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Abstract

Abstract

An increasing number of new chemical entities (NCE) struggled with a very poor
solubility in aqueous, intestinal media. Solubility or the ability to dissolve in aqueous,
intestinal media is obligatory for oral bioavailability. The reasons for the low
bioavailability are attributed to the dissolution rate limited absorption, permeability
limited absorption or solubility — permeability limited absorption. Dealing with this
challenge, advanced formulation technologies (e.g. amorphous solid dispersion) have
been developed to increase the solubility of drug substances effectively. Followed by this
formulation approaches, new in vitro characterisation methods became obligatory to
sufficiently characterize the potential in vivo performance (e.g. biorelevant dissolution
assay) and to guide formulation development effectively. There are already numerous
improved in vitro test systems, which either offer limited predictive power with regard to
the in vivo performance of drug formulations or are more complex and error-prone to
perform in a laboratory environment.

The aim of the present study was to develop an efficiently performable biphasic
dissolution assay having a high predictive power in terms of in vivo performance. The
assay is intended to characterize bioavailability enhancing formulations with regard to
their in vivo performance in a meaningful manner, and enable a greater mechanistic
understanding of drug dissolution. In the present work, biphasic dissolution data in
combination with the modelling approaches were proposed to provide valuable
predictions of the in vivo performance of drug formulations.

First, a biphasic dissolution assay (BiPHa+) was designed as a fully automated small scale
screening tool to achieve a high degree of biorelevance. A Labview® application was
developed to execute the experimental sequence automatically (medium addition, pH-
control and sampling) and, to enable dissolved drug quantification by UV-Vis
spectroscopy. A spectra correction algorithm was designed for UV-Vis quantification
because scattering in the aqueous phase caused by precipitated drug substance or
overlapping of spectra occurred. Additional focus was put on the simulation of the
gastrointestinal passage in the aqueous phase based on physiological data,
hydrodynamics and geometrical parameters of the vessels. In a first feasibility trail, the
assay design was able to generate highly biorelevant in vitro results (section 3.1).

Second, it was demonstrated that the distribution rate between the two phases was not
majorly influenced by the interfacial properties between the decanol and the aqueous
phase by using biorelevant aqueous media components (bile salt, lecithin) and
formulation components (e.g. Soluplus®). In contrast, formulation components prove a
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significant influence on drug distribution. This finding is important to assess the BiPHa+
data in terms of the discriminatory power of the assay with regard to formulation
performance (section 3.2).

Third, an advanced kinetic model for amorphous solid dispersion formulations was
established to describe the kinetic and mechanistic processes taking place during
dissolution, precipitation and re-dissolution of an amorphous solid dispersion (ASD) in
the BiPHa+ assay. The kinetic model described a sigmoidal partitioning profile resulting
from a copovidone based ritonavir ASD. The processes included disintegration,
dissolution, precipitation as nanodroplets, re-dissolution and partitioning in the organic
phase. Ostwald ripening and a dynamic behaviour of nanodroplets were proposed as
new effects, which possibly influence bioavailability (section 3.3).

Forth, the capability of the BiPHa+ assay to generate predictive dissolution results for
various enabling formulations and drug substances was evaluated by using a single set of
experimental settings. For this purpose, the influence of varying in vitro drug quantities
of six different model drugs, formulated by different formulation approaches, was
investigated. An in vitro dose of 10 mg drug substance containing formulation
demonstrated high accordance to passively in vivo fraction absorbed, drug and
formulation type independently. Further, a level A in vivo / in vitro relationship (IVIVR)
for all model formulation was established. The convolutional based prediction approach
demonstrated a high predictive power with regard to the formulation’s in vivo
performance, which facilitates the BiPHa+ assay as a meaningful tool for early stage
formulation characterisation and lead formulation selection (section 3.4).

Fifth, a new workflow for the integration of BiPHa+ results into physiological based
pharmacokinetic (PBPK) modelling tools was developed. The six model enabling
formulations were chosen from section 3.4, because they prove already biorelevance by
a level A IVIVR. For this purpose, the organic partitioning profiles obtained by the BiPHa+
assay were implemented in the PBPK software, PK-Sim® and GastroPlus® in the same
way as modified release dissolution concentration time profiles. This procedure offers
the advantage, that no complex mechanistic model of precipitation and dissolution was
necessary for the simulations. The prediction demonstrated a high accuracy compared to
the in vivo data even if a high first pass effect occurred, or the investigated drug
represented a prodrug (section 3.5).

Finally, the rationally developed workflows from section 3.1 to 3.5 were applied to a

specific case study. Different ABT-102 model amorphous solid dispersions administered

to beagle dogs were investigated and assessed based on the BiPHa+ assay. The high

predictive power of the BiPHa+ data were confirmed by a level A IVIVR, the convolutional
I
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based pharmacokinetic prediction and PBPK modelling using PK-Sim® and GastroPlus®.
All predications of maximum plasma concentration (C..) and area under the plasma
concentration time profile (AUC) were within a 2-fold prediction range. Thus, the BiPHa+
assay and the presented prediction method delivered valuable in vitro data supporting a
lead formulation selection during pharmaceutical development and, the assay proved to
be suitable for the dissolution simulation in beagle dogs (section 3.6).

To conclude, the BiPHa+ assay was successfully validated by human and animal in vivo
data and exhibited a remarkable power in terms of predicting the extent of passive drug
absorption in vivo. The presented prediction workflows can be a valuable tool in the
formulation development process to assess the dissolution behaviour towards the
probable in vivo pharmacokinetic. Furthermore, the study results demonstrated the
BiPHa+ assay as a powerful screening tool for different types of enabling formulation
approaches. The BiPHa+ assay can guide formulation development and is potentially able
to decrease the number of animal experiment during early stages of drug product
development (section 5.1).
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Introduction

1 Introduction

1.1 New Chemical Entities: Classification and Challenges

Early drug candidates are chosen by high-throughput screening and rational drug
design to generate a sufficient potency, selectivity and ADME properties [1,2]. During
the optimization of a lead compound, molecules increase in their lipophilicity and
respectively decrease in their aqueous solubility [3]. The percentage of poorly drug
candidates (Figure 1, Class 2) having a micromolar and nanomolar activity is higher
than 60 % (Figure 1). In the course of clinical investigation from phase 1 to 3, the
number of drug candidates struggling with solubility issues decrease and reach <30 %
for approved drugs (Figure 1). In short, one important reason for a clinical failure

represents limited solubility [4].

percentage [%]

Figure 1: Categorization of drugs in a BCS-based (Class 1-4) provisional classification system: preclinical
highly active compounds (nanomolar, micromoles), clinical development (Phase 1 - 3) and marked drugs.[4]

The biopharmaceutical classification system (BCS) was developed categorize newly
developed drugs with regard to their biopharmaceutical and physiological properties
[5]. The BCS defines four categories depending on lowest solubility in 250 ml or less of
aqueous media over the pH range of 1.2 -6.8 at 37°C and intestinal permeability

based on absorption extent [6]:
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(1) Class 1: high solubility, high permeability (absolute bioavailability
> 85 %)

(2) Class 2: low solubility, high permeability (absolute bioavailability > 85 %)

(3) Class 3: high solubility, low permeability (absolute bioavailability < 85 %)

(4) Class 4: low solubility, low permeability (absolute bioavailability < 85 %)

The BCS system represent a simple and effective framework to consider key factors
affecting in vivo performance [7]. However, the classification system has some
limitations in formulation development: Solubility in buffer media, unknown dose
during early stage development and permeability requires human in vivo data [8].

Some modifications of the BCS have been proposed to improve the suitability in
formulation development. The quantitative biopharmaceutical classification system
(QBCS) categorizes drugs using P, of CaCo-2 calls and dose / solubility ration [9]. In
the Biopharmaceutics Drug Disposition Classification System (BDDCS) metabolism of a
compound is assumed as an indicator for high permeability [10]. Tsume et al. expand
the BCS system of low soluble drugs Class 2 and 4 in acids (a), bases (b) and neutral
compounds (c) [11]. The f.us classification system categorizes low soluble drugs in
three classes: dissolution rate limited absorption, permeability limited absorption and
solubility — permeability limited absorption [12].

A further developed BCS system for a more pragmatic applicability in early stage
formulation development, the Developability Classification System (DCS, Figure 2)
was proposed [7]. The intestinal solubility is estimated in 500 ml FaSSIF (Fasted state
intestinal simulating fluid) and predicted permeabilities are used for the
categorization. Compared the BCS class 2, the compensatory power of permeability
towards poorly soluble drug is considered (2a, dissolution rate limited), which can be
improved by particle size reduction approaches. Class 2b are very poorly soluble
(solubility limited) so that an improved solubility using enabling formulation
approaches is obligatory to enable sufficient bioavailability. The refined Developability
Classification System (rDCS) is suggested to additionally consider the unknown dose of
a NCE by investigating a dose range and advanced characterization methods leading a
risk assessment of the respective drug [8,13].
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DCS class 1 and class 3 are developed by conventional formulation. Poorly soluble
drugs are formulated as enabling formulation. The aim of enabling formulations is to
enhance solubility (2B, 4) or dissolution rate (2a) and respectively absorption.
Optimally, a Class 2b compound become a class 2a or class 1 compound and a class 4
become a class 3 compound by using a suitable formulation approach (Figure 2). An
increased apparent permeability is often observed as a result of the increase in
solubility [13].

Dissolution number
250 500 10000

N\ 1<f\\mfzra Z

A=)

)

1x 10 * cm/min

drug design
drug design

Absorption number / permeability

Figure 2: Developability classification system including class 2a (dissolution rate limited) and 2b (solubility
limited) and possible optimisations by formulation and drug design (black arrow).

