increased by faster emptying rates (t1/2 = 5 min vs. 9 min vs. 15 min). In vitro, the
precipitation rate increased in a comparable manner when different transfer rates were used.
The observation of faster drug precipitation after reaching a higher DOS, and thus, a
thermodynamically more instable state, was in line with the observations from the in vitro PI
screening assessments (see chapter 5.3). Additionally, it was observed that, in each of the three
cases, the transfer rate from the simulated gastric compartment was faster compared to the
precipitation rate. This observation indicated that gastric emptying governed the supersaturation
potential (DOS) and, thus, the precipitation kinetics of ketoconazole in the in vitro experiments.
Since the stomach is not considered to be an absorptive compartment, the gastric emptying
kinetics play an important role for intestinal concentrations. Hence, variable gastric emptying
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rates can lead to variable intestinal maximum concentrations, which, in turn, can cause changes
in oral drug absorption.
Moreover, intestinal concentrations and thus the absorption of poorly soluble drugs can be
influenced by the volume of the co-administered fluid, which represents the dissolution medium
for drugs in the stomach. Sunesen et al. demonstrated that the oral bioavailability of danazol, a
lipophilic and poorly soluble BCS II drug, was 55% higher when the drug was administered
with 1000 mL instead of 200 mL of water [101]. For ketoconazole, the simulation of different
intake volumes was also observed to affect the intestinal dissolution behavior [91]. A lower
intake volume yielded faster precipitation of the drug. To the best of our knowledge, in vivo data
describing the effect of the intake volume on ketoconazole, or other weakly basic and pHdependently soluble drugs, absorption are not available so far. Results of such in vivo
investigations would substantially contribute to the understanding of intestinal concentrations
of weakly basic drugs.
In compendial dissolution test methods, the volume of the dissolution medium used for the
characterization of solid dosage forms is usually high and represents a sufficient approach for
quality control settings. However, media volumes of 500-1000 mL are not representative for
the human GI tract, especially not for the small intestine. In our in vitro studies, and in line with
a report from Ruff et al., the intestinal fluid volume was found to impact intestinal
supersaturation and precipitation of ketoconazole to a similar extent as gastric emptying [77,
91]. Lower volumes (100 mL vs. 250 mL vs. 500 mL) for the simulation of intestinal fluid yielded
higher DOS and faster drug precipitation, analogous to the observations for gastric emptying.
In the future, the development of in vitro tools that better reflect realistic fluid volumes and
distribution thereof in the intestine might increase the prediction of in vivo precipitation, redissolution, and their role for absorption.
In addition to the physiological considerations and the investigation of the impact of varying
GI parameters on intestinal drug dissolution, the small-scale model developed herein was used
to establish an in vitro screening assay for PIs. The use of specific excipients represents an option
to achieve higher supersaturation and precipitation inhibition of poorly soluble drugs [102, 103].
In case of weakly basic drugs, the supersaturation (‘spring’) is achieved physiologically by gastric
emptying. According to the ‘spring and parachute’ theory, the addition of polymers to the weak
base in a binary mixture can yield the desired ‘parachute’ effect. For example, Ruff et al.
described that the addition of HPMC to an aqueous suspension of albendazole yielded
significantly increased supersaturation in the transfer model. The oral exposure, however, did
not increase when the binary mixture was administerd in a rat PK study [80].
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To date, to the best of our knowledge, a systematic PI screening, including various polymers
and various weakly basic drugs with pH-dependent precipitation, in an in vitro transfer model
set-up suitable to allow for a mechanistic investigation of precipitation inhibition during GI
transit has not been reported. Therefore, it was one aim of this work to design and conduct a
PI screening protocol. The findings of this work have been published in the research paper
Application of a small-scale in vitro transfer model to predict in vivo precipitation inhibition in the International
Journal of Pharmaceutics (see chapter 5.3). The screening included six commonly applied PIs and
six poorly water-soluble weakly basic drugs with the aim to improve their in vitro supersaturation
and precipitation behavior. By this, the most suitable excipients for early formulation
approaches should be identified. Apart from ketoconazole, five orally administered, weakly basic
kinase inhibitors, i.e., pazopanib, gefitinib, lapatinib, vemurafenib, and MSC-A, were included.