1.2 Enabling Formulations

Various approaches have been developed to enhance oral bioavailability of poorly
soluble drugs (DCS class 2a, 2b and 4). These approaches aim to enhance solubility or
dissolution rate into the gastrointestinal tract [3]. Figure 3 displays commonly used
formulation approaches including a categorisation of the solid state drug
characteristics.
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Crystallinedrug Amorphous drug Dissolved drug
Surfactant, emulsion, solid lipid nanoparticles
I
Microcrystalline Amorphous solid dispersion
I
Nanocrystalline Mesoporous structures
Salt modification Liquid solution

Crystalline state
modification

pH-Modification
I

Figure 3: Formulation principles to improve solubility of poorly soluble drugs. Each formulation approach is
categorized with regard to its solid state.

Crystal state can be modified to enhance the solubility of a drug. The solubility of a
metastable polymorph is higher than the solubility of the thermodynamically stable
polymorph [14]. Salt forming can lead to improved biopharmaceutical properties
compared to the free drug [15]. Some co-crystals and solvates demonstrate improved
dissolution behaviour [16,17].

Particle size reduction of <5 um leads to an increased dissolution rate and particles
<1pum accelerate their dissolution rate and increase their solubility [18,19].
Microparticle (<5 um) formulations are produced by dry milling. Nanoparticles (<1
um) are formulated including surfactant and polymeric colloids for stabilization by wet
milling, controlled precipitation or high pressure homogenization. To immobilize the
nano-suspension and to decrease Ostwald ripening, the liquid suspension is often
spray-dried, coated on pellets or lyophilized forming a crystalline solid dispersion [20].

The solubility of an amorphous drug is higher compared to the corresponding crystal
form [21]. To this end, the amorphous drug is molecularly dispersed or dissolved in a
water-soluble polymer matrix. This formulation is in the most cases kinetically
stabilized [22].

Solid or liquid solutions can achieve an increase in solubility and dissolution rate [23].
Liquid solution consist of co-solvents which are directly formulated as oral liquid or
are immobilized on mesoporous structures [24,25]. The most common way of
formulating poorly soluble drugs is the amorphous solid dispersion (solution), using a
polymeric matrix. If the drug is dissolved below the drug solubility in the polymer, the
formulation will be stable. A supersaturated solid polymer solution is kinetically

4
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stabilized since phase separation or crystallization can occur [22]. Amorphous solid
dispersion are prepared by melting methods (hot melt extrusion) or solvent
evaporation methods (spray dying, super critical fluid extraction in organic solutions)
[26].

Surfactant can act as a surface-active agent increasing the drug substance dissolution
rate and solubility. When a surfactant concentration is above the critical micellar
concentration, micelles or liposomes arise which solubilize the drug in the nonpolar
region [23]. Dispersed systems of two immiscible phases stabilized by surfactant are
successfully applied for bioavailability enhancement. These surfactant related
formulation approaches are often designed as emulsion, self-emulsifying drug delivery
system or solid lipid nanoparticles [27,28].

Cyclodextrins increase the apparent solubility by complexation of a lipophilic drug
[29]. Microenvironmental pH modulation can improve bioavailability of weak bases
[30].

Dissolution assays strongly guide formulation and process development because it
potentially serves as surrogate parameters for in vivo performance. All described
enabling formulation approaches demonstrated a remarkable complexity. High
complexity of formulations and low solubility of the drugs make it difficult to
predictively characterise the formulations by in vitro approaches.

1.3 Biopharmaceutics — Gastrointestinal Physiology

The LADME-model [31] summarizes the drug compound behaviour in the human body
and the body’s respective responses. Liberation (L) is the disintegration and
dissolution of a formulation, which can be actively influenced, resulting in an
absorbable composition. Absorption (A) is a passive or active membrane passage.
Then, the absorbed drug distributes (D) in various body compartments. Metabolism
(M) or biotransformation describes an irreversible process of the original NCEs into an
active or inactive metabolite. Excretion (E) is the irreversible removal of a drug from
the body. The combination of all pharmacokinetics and pharmacodynamics results in a
therapeutic effect [32].
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Oral application of NCEs is the most common route of application. Drug absorption
through oral administration into the blood stream involves a highly complex process
and is mostly influenced by four main factors [31,33,34]:

a) Gastrointestinal anatomy

b) Intraluminal environment

c) Physiochemical properties of the NCE
d) Formulation design

The human gastrointestinal tract is a tube from mouth, oesophagus, stomach small
intestine, colon to rectum. Liver, gall bladder and pancreas are directly associated to
the gastrointestinal tract. An overview of gastrointestinal absorption area, pH, volume
and transition time are presented in Figure 4 and Table 1.

©
2 ) c —
© — [o =
C m -; e
i) T E @ g
2 = 5 =
o > =
38
< 1 4 7 |1 2341055 50
Oesophagus
Stomach
Duodenum
Small Intestine Jejunum
lleum
Colon

Figure 4: Schematic overview of gastrointestinal absorption area, pH, volume and transition time

Absorption in the stomach is neglectable for the most drugs. The small resorption

area and the adherent mucus layer, which protects the stomach from self-digestion

prevents absorption [35]. Gastric pH, transition time and chyme composition play an

important role for the small intestine passage and absorption of the drug in the small

intestine [31]. In the fasted state, the gastric pH is reported between 1.5 and 3.3

having a buffer capacity of 14.3 mmol L* pH'1 [35,36]. The duration of gastric
6
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emptying is a period of 0.5h in the fasted state [37]. In the postprandial state, pH
(elevated up to pH 7) and buffer capacity are initially similar to a previously ingested
meal. Reacidification and gastric emptying strongly varies and a pH of < 2 is reached in
average after 3 -6 h [38]. Gastric content volume in fed state is 650ml and 30 ml in
the fasted state [38,39].

The small intestine is divided in three sections: Duodenum, Jejunum and lleum.
Pancreatic digestive juice and bile is secreted in the Duodenum. Due to the high
surface of 60 - 200 m?, the duodenum represents the main absorption area [32,34].
This maximisation of absorption area is caused by the so-called villi shape and the
micro-villi of the enterocytes. The complete small intestine transition time of 4 =5 h is
similar in the fasted and fed state [37,38]. While reaching the duodenum, bile and
pancreatic juice elevates the pH to 6.1 in the fasted state and to 4.8 — 6.5, depending
on the ingested meal, in the fed state [40]. pH increased steadily in both fasted and
fed state to 7. The upper intestine fasted state liquid volume is reported between 50 -
100 ml. In the postprandial period comparable liquid volume is found [39,41].
Generally, absorption and secretion are a dynamic turnover, which explains these
findings. Total bile salt content is highly variable. Bile salt content is higher in the fed
state; ranging from 3.7 mM to 7.7 mM, whereas a median value of bile salts, one hour
after a meal, is 18.2 mM [34]. Bile salt / phospholipids ratios have been reported to be
11.5 in the fasted state and a value of about 3.4 for the fed state. Buffer capacity in
fasted state (10 mmol L' pH™) is significantly smaller than in the fed stat
(25 mmol L pH™) [34,42].

Orally administered drugs are hardly absorbed in the Colon [34]. In this region only
water and electrolytes are absorbed. pH range of 6to 8, filling level and luminal
composition depend strongly on the ingested meal [33].

Before a drug reaches the systemic blood stream, metabolism by CYP- and other
enzymes can occur in intestine enterocytes and during the liver passage. The so called
first pass metabolism eliminates drug compounds via phase 1 and phase 2
metabolism. The distribution of CYP-enzymes along the intestine differs. Hepatic
enzyme distribution is strongly different compared to the intestine and the hepatic
metabolism is dominant for the total drug metabolism [43]. CYP 3A4, CYP 2D6 and
CYP 2D9 are the most frequent metabolizing enzymes. Both, hepatic and intestinal
metabolism play an import role for bioavailability of a drug [44].

In the preclinical evaluation of enabling formulations for the selection of the most
promising formulation approaches, the dog model is widely used [45]. The pH-profile
of dogs and human are highly comparable, if the dog is pre-treated with gastrin

7
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(Table 1). Small intestinal transition time and gastric emptying time slightly differ
(Table 1). However, absolute bioavailability do frequently not correlate with human
data, which is likely associated to differences in species specific metabolism [46,47]

Table 1: Overview of pH value in the stomach and in the small intestine; gastric
emptying time (GET) and small intestine transition time (SITT) in human and dog
[34,37,46]

Human Dog
Fasted Fed Fasted Fed
0.6
GET [h] 0.5 6 0.9 (gastrin) 2.9
2.0-8.0

pH stomach 1.5-19 2-6.5(2h) 1.0 (gastrin) 2.0-6.0(2h)

SITT [min] 4.1 5.0 14 1.9
’ ) 1.7 (gastrin) ’
pH small intestine 6.1-7.0 48-7.0 6.5-8.0 6.0-8.0

1.4 Biopharmaceutics — Mechanism of Drug Absorption

Orally administered drug substances must pass the gastrointestinal membrane of
enterocytes to enter the systemic blood stream. The enterocytes cell membrane is a
phospholipid bilayer, which is highly permeable for rather lipophilic and not ionized
drugs. This phospholipid bilayer is associated with membrane proteins, which form
channels, transporters or carriers and pumps (p-gP) [32,48].This membrane proteins
enable an absorption of rather hydrophilic molecules [49].

Passive diffusion is the major mechanism of drug absorption of lipophilic unionized
drugs. The driving force of this mechanism is the concentration gradient across the
phospholipid bilayer between a donor (lumen) and an acceptor phase (cytosol) (Figure
5). The mass transport (dM) across the membrane depends on the thickness of the
membrane (x), the absorption area (A), the diffusion coefficient (D), the distribution
coefficient (K) and the concentration gradient between donor and acceptor phase
(Cq—C,). The permeability (P) of a drug is compound specific and recognizes diffusion,
distribution and thickness of the membrane [48]. Based on this mathematical
expression, the drug absorption rate will be high, if the drug is highly soluble and
highly lipophilic. These properties are complementary and must be concerned in drug
and formulation development.
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Figure 5: (A) Concentration gradient across a membrane (x) with drug concentration of donor (C4) and
acceptor (C,) phase; (B) mass flow (dM) over time (dt). D is the diffusion coefficient. A is the absorption area
and K is the distribution coefficient; (C) mass flow (dM) over time (dt) expressed by using the permeability
(P) coefficient [48].

Some drug substances have higher or lower absorption rates as expected from simple
passive diffusion. This behaviour is caused by active or passive transport proteins or
first pass metabolism.

Physiochemical properties of a drug substance affect the oral absorption, which are
categorized in the developability classification system (section 1.1). A higher solubility
increases the absorption rate by increasing the concentration gradient. Solubility
depends on pKa values, salt type, solid state, particle size, lipophilicity (LogP) and
composition of the chyme. A higher absorption rate is associated with a high
permeability. Permeability is influenced by the chemical structure, lipophilicity (LogP)
and of being a substrate of any transport protein [31,32].

The poor solubility of NCEs requires advanced technologies to enhance solubility and
subsequently bioavailability [3], because molecularly dissolved drug is mostly the only
species permeating through the intestinal membrane [50]. The generation of a drug
solution depends on the enabling formulation type (section 1.2). Figure 6 presents an
overview of different drug species appearing in the gastrointestinal dissolution
process. These mechanisms can be classified in three categories:
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(1) Disintegration and Dissolution: If an oral formulation gets in contact with
aqueous intestinal media, it will disintegrate in fine particles [31]. The fine
crystalline or dispersed (drug) particles dissolve subsequently. If the
formulation is an ASD, the formulation will dissolve simultaneously with the
drug leading sometimes in a supersaturated solution or disperses in
undissolved drug particles [51]. Particle size reduced formulations dissolve
faster caused by an increased surface area. Carrier systems (cyclodextrins) and
the complexed drug dissolve simultaneously [29,52]. The kinetic of these
dissolution behaviours is majorly influence by formulation principal as well as
by the gastrointestinal environment.

(2) Apparently dissolved drug consists of molecularly dissolved drug and
solubilized drug (micelles, complex cyclodextrins) [21,50,53]. Most likely truly
dissolved drug contributes to the majority of bioavailable drug [50,54].

(3) Supersaturated solutions of drugs are thermodynamically unstable and
precipitate as undissolved drug particles [21,53]. Gastrointestinal composition
and pH can additionally cause precipitation (weak base) or dissolution (acid)
during the gastrointestinal passage. There are different types of precipitate
species: drug rich nanoparticles or amorphous and crystalline drug particles,
which can transform in thermodynamically more stable states over time. All
these species can have different solid state properties and re-dissolution
kinetics, which in turn plays an important role for oral bioavailability [21].
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Figure 6: Processes taking place during gastrointestinal dissolution of drugs formulated as various enabling
formulations. The thick arrows illustrate a favourable process. Disintegration: depending on the formulation
type, the formulation disintegrates or disperses and dissolves in aqueous media. Apparently dissolved: The
dissolved drug is either truly dissolved in aqueous media or is solubilized by complexes, surfactant or
cyclodextrins. Precipitate: As the drug was prior in solution, the precipitate has different physical properties
compared to the origin formulation. The morphology and solid state can change over time. Absorption:
Depending on drug permeability, the drug is mostly absorbed in the intestine.

1.5 Dissolution Assay

Dissolution of a standard oral solid dosage form consists of two mechanisms:

(1) Drug Release: An immediate release dosage form disintegrates in small
particles. A modified release dosage form releases drug through erosion or
diffusion [55,56].

(2) Drug Dissolution: The drug rapidly dissolves in the aqgueous medium.

The original idea of quality control dissolution testing was to demonstrate batch to
batch consistency of drug release in aqueous media, which is characterized as rate
limiting step [57]. Additionally, dissolution provides a surrogate parameter for in vivo
performance for formulation and process development [57]. To characterize a drug
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product meaningfully, sink conditions, where the saturation solubility of a drug is
three to five times higher than the final drug concentration in the dissolution medium,
are obligatory [57,58]. DCS 2 drugs are limited in their agueous solubility, which led to
a challenging dissolution method development because dissolution and not drug
release is might evolve artificially to the rate limiting step. Additionally, modern
enabling formulation technologies are more complex in their dissolution behaviour, so
that compendia methods do not sufficiently reflect drug product performance. By
using standard methods several modifications are applied to prevent this sink
limitation: Adding surfactant, using large volumes of dissolution media, cosolvents or
pH-adjustment [58].

Compendia dissolution apparatus for oral dosage forms are basked apparatus, paddle
apparatus reciprocating cylinder and flow-through cell (Figure 7). Temperature is kept
constant in all apparatuses at 37° Celsius [59,60]. Paddle, basket, flow through and
reciprocating cylinder apparatus are described in the following:

Paddle (apparatus 2, USP and PhEur) and basket (apparatus 1, USP and PhEur)
apparatus consists of a vessel with a volume of 500 —2000 ml. The paddle of
apparatus 2 is the stirring element and the formulation is placed under the stirrer
(Figure 7A). In the basket apparatus, the formulation is placed in the rotating basket,
which causes hydrodynamics (Figure 7B). Apparatuses 1 and 2 are the most frequently
used methods in the pharmaceutical industry [32,59,60].

The flow through assay (apparatus 4, USP and PhEur) consists of a pump with
standard flow rates between 4 and 16 ml/min (Figure 7C). The drug product is placed
into the cell and the assay can be run in an open or closed loop (Figure 7C). Poor
solubility of a drug can be compensated by an increased dissolution volume.
[32,59,60].

The reciprocating cylinder (apparatus 3, USP and PhEur) consists of a set of cylindrical,
flat-bottomed glass vessels with 250 ml dissolution media, and glass reciprocating
cylinders moving 10 cm up and down (Figure 7D). Major advantages of this method
are the mechanical stress of the reciprocating cylinders movement and the easy
media change [32,59,60].
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Figure 7: Overview of standard dissolution apparatus described in various pharmacopoeias for oral solid
dosage forms (A) Paddle apparatus, (B) basked apparatus, (C) Flow through cell, (D) Reciprocating cylinder
apparatus.

The complexity and composition of aqueous dissolution media strongly depends on
the requirements of the assay. A quality control method focuses on discriminatory
power towards critical quality attributes [57]. To achieve this requirement the pH of
any media are has to be between pH = 1.0 to 6.8 (7.4). During earlier formulation
development phases there are more in vivo relevant dissolution media necessary.
Clinically relevant dissolution methods link in vivo data to in vitro data by any
appropriate media [57]. Biorelevant dissolution media simulated gastrointestinal
environment to guide formulation selection and optimisation [57]. Choosing an
appropriate media during formulation development depends on drug properties. The
degree of biorelevance of a certain dissolution medium is categorized in level 0 — 3.
Level 0 media just have the pH range of the Gl tract and is suitable for highly soluble
DCS 1 and 3 compounds [61]. Level 1 considers pH and buffer capacity to evaluate pH
dependant food effects of a DCS 1 and 3 compounds [62]. Additionally, to pH and
buffer capacity, Level 2 media consists of bile components, lipids and considers
osmolality (e.g.: FaSSIF, FeSSIF). Level 2 media are useful to characterize DCS 2 and 4
compounds [61]. Level 2 media dissolution results can be integrated into in silico tools
to estimate in vivo performance [63]. Level 3 media consider additionally the
intestinal enzymes and viscosity to simulate digestive processes, which is important
for the characterisation of lipid based formulations and drugs degradation (e.g.
peptides) [61].

The dissolution apparatus type used in quality control and clinically relevant

dissolution methods typically consist of standard apparatuses. Contrary, biorelevant

apparatuses are sometimes more complex to imitate the Gl passage [64]. These

advanced assays are necessary, because traditional assays have not led to the desired

success of in vivo predictivity. Many biorelevant dissolution apparatuses are
13
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customized and no standardized methods are currently available [64]. Basically,
biorelevant dissolution assays can be categorized in single phase aqueous models and
absorption sink models [32]. Single phase aqueous model simulate the Gl passage
with pH changes, transfer models and biorelevant media [64]. These assays are
conducted under non-Sink conditions to evaluate enabling formulations of DCS 2 and
4 compounds. A major disadvantage of single phase aqueous assays are the
established equilibrium of undissolved and dissolved drug species, which lead
sometimes to an insufficient performance characterisation [58]. Dealing with this
limitation, absorption assays are proposed [58]. Absorption assays consist of an
aqueous donor phase, where the drug is allowed to dissolve under non-Sink
conditions and an acceptor compartment, where the drug is allowed to partition in an
absorption Sink media. The aqueous phase simulates the Gl passage. The acceptor
compartment either is an organic solvent (Figure 8A) or an agueous media (Figure 8B).
The aqueous acceptor phase is separated with a membrane from the donor phase
[65,66]. The advantage of absorption (Sink) assay is the dynamic characterisation of
enabling formulation leading to a more biorelevant surrogate parameter for oral drug
absorption.

acceptor

donor acceptor

__membrane __

donor

Figure 8: Dissolution absorption model: (A) Absorption model with an aqueous donor and organic acceptor
medium; (B) Absorption assays with a membrane and two aqueous compartments.