After the supersaturation and precipitation behavior of the neat drugs had been characterized
by using the pre-defined standard protocol to simulate ‘average fasting conditions’ in the
transfer model, the effect of six polymers was tested for each drug. For this purpose, HPMC
K4M, hydroxypropyl methylcellulose acetate succinate-LF (HPMCAS-LF), polyvinylpyrrolidone K17 and K30 (PVP K17 and K30), polyethylene glycol 6000 (PEG6000), or
polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer (Soluplus®; BASF,
Ludwigshafen, Germany) were added to the simulated gastric compartment as potential PIs for
the poorly soluble drugs in order to simulate the incorporation of these excipients into a solid
oral dosage form. Concentration-dependent effects were investigated by applying three different
polymer concentrations, i.e., 0.02% (m/V), 0.1% (m/V), and 0.5% (m/V), corresponding to
50 mg, 250 mg, and 1250 mg of polymer in a single oral dosage form. These experiments
revealed that at least one polymer, i.e., Soluplus®, could be identified to significantly improve
the supersaturation and precipitation behavior of each drug. An additional observation was that
HPMCAS and Soluplus® were the most effective PIs for these drugs. Furthermore, the addition
of HPMCAS and Soluplus® substantially reduced the variability in gefitinib precipitation
compared to the experiment using the neat drug. The investigation of various polymer
concentrations yielded concentration-dependent effects of the PIs. In most of the experiments,
increasing polymer concentrations yielded higher supersaturation, decreased drug precipitation,
or both. Interestingly, in case precipitation of the drug was still present, higher DOS values
increased the precipitation rate of the drugs. In case of pazopanib, the effect of the polymer
chain length of the different PVP grades which were used, i.e., PVP K17 vs. PVP K30, was
additionally found to have a great impact on the simulated intestinal supersaturation and
precipitation of the drug. Our results were in line with the described theory of a higher thickness
of the PVP adsorption layer on drug crystals. Compared to PVP K17, a greater barrier for drug
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nucleation was generated for PVP K30 [104]. Thus, PVP K30 showed a greater potency to
prevent pazopanib precipitation compared to PVP K17.
For pazopanib, Soluplus® was identified as one of the most potent PIs, which was probably
caused by a combined effect of solubilization and precipitation inhibition of pazopanib. This
was also in line with a recent positive in vitro – in vivo relationship (IVIVR) demonstrated by
Herbrink et al. [105]. In this study, the addition of Soluplus® in a physical mixture with the drug
increased the in vitro supersaturation in a pH-switch method, and it also increased the oral
bioavailability in patients. For lapatinib, the findings from our PI screening protocol using the
small-scale transfer model set-up confirmed literature reports, which described the successful
development of solubility enhancing ASDs consisting of lapatinib and HPMCAS or Soluplus®
[62, 106]. Thus, the small-scale transfer model was able to predict the increased dissolution and
decreased precipitation of lapatinib, which was observed for manufactured ASDs, in an
experimental preformulation set-up that considered the physiological conditions in the human
GI tract. Based on the six model drugs which were studied in the transfer model, the PI
screening assay represents an economically feasible screening method that allows to identify
promising formulations able to increase the apparent drug solubility.
With respect to the in vitro simulation of luminal fluids present in the small intestine, the type
and concentration of the buffer salt species can have a great impact on the dissolution kinetics
of ionizable drugs and excipients [71, 107-114]. For this reason, an approach to integrate a
biorelevant bicarbonate buffer into a dynamic in vitro transfer model was proposed and
investigated in the manuscript Improved prediction of in vivo supersaturation and precipitation of poorly
soluble drugs using a biorelevant bicarbonate buffer in a GI transfer model (see chapter 5.4). This work
took into account the impact of the buffer salt species on drug supersaturation and precipitation,
with and without PI, and the implications for formulation development in terms of the selection
of polymers intended to
act as PI for poorly
soluble drugs. In this
study, the investigation
of biorelevant buffer
systems was particularly
important for the acidic
polymer

HPMCAS.

Based on the results of
the aforementioned PI
screening

that

was

Figure 7. Schematic representation of the automated transfer model
equipped with the pHsio-grad®.