1.6 Biphasic Dissolution Assay

The biphasic dissolution assay is a absorption assay with an organic acceptor medium
and an aqueous dissolution donor medium (Figure 7A), which provide a high
discriminatory power of enabling formulations with regard to their in vivo
performance [67-69]. The assay combines a relatively simple in vitro assay with a high
degree of biorelevance, because the flux through the interface is comparable to the
flux through the gastrointestinal membrane (Figure 5) [58]. To achieve the high
discriminatory power of the biphasic assay, some key parameters have to be
controlled: hydrodynamics, media compositions, pH-profile and geometrical design of
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the vessels [70,71]. The experimental setup reported in literature consists of various
standard dissolution paddle apparatus, a combination of paddle and flow through
apparatus or customized apparatus [65]. Dissolved drug is quantified either by HPLC
or in line UV-Vis spectroscopy.

For the experimental procedure, the formulation of a poorly soluble drug is allowed to
dissolve in an agueous Non-Sink media. The aqueous media can be a simple buffer
medium or a Gl-passage simulating complex mixture [67,72]. Octanol is the commonly
used organic acceptor medium of choice because of its desirable physical chemical
properties and many poorly soluble drugs are acceptable soluble to maintain Sink
conditions [73]. To assess the performance of the biphasic dissolution assay, either
the organic layer or the sum of organic and aqueous layer is used as in vivo surrogate.

1.7 Pharmacokinetics

Pharmacokinetic describes mathematically the kinetic behaviour of a drug in the
human body. For this, several processes such as absorption or elimination can be
described by differential equations. The theoretical or physiological based body
segments such as plasma or liver are described by so called compartments.

Compartment models describe and parameterize plasma concentration time profiles
of a drug in the body. A kinetic first order is commonly assumed to describe each sub-
process. A differential equation (Equation 1) describes the change of plasma
concentration (dCp) in a certain time (dt), which is proportional to the rate constant
(ke) and the plasma concentration (dC,) [33]. Equation 1 represents the elimination for
a bolus intravenous injection for an one-compartment model.

dcy B

dt e Gy Equation 1

After the integration of Equation 1, the plasma concentration at every time can be
calculated by an exponential function (Equation 2).

Cp(t) =Core ket Equation 2

After an oral administration, the drug substance has to pass the intestinal membrane.
An additional first order absorption process has to be considered. The differential
equation of the oral one compartment model includes the absorption process with
the rate constant (k,) and the plasma concentration (C,). Elimination is equal to
Equation 1 [31,32,48].

ac,
dr ko - Cp—ke - Cp Equation 3
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The integration of Equation 3 leads to the Bateman function, which describes the time
depending plasma concentration profile of an orally administered drug. The Bateman
function considers bioavailability (F), dose (D) and distribution volume (Vp) [31,32,48].

F-D kg,

. . —ke't _ ,—kg-'t
Vd ke - ka (e ¢ )

Cp() = Equation 4

The oral two compartment model considers additional to Equation 4 and distribution
step of a drug in a peripheral, additional compartment such as fat tissue or plasma
protein binding (Equation 5), which is described in the derivative function by the
disposition rate constant k, and the plasma concentration. Distribution occurs
especially with hydrophobic drugs [33].

dc,

FZka 'Cp_kl 'Cp _ke 'Cp

Equation 5

The area under the curve (AUC) is the integral of plasma concentration time profile
(Co(t)) and can be interpreted as drug exposure over a time period, which is
proportional to absorbed drug quantity, which is also called fraction absorbed (fa)
[31,32,48].

[0¢]

AUC = J;) Cy(t) dt Equation 6

The volume of distribution (V4) is defined as theoretical volume that would be
necessary to dissolve the total absorbed drug quantity (D) in the observed plasma
concentration (Co) with t =0 [31,32,48].

Va = c, Equation 7

The absolute bioavailability of an oral administered compound is defined as ratio of
the AUC of the oral administered compound and the AUC of intravenously
administered drug compound. The absolute bioavailability comprises administered
dose (D), fraction absorbed (f,) and fraction which is not metabolized by first pass (fs,)
[31,32,48]:

F = AUCorq -D- .
T AUC, fa~ fro Equation 8
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1.8 In vitro / in vivo Correlation

To assess dissolution profiles with regard to their in vivo performance, in vivo
absorption profiles are necessary to perform this comparison. There are different
methods to calculate the in vivo absorption time profiles from in vivo plasma
concentration time data.

(1) Based on compartmental models, the absorption profile is calculated by
residual method.

(2) Wagner Nelson (one compartment, Equation 9), and Loo-Riegelmann (two
compartment) considered the total mass balance in the body:

Absorption (X,) = Quantity in body (C, ) + eliminated quantity (k, - fot Cpdt)

Gyt ke fy Gyt

= = Equation 9
C ke [ Cpdt

(3) Numerical deconvolution (Equation 10): C5(t) is the impulse response which
are figured by an oral or intravenous solution and Iq (t) are the arbitrary
impulses which can be interpreted as the rate of released/absorbed drug [37].
The calculated in vivo dissolution is the sum of all unit impulse responses (Q(t)
vs. t). Each impulse Iq (t) decreases following the single impulse function C§(t).
The single impulse function C&(t) can be expressed by one, two or n

compartment models.

Q) = Iy (0) * Cs(t)
Equation 10
= z IQ (t - tn) -C (t - tn)elemination

In vivo in vitro correlation (IVIVC) is a predictive mathematical model describing the
relationship between an in vitro performance of a dosage form and an in vivo
response [74]. This model correlates the in vivo absorption and the in vitro dissolution
directly to each other. In the case of the biphasic dissolution assay the IVIVC is
sometimes called in vivo in vitro relationship (IVIVR). Three main levels of an IVIVC are
defined:

(1) Level 1: Correlation of dissolution profiles and absorption profile

(2) Level 2: Correlation of mean dissolution time and mean absorption time

(3) Level 3: Correlation of two single values of dissolution (dissolution rate, Cpay,
C (90 min), etc.) and absorption (Cmax, AUC, tmax, etc.)
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1.9 Insilico Approaches

Physiological based pharmacokinetic modelling (PBPK) software are in silico tools,
which try to simulate in vivo performance of a drug based on physiological, anatomical
structures and the biochemistry of the body combined with drug and formulation
properties. These structures are simulated by multi compartmental models. The aim
of these PBPK software are the prediction of pharmacokinetics of drug candidates to
support formulation development [75—-77]. Currently there are various PBPK software
packages available such as PK-Sim® , GastroPlus® or Simcyp™ [78].

1.10 Pharmacokinetic Prediction of in vivo Performance Based on
Dissolution Data

The pharmacokinetic of drug formulations can be predicted based on in vitro
dissolution data. There are two approaches to perform a prediction: either
pharmacokinetics can be calculated based on an previously established IVIVC / IVIVR
[79] or experimental in vitro data can be implemented into PBPK tools [78].

Based on IVIVCs, retro-IVIVCs can be used to predict the in vivo pharmacokinetic using
dissolution profiles. By using observed in vivo data of a certain number of
formulations containing the same drug and their dissolution data, an IVIVC can be
established. In order to make a prediction of a unknown formulation not tested in
vivo, the pharmacokinetics can be calculated by applying the IVIVC retrospectively and
then convolute the data [80].

Linking PBPK models with dissolution results is an additional approach to estimate in
vivo performance of the investigated formulation. To enable a pharmacokinetic
prediction, properties of the respective drug, an intravenous elimination model and
an absorption model are necessary. The dissolution data can be implemented either
directly or as a mathematical dissolution model of the drug [75-77].
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2 Scope and Objectives

During early formulation development of oral solid dosage forms reliable screening
assays are needed to develop enabling formulations which provide suitable
biopharmaceutical performance. State of the art screening tools focus on
supersaturation, which do not cover the entire dynamic dissolution process of
complex enabling formulations. Many animal studies are currently obligatory to
evaluate and to select suitable formulations. The present thesis investigates the
biphasic dissolution assay as a formulation screening tool, which is able to guide
formulation development even for small formulation quantities and potentially to
reduce animal studies. To develop and evaluate the performance of the assay the
following work packages were investigated:

(1) Developing a small scale and, fully automated biphasic assay, which is able to
quantify dissolved drug in agueous and organic media in line. The development
is guided by literature data to fulfil requirements of high degree of in vivo
predictive power (3.1)

(2) Investigation of organic / aqueous phase interfaces with regard on its impact
on partitioning rate (3.2)

(3) Enhancing mechanistic and kinetic understanding of enabling formulation
approaches to provide superior bioavailability (3.3)

(4) Evaluation and validation of the biphasic dissolution assay by means of various
poorly soluble drugs formulated by different enabling formulation approaches
with regard to in vivo performance (3.4)

(5) Integration of biphasic dissolution results into in silico tools to enable rapid
estimation of the resultant pharmacokinetics (3.5)

(6) Systematic formulation screening based on the developed workflows to predict
in vivo performance and enable a meaningful prototype selection (3.6)
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3 Results and Discussion

3.1 Rational Design of the Biphasic Dissolution Setup (BiPHa+)

A general purpose of the present study was to combine the advantages of a small
scale one vessel method as a useful tool in formulation screening [67,72,81] and the
proven biorelevance of the USP apparatus Il and USP apparatus IV model combination
[69,82—84]. A detailed technical description of all hardware and software components
is provided in section 4.2. Ritonavir and Ritonavir formulations were used as model
compounds.