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performed by using standard phosphate-buffered FaSSIF in the transfer model, this polymer
was expected to be an effective PI for weakly basic drugs [7]. Hence, a more biorelevant
bicarbonate buffer (FaSSIFbicarbonate) was applied in a follow-up experiment. By combining the
dynamic automated GI transfer model developed herein with the pHysio-grad® device (Figure
7), the effect of HPMCAS on drug supersaturation, precipitation, and precipitation inhibition
could be tested in the physiologically relevant bicarbonate buffer. The pHysio-grad® device
enables an in-line pH control and if needed, adjusts the pH during the experiment by displacing
CO2 by means of nitrogen (N2) as inert gas [71]. Ketoconazole, pazopanib-HCl, and lapatinibditosylate monohydrate served as model drugs for the precipitation investigations with and
without the acidic polymer HPMCAS.
HPMCAS was insoluble in the gastric compartment (pH 2.0) of the in vitro transfer model,
since it only dissolves at pH values above 5.5. Thus, it just started to dissolve upon entering the
simulated intestinal compartment (pH 6.5). Spitael et al. demonstrated that the dissociation of
an acidic polymer and therefore the polymer’s dissolution depends on a base-catalyzed reaction.
Hence, the dissolution rate of the acidic polymer is influenced by the buffer salt species [108].
Compared to the physiologically relevant bicarbonate buffer system (pKa 6.1), the dissociation
via proton transfer is faster in media with higher dissociation constants of the acidic salts such
as dihydrogen phosphate (pKa ~ 7) [115]. In the boundary layer of undissolved particles in a
dynamic bicarbonate buffer, the effective pKa (pKa < 4) and the effective buffer capacity are
described to be essentially lower [110, 115]. This can be related to the reaction of carbonic acid
(H2CO3) and CO2 not reaching equilibrium in the diffusion layer, leading to a shift towards the
reaction of CO2 and water (Eq. 1).
HCO3- + H+ ⇌ H2CO3 ⇌ H2O + CO2(aq) ⇌ CO2(gas)

Eq. (1)

Consequently, a faster dissolution rate of HPMCAS through removal of H+ ions, and
therefore a more pronounced effect as PI during a simulated GI transfer experiment was
expected using FaSSIFphosphate compared to FaSSIFbicarbonate. The in vitro transfer model
experiments confirmed this hypothesis. While significant precipitation inhibition of all three
drugs was observed employing HPMCAS and FaSSIFphosphate, the acidic polymer did not
significantly prevent the drugs from pH-dependent precipitation using FaSSIFbicarbonate. For
ketoconazole and lapatinib, according to the theory published by Spitael et al., this effect was
related to a slower dissolution rate of HPMCAS in bicarbonate compared to phosphate buffer.
Therefore, the inhibition of drug precipitation by addition of HPMCAS, which was especially
important during the early phase of GI transit, was less pronounced.
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Due to the contradictory results of the in vitro experiments with HPMCAS in media based

on phosphate and bicarbonate buffer, an in vivo rat PK study was performed with the aim to
identify the most biopredictive buffer system for the prediction of precipitation inhibition.
Therefore, oral suspensions containing the respective drug with or without HPMCAS were
administered to Han-Wistar rats, and the resulting drug plasma concentrations were analyzed.
Based on the bicarbonate buffer experiments, a higher in vivo exposure of the drugs with
HPMCAS was not expected. For ketoconazole and pazopanib, the in vivo observations were in
line with the results using FaSSIFbicarbonate. The addition of HPMCAS yielded lower plasma
concentrations in case of ketoconazole and only slightly increased plasma concentrations in case
of pazopanib as has been predicted by the bicarbonate-based medium. In case of pazopanib,
the neat drug showed significantly increased supersaturation in FaSSIFbicarbonate compared to
FaSSIFphosphate, and the effect of HPMCAS was therefore less pronounced. Due to the
incomplete dissolution of pazopanib-HCl in the simulated gastric compartment, the drug was
transferred as an acidic suspension into FaSSIF. Most likely, the higher supersaturation of
pazopanib was related to the complex nature of the bicarbonate buffer. The buffer capacity in
the boundary layer was lower compared to the bulk medium and especially compared to
FaSSIFphosphate. Owing to the more acidic microenvironment of undissolved pazopanib-HCl and
HPMCAS particles in the boundary layer of dissolving particles, pazopanib showed higher
solubility in FaSSIFbicarbonate. Thus, the application of the bicarbonate buffer yielded an improved
prediction of neat pazopanib intestinal solubility and supersaturation. In case of lapatinib, the
addition of HPMCAS did not lead to a siginificant increase of drug plasma concentrations as
has been predicted in vitro by the use of FaSSIFbicarbonate. However, it has to be considered that
the bioavailability of lapatinib was above 80% in both cases and that the lack of statistical
significance between the two conditions may be attributed to the high absorption of neat
lapatinib.