3.1.1 General Model Design

The dissolution method was designed considering the following scaling factors, which
were intended to be essential to describe a biphasic dissolution method:

aborption area

1) Ration of surface tovolume: X = Equation 11

aqueous volume

volume organic phase

2) Volume ration: Ry =
volume aqueous phase

Equation 12

3) Concentration of API

The BiPHa+ apparatus (Figure 9) contains four vessels: one blank and three sample
vessels in a water bath at 37°C £ 0.5°C. Each vessel has a cylindrical shape with a
diameter of 5.0 cm and a plain bottom. The filling height of both phases is 2.55 cm.
The overall height of the cylindrical vessels is 10.0 cm. Due to its geometrical shape,
the normalized interface area (X) can be adjusted by changing the aqueous volume
(Equation 11). An unstirred water layer within the aqueous phase must be avoided
[70]. Therefore, adequate mixing was achieved by triangle magnetic stirrers, which
enable a turbulent movement of the water in order to uniformly disperse the
ritonavir-containing ASD sample. The stirring rate was set to 160 rpm, making sure no
funnel was formed at the interface between the aqueous and organic phase. ASD
samples were put in sinkers (mesh size 1 mm) directly above the stirrer (Figure 9).
Adjusting the pH and covering 1-decanol was conducted fully automated by a liquid
dispensing system (precision: + 10 pL). Representative for the sample vessels, the pH-
value during dissolution testing was controlled by a pH — electrode (Semi-mikro VWR
Collection VWR Chemicals, Darmstadt, Germany) in the blank vessel. An Agilent 8454
diode array UV spectrophotometer (Agilent Technologies, Waldbronn, Germany) was
used to quantify the drug substance in the aqueous and the organic layer. A
Labview®® application was developed which controls automated liquid dispensing
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including pH adjustment as well as UV-Vis detection and subsequent data processing
of recorded spectra.
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Figure 9: The BiPHa+ apparatus: (A) biphasic dissolution setup; (B) dimensions of sinkers.
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3.1.2 Quantification and Scattering Correction

Drug concentrations were determined every 3 minutes by measuring the entire UV-
Vis spectra in the range of 200 — 1200 nm in both layers for two reasons:

a) In the aqueous phase: to perform scattering correction caused by precipitation
or LLPS of supersaturated solutions, formulation ingredients or medium
effects,

b) In the organic phase: to correct for an overlap of the absorption with

partitioned excipient spectra.

The implemented processing methods for correcting scattering and overlapping
effects in the developed Labview® application were mean values over range, mono-
exponential fit, and n" derivatives (Figure 10).
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Figure 10: Different options to correct scattering in UV-Vis spectra: (A) Uncorrected spectrum; (B) Mean
value over range, black bold range: mean value calculation (at the top) and the corrected spectrum (at the
bottom); (C) Exponential fit, black bold range from 300 —350 nm: fitting function range (at the top).
Ritonavir is quantified at 240 nm using the corrected spectrum (at the bottom); (D) First derivative and the
inflection point at 264 nm, where ritonavir is quantified (at the bottom).

Mean value over range was used to correct a simple offset of the spectra. The mean
absorption value over a selected wavelength range is subtracted from the origin
spectra. Correcting a spectrum by a mono-exponential fit (absorption (A) = a*e™
describes the scattering phenomena most accurately. The processing by derivatives is
very helpful in order to evaluate overlapping spectra. Additional advantages of
derivatives are the loss of the intercept and a lower degree of error caused by
scattering (Owen, 2000). For the correction of the spectra in the aqueous phase the
mono-exponential fit was applied and in the organic phase the first derivative was
formed.

The ritonavir concentration in the aqueous layer was quantified at 240 nm (pH > 5.5)
and 245 nm (pH = 1.0), correcting the related spectra using the mono-exponential fit
function. To determine the fitting function, the range of 300 — 350 nm (black bold line)
was selected and the resulting function was subtracted from the original spectra.
Ritonavir was determined in the 1-decanol layer based on the first derivative. The
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derived spectrum was subsequently evaluated at 264 nm to exclude overlapping with
spectra of formulation excipients or components of the dissolution media.

3.1.3 Buffer Design

For the described method an in situ pH-shift from pH 1.0 to 5.5 and afterwards
stepwise (increment: 0.25 pH) to 6.8 was employed mimicking the human
gastrointestinal passage [37]. A suitable buffer composition or the proposed mini-
scale method should have the following properties:

a) highly concentrated in order to minimize volume changes,
b) equal buffer capacities between pH = 5.5 and 6.8 [85,86],
c) comparable osmolarity and buffer capacity to in vivo [85].

To meet these requirements, the development of a buffer concentrate was based on
Mcllvaine buffer [87], as a physiological carbonate buffer was not suitable for the
online dissolution test due to carbon dioxide gas development. Mcllvaine buffer
solutions are mixtures of a phosphate and a citrate buffer system, which facilitates
comparable in vivo buffer capacities, because pK,-values of citrate/ phosphate buffer
are similar to the pKs-values in vivo in the entire range of physiological pH-values
(Table 1). Thus, we regarded citrate and phosphate as biosimilar buffer components.
Therefore, it was possible to design a dynamic pH-profile, which is described in
literature [37,88].

Table 2: Overview of pKa values comparing Mcllvaine-buffer and physiological conditions [86,88,89].

Component Mcllvaine Human
citrate phosphate carbonate phosphate org. acid

2.2 2.2

3.1 3.5

pKa 4.8 =5

6.4 6.4
7.2 7.2
12.2 10.3 12.2

Three steps have been taken to develop a buffer composition with comparable buffer
capacities at pH =5.5 and pH =6.8. : (1) optimisation of molar ratio between citrate
and phosphate to reach consistent buffer capacities between pH 5.5 and 6.8 [88], (2)
maximization of buffer concentration to minimize its volume and (3) optimization of
the buffer capacity and osmolarity to human data.

In the first step, a pH-profile was generated by adding increments of 1 ml of different
ratios of potassium phosphate and potassium citrate concentrate (molar
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K3PO4/K3Ce¢Hs07 ratios are between 0.2/0.3 and 0.05/0.4) to 50 ml 0.1 N HCI (Figure
11A). The generated pH-profile provides information about the buffer capacity. The
slopes of titration profiles at pH 5.5 and 6.8 were assumed as surrogate parameters
for the buffer capacity. If the slopes at pH 5.5 and 6.8 are comparable with each other,
the buffer capacity will also remain equal (Figure 11A, B).

In the second step, the adjusted buffers were titrated by 0.1 M NaOH and 0.1 M HCI
to verify the buffer capacity at pH = 5.5 and 6.8. The slopes of the received titration
profile represented the buffer capacity. A molar ratio between phosphate (0.15M
K3PO4) and citrate (0.35M K3CgHs0-) of 0.429 was found to be the optimum resulting
in equal buffer capacities at pH =5.5 and 6.8 during the intestinal phase of the
dissolution experiment. Higher concentrated citrate and phosphate with the same
molar ratio resulted in the same buffer capacity by adding less volume. The final
concentrations of both buffer salts were 0.225 M for potassium citrate and 0.525 M
for tri-potassium phosphate. Higher concentrations were not possible because of
solubility limitations.

In the last step, buffer capacity and added volume were optimized. Different amounts
of sodium hydroxide were added to the concentrate to decrease both buffer
capacities and the required addition volume to achieve pH 5.5 or 6.8 (Figure 11C). The
buffer capacities can be described by an exponential fit (Figure 11C), so that the
desired composition can be calculated. With the optimized buffer concentrate it is
feasible to generate aqueous media of various pH with biorelevant buffer capacity and
osmolarity [90], and can further be used to simulate an altered gastric stomach by
adjusting the pH to 4.5 (Table 3). The proposed buffer compositions are shown in
Table 3.
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Figure 11: (A) pH Profile of 50 ml 0.1 N HCI by adding potassium-citrate and tri-potassium-phosphate; red
line represents different buffer capacities, and black line represents similar buffer capacities between
pH 5.5 — 6.8. Buffer capacities are similar if the slope of the titration curves at pH = 5.5 and 6.8 are similar,
which is the case for the black coloured curve; (B) Titration profile of adjusted buffer at 5.5 and 6.8 to
determine the buffer capacity at these levels. The adjusted buffers were either titrated by using 0.1 M
NaOH or HCI. The slopes represent the buffer capacity at pH = 5.5 and pH = 6.8 (black line); (C) Optimization
of buffer capacity by adding sodium hydroxide to the concentrate to reach fasted and fed conditions at pH =
6.8.
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Table 3: Proposed buffer concentrate composition in the fasted for a dynamic pH-profile comparing to
biorelevant media and necessary volumes of buffer concentrate to a 0.1 M HCI.

Composition dVpus.s [ml] dVpues [ml] Capacity Osmolarity
[mM/pH] [mosmol/L]
K-Citrate 0.525 M
K-Phosphate 0.225 M 2.12 2.54 11.9 245-257
NaOH 1.7M
FaSSIF-V1 12 270
FaSSIF-v2 10 180
K-Citrate 0.525M
K-Phosphate 0.225M 3.90 5.80 25.9 455-608
NaOH 0.5M
FeSSIF 76 635
FeSSIF-V2 25 390

3.1.4 Addition of Bile Salts

To generate an in-situ biorelevant aqueous medium for the fasted state, it was
necessary to add biorelevant surfactants, namely sodium-taurocholate and lecithin. In
the present study, the concentrations of sodium-taurocholate and lecithin were kept
at the same level as for FaSSIF or FaSSIF-V2 [88,90]. Both surfactants, sodium-
taurocholate (272.3 mg) and lecithin (97.5 mg in FaSSIF or 26.0 mg in FaSSIF-V2) were
solubilized in 1.100 uL demineralized water. The biorelevant media formed in situ, by
adding 333 uL surfactant concentrate to the aqueous medium (Table 1). Three media
were investigated in the present study:

1) Bi-FaSSIF: pH-gradient with surfactant concentration of FaSSIF,
2) Bi-FaSSIF-V2: pH-gradient with surfactant concentration of FaSSIF-V2
3) Buffer: pH-gradient without biorelevant surfactant.

3.1.5 Selection of Organic Medium

In many studies, 1-octanol is used for generating distribution- or absorption-sink
conditions [65,73,91] due to its physiochemical properties and its common use in logP
determination. However, 1-octanol displays two major drawbacks for the use in our
BiPHa+ model: (1) the high solubility of octanol in water (0.5 g/L), and (2) the bad
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odour reducing personal compliance. In contrast, the odourless 1-decanol exhibits a
water solubility of only 0.04 g/L [92]. Thus, decreased interaction between the organic
solvent and the formulation in the aqueous medium could be expected. No
evaporation is expected because of the high boiling point of 230°C.

3.1.6 Experiment Sequence

Prior to start of the experiments both phases, 1-decanol and the acidic aqueous
phase, were saturated with each other. The selection of transition time and pH-profile
were guided by Koziolek et al. [37]. During the first thirty minutes the formulation
disintegrated / dispersed in 50 ml of 0.IN HCI. Subsequently, 333 puL surfactant
concentrate was added to generate Bi-FaSSIF of Bi-FaSSIF-V2. In the case of the plain
buffer medium, no surfactant was added. Immediately after adding the surfactants,
the pH was shifted to 5.5 by adding the buffer concentrate. The aqueous layer was
covered by 1-decanol within 30 seconds after the pH shift. At 90 minutes the pH was
further increased stepwise to pH 6.8. In contrast to the reported colon arrival time of
270 min, the overall test duration was 390 minutes to enable a comparison to
previously published data [68].

pH
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Figure 12: Dissolution procedure: (1) formulation disperses for 30 min in 0.1 M hydrochloric acid; (2)
addition of surfactant concentrate after 30 min, buffer concentrate to reach pH 5.5, and overlaying of the
aqueous phase with 50 ml of 1-decanol; (3) stepwise pH-adjustment at 90 min to reach pH 6.8. The grey line
in the background represented measured human gastrointestinal pH-profile [37].
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3.1.7 Hydrodynamic Assessment

In both cases, the dissolution vessel showed optimal hydrodynamics under the
assessed mixing conditions, which is visualized by the distribution of glitter particles
(Figure 13). Neither an unstirred water layer nor a funnel was formed. This can be
explained by the turbulent movement of the water in both vessels caused by the
triangular stir bar or the paddle. Due to the high mixing performance achieved with
glitter, no unstirred water layer was expected for the ritonavir-containing droplets
(precipitates) and dissolved ritonavir, which is crucial to achieve homogeneous and
comparable partitioning processes.

N = T
2 bcm
. ] - r 1

Figure 13: Hydrodynamics in (A) BiPHa+ apparatus (50 ml at 160 rpm), and (B) USP Il apparatus
(200 ml at 60 rpm)

3.1.8 Physiochemical Characteristics of Ritonavir

The physicochemical characterisation of ritonavir is given in Table 4:

Table 4: Physicochemical characterisation of ritonavir pKa values, solubility (s), and LogP

Parameter Value
pKa 1 1.9
pKa 2 2.5
s (0.1N HCI) [ug/ml] 382.8
s (6.8N Buffer) [ug/ml] 0.96
s (FaSSIF-V2) [ug/ml] 43
LLPS [pg/ml] 40 [68]
s (1-decanol) [mg/ml] 23.9
Log P 4.3 (93]
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3.1.9 Comparison of BiPHa+ Assay with Established USP I1/1V Biphasic Methods

The different ritonavir concentration-time profiles using Bi-FaSSIF, Bi-FaSSIF-V2 and
plain buffer are shown in Figure 14. These three fasted state media including pH-
change were compared to the results of Xu et al. [68], where ritonavir drug products
were tested in 41 ml gastric fluid and subsequently diluted with FaSSIF-V2. No
guantification of the drug during the first 30 minutes was performed. In the present
study, the amount of ritonavir was quantified during the entire experiment in both
layers. In the gastric stage approx. 75% of the drug was released into the aqueous
phase after 30 min for all three investigated media (Figure 14) demonstrating reliable
hydrodynamic conditions. Subsequent to the gastric period, buffer and surfactant
were added. At intestinal dissolution stage the dissolution rapidly decreased due to
the lower solubility of ritonavir at pH 5.5. Results from the BiPHa+ test containing
biorelevant surfactant and the method of Xu et al. [68] showed a comparable
concentration range in the aqueous phase. At 50 minutes a supersaturation peak of
10% (50 pug/ml) occurred in all setups containing biorelevant surfactant, which is
probably the result of the ongoing dissolution process of the remaining ritonavir-
containing ASD. Subsequently to this peak value, the concentration slowly decreased
to 3% in Bi-FaSSIF-V2, 5% in Bi-FaSSIF-V1, 2% in plain buffer medium, and 2% in the
method of Xu et al. [68] (HPLC determination) at the end of the experiment. Very
slight supersaturation was observed in the plain buffer setup and the concentration
remained at the same level of 2% (Figure 14D). The Bi-FaSSIF-V2 experiment was
additionally evaluated by HPLC. Ritonavir concentration measured by HPLC were
thereby comparable with results from online UV measurements, and in agreement
with values reported by Xu et al. [68] (Table 5). A one-way ANOVA was preformed to
evaluate the statistical significance on a difference between the two analysing
methods. A significance level of a = 0.05 was chosen. A p- value of 0.87 was the result,
which indicates that the quantification method did not influence the resulting
concentration. Consequently, the implemented online UV quantification with
scattering-correction for the BiPHa+ method provided reliable results.

Table 5: Comparing mean dissolution endpoint concentrations and standard deviation (n = 3) of ritonavir
concentration after 6 hours under Bi-FaSSIF-V2 conditions.

UV-Vis HPLC Xu et al. [30]
Organic layer 58.1% +1.5% 57.6% +5.1% 60 % £9.1%
~2.0%
Agueous Layer 3.0% £ 0.3% 2.1% +0.4%

(SD not available)
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The dissolution experiment in Bi-FaSSIF-V2 (Figure 6A) and Bi-FaSSIF-V1 (Figure 6C)
resulted in similar sigmoidal ritonavir concentration profiles for the organic phase as
the one reported by Xu et al. [68] (Figure 6B). The partitioning of ritonavir was at a
lower level in the early intestinal stage. During the course of dissolution, the partition
rates into the organic phase increased. The inflection points occurred at earlier time
points with increasing surfactant concentration in the dissolution medium.
Furthermore, the slopes at these points increased with higher surfactant
concentration. Hence, the partitioning rate of ritonavir into the organic phase
increased. A plateau at 60% drug concentration was reached in all three dissolution
media. In contrast, the ritonavir concentration in the organic phase by using plain
buffer without biorelevant surfactants steadily increased without any change of the
overall low partitioning rate and reached a maximum ritonavir concentration of only
19% at the endpoint of the dissolution experiment.

The drug concentration profile of the 1-decanol phase demonstrated its function as
absorption compartment. The partitioning of ritonavir into the organic layer was
much more pronounced in biorelevant medium, whereas without bile salts and
lecithin the redissolution and partitioning rate into the organic layer were dramatically
reduced. Interestingly, the amount of dissolved ritonavir in the aqueous phase was
nearly the same in all cases. This observation supported the hypothesis from Taylor et
al. [21], that APl-rich nano droplets from liquid-liquid phase separation rapidly
equilibrate with the dissolved drug in the aqgueous medium. The nanodroplets serve
as a reservoir, and enable the replenishment of dissolved API, that partitioned into the
organic phase [21]. The formation of ritonavir-nanodroplets in biorelevant media from
a ritonavir-ASD is also reported by Xu et al. [68]. Therefore, the process of
redissolution of the APl from the nanodroplets is of great importance for the
performance of amorphous solid dispersions and is further described in section 3.3.
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Figure 14: Biphasic dissolution experiments in (A) Bi-FaSSIF-V2 medium (BiPHa+), (B) FaSSIF-V2 [68], (C) Bi-
FaSSIF-V1 medium (BiPHa+), (D) Buffer without surfactant (BiPHa+); APl concentration in the 1-decanol
layer (red line, mean value and standard deviation); dissolved ritonavir in the aqueous medium (black line,
mean value and standard deviation); pH values (blue line). All experiments were done in triplicate (n = 3).
Investigation of organic / aqueous interfaces with regard on its impact on partitioning rate
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3.2 Investigation of Organic / Aqueous Interfaces with Regard on Its
Impact on Partitioning Rate

For a drug substance, distribution form the aqueous into the organic the phase in
biphasic assay, such as the BiPHa+ assay, a passage of the dissolved drug molecules is
obligatory. The interface potentially has a major influence on the distribution step.
Based on this consideration, the interfacial properties might be influenced by
formulation excipients and surfactants present in the aqueous phase of the BiPHa+
assay. To ensure that the partitioning of the drug is not discriminated by the
interfacial properties, but by the formulation excipients, various surfactants,
formulation excipients and FaSSiF-V2 compositions were firstly investigated with
respect to the interfacial tension. Second, partitioning rates of dissolved dipyridamole
using different formulation excipient quantities were investigated to exclude a
potential influence of the interface tension.

3.2.1 Interface Assessment

To investigate the properties of the aqueous phase / 1-decanol interface,
measurements of interfacial tension for various polymer / surfactant mixtures in the
aqueous phase were performed. Since very low interfacial tensions are expected at
the interface, the spinning drop method was used for the determinations of the
interface tension. The densities of water (p=0.993 g/cm®) and 1-decanol
(p=0.822 g/cm?) required for this purpose, were determined using an oscillating U-
tube at 37°C.