The in vitro experiments with phosphate and bicarbonate buffers used for the preparation of
FaSSIF as well as the corresponding in vivo results revealed that it is of utmost importance to
investigate the impact of physiologically relevant buffers. This becomes especially important
when (acidic) polymers are added, for example for the preparation of formulations containing
PIs.
Despite all efforts, it is not yet clear if precipitation really occurs in vivo or if it is just an
assumption based on in vitro observations. Currently, luminal drug concentrations can be studied
in vivo only by aspiration of luminal contents. However, the reliability of these results needs to
be questioned, since the insertion of catheters or tubes along the human GI tract potentially
alters GI physiology. Especially gastric emptying is discussed to be affected by a catheter passing
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the pylorus and thus the way the pylorus opens and closes [116]. Moreover, it is important to
consider that the stomach and the small intestine do not represent homogeneous systems [51].
Consequently, depending on the sampling position, GI volumes and overall drug concentrations
are subject to uncertainty during aspiration studies. Furthermore, the volume of fluids present
in stomach and small intestine at the time point of sampling is unknown and therefore, the
relevance of the measured concentrations can hardly be judged. Another disadvantage of this
technique is that only solutions of a respective drug can be reliably studied to investigate
precipitation events. If a drug or a specific formulation is not completely dissolved in the
stomach, solid materials will be transferred into the small intestine. Consequently, the
differentiation between precipitated, and transferred and undissolved drug is not possible. Hens
et al. used aspiration studies in combination with PK studies after administration of
posaconazole suspensions [117]. In these studies, the authors were able to show increased
intestinal supersaturation and precipitation during GI transit using an acidified suspension
compared to a neutral suspension. The analysis of plasma concentrations of posaconazole
revealed higher values for AUC and Cmax using the acidic suspension. Therefore, the initial
intestinal supersaturation improved the bioavailability of posaconazole. However, the effect of
the posaconazole samples removed from the GI tract, even of precipitated drug, on the
bioavailability has not been discussed in this study. Kourentas et al. observed supersaturation
and precipitation inhibition of suspensions containing albendazole with HPMC as PI compared
to albendazole suspensions without HPMC when conducting luminal aspiration studies [52].
Although this effect was small, it was statistically significant. By now, a systematically in vitro –
in vivo aspiration correlation to investigate the effect of PIs on the absorption of weakly basic
drugs is still missing to finally approach the question of luminal drug precipitation.
Another aspect which has not yet been addressed sufficiently in the past pertains the question
whether intestinal drug precipitation is in fact a limiting step to oral drug absorption.
Considering the dynamic and inhomogeneous distribution of fluids in the small intestine, it is
very likely that drugs which are not immediately absorbed upon entering the duodenum will
undergo different concentrations, supersaturated states, and precipitated fractions dependent
on their location and the presence of fluid pockets at this respective location. The potential role
of the mucus and its contribution to drug absorption is additionally unknown [21]. It is
imaginable that the unstirred water layer in the mucus may represent a ‘depot’ not only for
dissolved but also for undissolved or precipitated drugs from which drug molecules can pass
the enterocytes present in the intestinal wall. Therefore, variability in local drug concentrations
may contribute to the variability in drug absorption [21]. Based on these assumptions, the
characterization of precipitates from in vitro experiments such as transfer model studies or from
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in vivo aspirates represents a promising approach to study the extent of re-dissolution of
precipitates and their role for absorption.
Ketoconazole precipitation for example is described to be crystalline in vitro [57, 91], whereas
amorphous precipitates were observed in a clinical study [58]. These amorphous precipitates of
ketoconazole or other drugs may show a different re-dissolution behavior compared to the
crystalline form, and thus, may not be limiting oral drug absorption. In various studies, the oral
exposure of gefitinib had been observed to be consistently lower in a propotion of volunteers
[59, 118-120]. Based on this observation, Bergmann et al. studied the solid-state of
undissolved/precipitated gefitinib in human jejunal aspirates with the aid of RAMAN
microscopy. The authors were not able to analyze the aspirated samples in a sufficient manner.