In a first step, the influence of surfactants of various HLB values at the interface
tension was investigated in the presence of Soluplus® as a surface-active polymer that
influences the interface. A concentration of 3 mg/ml Soluplus® was assessed with
regard to the resulting interface tension in the presence of various surfactants at
critical micelle forming concentration (Figure 15). Soluplus® as a hydrophilic polymer
was selected for the initial investigations because it remains mostly in the aqueous
phase, which was verified UV-metrically. The CMCs of the surfactants were
determined on the water / air surface (Table 6).
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Table 6: Critical micelle forming concentration (CMC), the respective interface tension an HLB-value of
different surfactants.

cMC Surface tension at CMC
Surfactant HLB-value
[mg/ml] [mN/m]

SDS 2.53 38 40
Poloxamer 407 3.83 43 22
Brij 35 0.14 45 17
Tween 20 0.13 47 17
Tween 85 0.32 46 11
Brij 30 0.27 28 9.7
Tween 80 0.24 47 15

Figure 15 summarizes the measured surface tension of the individual substances, as
well as the respective mixtures at the water/decanol interface. The interfacial tension
of pure water/1-decanol is 9.4 mN/m. In the presence of surface-active substances,
the interfacial tension is always decreased. As the HLB value of individual surfactants
increases, the resulting surface tension decreases. In the case of very lipophilic
surfactants in combination with Soluplus®, the interfacial tension is similar to that of
pure Soluplus®. For rather hydrophilic surfactants (increased HLB) in combination with
Soluplus®, the interface tension is between those of the two individual components.
Based on these results, lipophilic surfactants (Brij L4 and Tween 85) are likely to
distribute into the organic phase: This suggests that the mixture has the interface
tension of Soluplus® and the individual surfactants have higher interfacial tensions,
which is probably caused by a surfactant concentration falling below the CMC.
Hydrophilic surfactants remain in the aqueous phase and therefore, along with
Soluplus®, result in a mixed interfacial tension. Soluplus® in combination with FaSSIF-
V2 results in a significantly reduced interfacial tension than that of the respective
individual components.
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Plain water
Plain Soluplus 3mg/ml

Blank Fassif V2
+ Soluplus 3mg/ml

Blank Brij L4
+ Soluplus 3mg/ml

Blank Tween 85
+ Soluplus 3mg/ml

Blank Tween 80
+ Soluplus 3mg/ml

Blank Tween 20
+ Soluplus 3mg/ml

Blank Brij 35
+ Soluplus 3mg/ml

Blank Poloxamer
+ Soluplus 3mg/ml

increasing HLB

———
4 6
interface tension [mN/m]

Figure 15: Interface tension of 1-decanole / water interface by using different surfactant at the critical

micelle forming concentration in the aqueous phase (The CMC was measured at the surface water/ air). The

same solutions are measured with additionally three mg/ml Soluplus®. Dotted line represents the interface

tension for the plain Soluplus® solution.

Based on these results from Figure 15 and the fact that the BiPHa+ assay is performed

using FaSSIF-V2 medium, further investigations of the FaSSIF-V2/decanol interface

were conducted. For this purpose, the interfacial tension of various polymer

concentrations was measured (Figure 16). In addition, the influence of SDS, being a

highly surface-active surfactant with a high HLB, was investigated at the CMC on the

FaSSIF-V2/polymer solutions as no partitioning of SDS in the organic phase was

expected (Figure 16). An interfacial tension approximately equal to that of pure SDS

was found in almost all mixtures as soon as SDS was added (concentrated at the level

of the CMC). Therefore, SDS at this concentration would be suitable to obtain a

normalization of the interfacial tension. However, it should be mentioned that SDS is

very highly concentrated for this application. For a potential application in the BiPHa+

assay, the interface would exhibit comparable properties with different formulation

components, but the high SDS concentration would have a significant influence on the

dissolution process of a formulation. One noticeable finding was that Kollidon® VA 64

provided very low interfacial tension in FaSSIF-V2 medium regardless of its

concentration. Soluplus® and methylcellulose resulted in rather variable interfacial

tensions both individually and in combination with SDS. In general, once surfactant or

polymer was added to FaSSIF-V2, the interfacial tension variations were in a very
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small range between 1.8 and 0.4 mN/m and thus a large influence on the partitioning
rate seems to be unlikely [84].

Plain Water
Blank Fassif V2

SDS 3 mg/ml
SDS 0,3 mg/ml

Soluplus 0,3 mg/ml + SDS 3 mg/ml
Soluplus 0,03 mg/ml + SDS 3 mg/ml
Soluplus 3 mg/ml

Soluplus 0,3 mg/ml

Soluplus 0,03mg/ml

KVA 64 0,3mg/ml + SDS 3 mg/ml
KVA 64 0,03 mg/ml + SDS 3 mg/ml
KVA 64 3 mg/ml

KVA 64 0.3 mg/ml

KVA 64 0.03 mg/ml

MC 0.3 mg/ml + SDS 3 mg/ml
MC 0.03 mg/ml + SDS 3 mg/ml
MC 0.3 mg/ml

MC 0.03 mg/ml

0 2 4 6 8 10
interface tension [mN/m]

Figure 16: Interface tension of 1-decanole / water interface by using different polymer concentrations in
the FaSSIF-V2 phase. Each mixture was additionally investigated by adding SDS at the CMC level.

To investigate the influence of interfacial properties on the partitioning rate in the
presence of excipients, the Soluplus® system in combination with small amounts of
Kollidon® VA 64 was initially investigated in terms of interfacial properties and in
section 3.2.2 in terms of partitioning rate of dissolved dipyridamole. Kollidon® VA 64
was chosen as the interface tension normalizing agent because it produces very low
and constant interfacial tension (o = 0.4 mN/m) independent of its concentration
without Soluplus® (Figure 16). Soluplus® was chosen as a polymer because of its
surface-active properties, potentially influencing the partitioning rate and it remains
largely in the aqueous phase, to simulate a formulation component. The
concentration-dependent interfacial tension of pure Soluplus® in FaSSIF-V2 decreased
from 1.8 mN/m to 0.8 mN/m at concentrations corresponding to 750 - 7.5 mg per
250 ml (Figure 17). The Kollidon® VA 64 concentration was tried to be minimized from
0.3 mg/ml to 0.003 mg/ml. As soon as Kollidon® VA 64 was added to Soluplus®, the
interfacial tensions were in the range of 0.8 mN/m to 0.3 mN/m. Consequently, it was
shown that the use of Kollidon® VA 64 has a normalizing effect on the interface at
very small amounts even in the presence of the surface-active excipient Soluplus®.
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Another advantage of Kollidon® VA 64 is that this small concentration range has likely
a negligible influence on the formulation dissolution. Since the interfacial tension in
the mixture of Kollidon VA 64 and Soluplus® in FaSSIF-V2 was in a narrow range
between 0.8 and 0.4 mN/m, this system is expected to have an influence on the
partitioning rate by a change in Soluplus® concentration but not by the interface
properties, since the interface has similar properties over different concentrations
(Figure 17).

In general, these results show that once polymers or surfactants are additionally
contained in FaSSIF-V2 medium the interfacial properties are very similar to each
other (1.8 mN/m to 0.3 mN/m).

Blank Fassif V2

KVA 64 3 mg/ml
KVA 64 0.3 mg/ml
KVA 64 0.03 mg/ml

Soluplus 3 mg/ml
Soluplus 0.3 mg/ml
Soluplus 0.03 mg/ml

KVA 64 0.3+ SOL 3
KVA 64 0.3 +SOL 0.3
KVA 64 0.3 + SOL 0.03

KVA 64 0.015+ SOL 3
KVA 64 0.015 + SOL 0.3
KVA 64 0.015 + SOL 0.03

KVA 64 0.003+ SOL 3
KVA 64 0.003 + SOL 0.3
KVA 64 0.003 + SOL 0.03

0 1 2 3 4 5
interface tension [MN/m]

Figure 17: Interface tension of 1-decanole / FaSSIF-V2 interface by using Soluplus® as example excipient and
Kollidon® VA 64 (KVA 64) as interface normalizing agent.

3.2.2 Influence of Interface Tension to Partitioning Rate

The objective of this section of the study was to evaluate the influence of Soluplus® in
different concentrations simulating a formulation component on the distribution rate
ka of dissolved dipyridamole into the organic phase and to verify a possible interfacial
effect on the distribution rate by performing partitioning studies in the BiPHa+ assay
based on an experimental design (section 4.4.2). If the partitioning rate was
discriminated by the interface tension, the partitioning rate would stay on the same
level. The polymer Kollidon® VA 64 was used in concentrations of 0.031 to
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0.003 mg/ ml for the stabilization of the FaSSIF-V2 / 1-decanol interface. In this range
the surface tension was almost identical at 0.8 mN/m to 0.3 mN/m. Soluplus® was
investigated in the concentration range from 3.0 to 0.031 mg/ml. Slightly increased
interface tensions can be measured at a high Soluplus® concentration of 3 mg/ml and
at Kollidon® VA 64 concentrations of 0.003 mg/ml and 0.015 mg/ml (Figure 17). First
order kinetics was assumed for the determination of the distribution rate constants.
The BiPHa+ distribution studies were evaluated using statistical design of experiments
(DOE) described in section 4.4.2. The determined rate constants are presented in
Table 7. The determined rate constants are 0.0011 min™ and 0.0168 min™",

Table 7: Rate constants k, of the distribution of dipyridamole into the organic phase at different Soluplus® /
Kollidon® VA64 ratios in FaSSIF-V2 media.