Thus, only the crystalline form, corresponding to the one that was dosed, could be confirmed.
Due to analytical issues, only one sample was analyzed (total number of samples was not
reported). In the in vitro transfer model studies, coupled with PXRD analysis of occurring
precipitates, initial amorphous precipitation of gefitinib during simulated GI transit with
subsequent crystalline precipitation was confirmed (see chapter 5.3). Our in vitro experiments
showed that this amorphous precipitation maintained an intermediate supersaturated state,
which was most likely the result of an interplay between drug precipitation and re-dissolution
of amorphous material. The detailed investigation of various in vitro supersaturation and
precipitation events was only possible by applying the automated set-up, which clearly
demonstrated the usefulness and power of this assay in kinetic drug concentration
measurements. Furthermore, the in vitro variability during drug supersaturation and precipitation
could be reduced by addition of small amounts of HPMCAS and Soluplus®, as these PIs
stabilized the amorphous form. In case of gefitinib, the combined investigation of drug
dissolution during GI transit with and without solubility-enhancing polymers and the solid-state
analysis yielded a deeper understanding of supersaturation, precipitation, and re-dissolution, and
the potential role of these parameters for luminal absorption. Assuming that amorphous drug
precipitation also occours in vivo, the process of precipitation may contribute to the variability,
but does not necessarily represent a limiting step in oral drug absorption. Moreover, the
integration of ‘multi-step’ drug precipitation as well as the underlying processes, i.e., solid-states
of precipitates which impact their dissolution characteristics, into PBPK software may
essentially contribute to improve the prediction of plasma concentration profiles in the future.
The in vitro set-ups developed herein and the defined physiologically relevant test-sets were
successfully applied to assess the risk of drug precipitation during simulated GI transit. In the
future, they can be aplied to support candidate selection in early research and development
stages. In addition, the proposed small-scale PI screening protocol can provide key information
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for further formulation development, for example the manufacturing of enabling formulations.
The combination of a set-up allowing to simulate a bicarbonate-buffered intestinal medium with
a dynamic GI transfer model additionally provides valuable insights into the kinetics of intestinal
supersaturation and precipitation. By this, the application of this biopharmaceutical in vitro assay
can contribute to the characterization, optimization, and ranking of formulations during drug
discovery and development.
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3. Outlook
The integration of parameters which describe the human GI physiology more closely is key
to develop and improve existing in vitro tools that shall be predictive for in vivo conditions. This
was demonstrated using the defined test-sets and by the integration of a biorelevant bicarbonate
buffer into an in vitro transfer model. For the future, further investigations are required to
confirm the findings from the IVIVRs using FaSSIFbicarbonate and rat PK studies. Based on the
results for pazopanib-HCl, the effect of the buffer salt species on the simulated intestinal
dissolution behavior of free bases and corresponding salts will be studied and compared. In
addition, the dissolution kinetics of polymers and the impact of the buffer species on the
performance of PIs should be further investigated. Moreover, the in vitro findings should be
verified using preclinical in vivo data.
Since the role and impact of precipitation on drug absorption is not yet fully understood,
pH-dependent precipitation is generally assumed to be overpredicted when using the transfer
model. Consequently, intestinal drug absorption may be underestimated. Therefore, thorough
characterization of drug precipitates, including solid-state analysis and re-dissolution testing,
need to be addressed. This will take the bioaccessible fraction, which is available for absorption,
more closely into account in order to gain deeper understanding of intestinal drug dissolution,
precipitation, and absorption.
The consideration of realistic pH-, temperature-, and pressure-profiles based on in vivo
SmartPill® data demonstrated increased predictability of in vivo processes during gastric
dissolution and emptying [121-124]. The combination of an in vitro tool, which captures these
physiologically relevant parameters, with a transfer model may represent an interesting approach
to study the effect of ongoing gastric emptying during formulation disintegration and drug
dissolution in the stomach on the intestinal supersaturation and precipitation of weakly basic
drugs. Ideally, this contributes to further improve the ability of these in vitro tools to predict in
vivo dissolution and its role for absorption.
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