Kollidon® VA64 [mg/ml] Soluplus® [mg/ml] k, [1/min]
0.003 0.031 0.0146
0.017 1.52 0.0025
0.017 2.57 0.0022
0.027 1.52 0.0031
0.017 0.46 0.0130
0.003 3.00 0.0012
0.031 3.00 0.0011
0.0071 1.52 0.0014
0.017 1.52 0.0026
0.031 0.031 0.0168

Based on the evaluation of the DOE, only the Soluplus® concentration had a significant
parameter influencing the distribution rate. The ANOVA of the model is shown in
Table 7. The resulting Response Surface Area showed the quadratic correlation of the
Soluplus® concentration but no influence of the Kollidon® VA 64 concentration on the
partitioning rate (Figure 18). As the concentration of Soluplus® in the aqueous phase
increased, the partitioning rate of dissolved dipyridamole decreased quadratically.
Since the surface tension stayed at the same level at different Kollidon® VA 64
concentrations and at 3 mg/ml Soluplus®, but the distribution rates remained
constant (Table 7), the interfacial properties had no significant influence on the
distribution rate (Figure 18). The decreasing partitioning rate with increasing
Soluplus® concentration can be explained by the fact that dissolved dipyridamole was
probably entrapped in the polymer micelles of Soluplus® [94]. The dipyridamole must
therefore diffuse from the micelles into the aqueous phase and from there distribute
into the organic phase. At lower Soluplus® concentrations, more dipyridamole was
freely dissolved and can therefore distribute more rapidly into the organic phase.
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In summary, the BipHa+ assay was performed using FaSSIF-V2 medium demonstrating
that the aqueous phase discriminated for the formulation components (Soluplus®)
and not for the surface tension. No effect on the distribution rate could be measured
at slightly changing interfacial tensions. A normalization of interface tension can be
generated by adding very small amounts of Kollidon® VA64, without affecting the
formulation dissolution characteristics.

Table 8: ANOVA table: source: parameter; sum of squares: sum of the squared differences between the
overall average and the amount of; df: degrees of freedom; Mean Square: variance; F Value: test for
comparing the mean square to the residual mean square; p-value: probability of seeing the observed F-

value
Source Ssqulgr:fs df Mean Square F-value p-value
Model 0.0003 2 0.0002 103.97 <0.0001 significant
B-Soluplus® 0.0003 1 0.0003 163.78 <0.0001
B? 0.0001 1 0.0001 44.15 0.0003
Residual 0.0000 7 1,65E-03
Lack of Fit 0.0000 6 1,92E-03 384.41 0.0390 significant
Pure Error 5.00E-06 1 5,00E-06
Cor Total 0.0004 9

A:K VA 64 0.024

0.031 3

Figure 18: Response Surface Area of partitioning rate (k) as function of Kollidon® VA64 (K VA 64) and
Soluplus® concentration.
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3.3 Modelling of Biorelevant Kinetics for a Ritonavir Hot-Melt Extruded
Amorphous Solid Dispersion

As reported in section 3.1.9, the dissolution of a ritonavir containing amorphous solid
dispersion in biorelevant media (Bi-FaSSIF-V1 / V2) resulted in a sigmoidal partitioning
profile into the organic phase, whereas the ritonavir concentration by using plain
buffer without surfactants steadily increased without any change of the slow
partitioning rate. For a better kinetic description and explanation of resulting organic
concentration time profiles, the kinetic model of Locher et al. [81] for crystalline BCS Il
APls was advanced towards an ASD by introducing additional phase separation
processes in the aqueous phase as described in the following section.

3.3.1 Physical Explanations of the Complex in vitro Dissolution Kinetics for
Ritonavir

The kinetic profile obtained from of the BiPHa+ dissolution experiment can be divided
into three different stages as illustrated in Figure 19:

(1) Gastric stage - The ritonavir-containing ASD was tested for 30 min at pH 1.0
without the 1-decanol absorption layer. Upon contact with the dissolution medium
the ritonavir-ASD disperses, APl and excipients dissolve simultaneously [51], and a
solution is generated in our experiments 80%. Dispersing of the ASD and dissolution of
ritonavir are assumed as one irreversible step. Furthermore, it can be assumed that
drug and polymer dissolve simultaneously for the given ritonavir-ASD at a drug load of
15% as demonstrated by Indulkar et al. [51].

(2) Early intestinal stage - After covering the aqueous layer with 1-decanol and
changing the pH from 1.0 to 5.5, a 2-compartment model for the simulated early
intestine was applied (Figure 19). Liquid-liquid phase separation (LLPS) supposedly
occurs from the solution, when crystallization is slow [95] and the amorphous
solubility of the APl is exceeded leading to the formation of nanosized API-rich nano-
droplets [68,96]. In the present kinetic model the formation of the nano-droplets
refers to the generation of the an increased nano-droplet particle size as shown in
Figure 20 and Figure 19. The ritonavir-rich nano-droplets provide a reservoir
replenishing dissolved ritonavir that irreversibly partitioned into the organic layer
[21,68,97,98].

(3) Late intestinal stage - At the timepoint, where the partitioning of ritonavir into the
organic phase substantially increases, the re-dissolution rate of ritonavir from the
nano-droplets into the aqueous phase increases, while the particle size of the small
nanoparticles decreases [99-101]. Furthermore, the particle size reduction can be
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further driven by Ostwald ripening of the nano-droplets [99] as also reported for
nano-emulsions, which exhibit a typical size of 20 to 200 nm [102]. This is in the same
size range (approx. 60 nm) as reported in a previous study [95,99]. The resulting
dispersion formed in buffered aqueous medium contained particles at a mean
diameter of approx. 60 nm in a monomodal particle size distribution [99]. Briefly,
during the thermodynamically driven process of Ostwald ripening molecules on the
surface of energetically unfavourable small particles (e.g. the APl molecules from the
nano-droplets) tend to detach from the particles and diffuse into the solution as free
molecules generating a supersaturated solution. At the stage, where supersaturation
is achieved, the free molecules have the tendency to condense on the surface of
larger particles, or in our case, larger nano-droplets. Therefore, the smaller nano-
droplets continue to shrink, while larger nano-droplets continue to grow as illustrated
in Figure 20. While ritonavir is continuously removed by partitioning into the organic
phase, the size of small nano-droplet decreases until they disappear. The continuously
shrinking nano-droplets are described by forming small nano-droplets in the kinetic
model (Figure 19). It is assumed that large nano-droplets and small nano-droplets lead
to different kinetic properties in terms of the ritonavir dissolution from the nano-
droplets due to their difference in particle size.

Because the surface energy has a great impact on the re-dissolution rate, the re-
dissolution rate and change in particle size distribution is further increased in the
biorelevant media [99,100]. For this reason, the partitioning of ritonavir into the
organic layer was much more pronounced in biorelevant medium leading to a
sigmoidal concentration time curve (Figure 22A-C), whereas re-dissolution and
partitioning into the organic layer are dramatically reduced without bile salts and
lecithin (Figure 22D). Remaining larger nano-droplets can merge by coalescence, as
most likely they are not stable in the surfactant-free buffer medium. Consequently,
the particle size distribution of the droplets can move further towards particle sizes in
the lower micrometer scale during the course of the dissolution experiment
[95,99,103].

The concentration of ritonavir in 1-decanol reaches a plateau at about 120 min. in Bi-
FaSSIF-V2 (Figure 22A), 270 min. in FaSSIF-V2 (Figure 22B), and 180 min. in Bi-FaSSIF
(Figure 22C) indicating a reduced concentration of free ritonavir in the aqueous
medium. The presence of mainly very large nano-droplets or even coalesced droplets
led to only very limited ritonavir dissolution into the aqueous medium. In the
surfactant-free buffer medium these very large particles permitted only very slow
ritonavir dissolution resulting in turn in an overall very low partition rate into the
organic layer (Figure 22D).
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Based on the assumptions provided above, five compartments (M) and six related rate
constants (k) were introduced in the model to describe the concentration-time
profiles kinetically. Each compartment was assigned to certain rate constants, which
were negative, when the described process decreased the amount of ritonavir in the
corresponding compartment:

(1) Msorm: the undissolved ritonavir-ASD formulation,
(2) Mygiss: dissolved ritonavir in the aqueous phase,

(3) Mnp: ritonavir-rich nano-droplets,

(4) Mgnp: small, shrunken ritonavir-rich nano-droplets,
(5) Mopart: dissolved ritonavir in the organic phase.

Further details are given in Figure 19 and Table 9.

Formulation Aqueous phase Organic phase

gastric stage pH=1.0
formulation
early intestinal stage pH=5.5

Miyp large
nano-droplets

kprec I

kdisx
ke
disper
-
formulation

late intestinal stage pH=5.5-6.8

Myyplarge Mgyp small
nano-droplets Kprec 11 nano-droplets

kprec I
kdi;sf\ kdiss II
kd‘ k‘pa‘rt
— Mpart
formulation

dissolved API
Figure 19: Schematic illustration of the five-compartment model to describe the proposed kinetic processes

k
part Mpar‘t
dissolved API

occurring in the BiPHa+ dissolution from dispersing of the ritonavir-ASD formulation to ritonavir partitioning
into the organic (1-decanol) layer.
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Figure 20: Schematic biphasic dissolution behavior of a ritonavir ASD: (A) In the course of the dissolution
process, different sizes of nano-droplets (red dots) are formed via LLPS. Dissolved ritonavir partitions into
the organic layer (red arrows). (B) After a while, larger and smaller ritonavir nano-droplets are generated
because of Ostwald ripening, re-dissolution and partitioning. A higher re-dissolution rate of ritonavir from
the small nano-droplets results in an increased partitioning rate (red bold arrows). In contrast, a lower re-
dissolution rate of ritonavir from large nano-droplets ends up in a decreased partitioning rate (narrow red
arrows).

3.3.2 Light Scattering Measurement as an Indicator of the Dynamic Behaviour of
Small Nano-Droplets

Changing nano-droplets properties could be also deduced from scattering (Figure 21)
as undissolved particles cause light scattering, which results in turbidity. In the UV -
Vis spectrum, this effect was evidenced by an exponential trend of the baseline of the
UV-spectrum, which increases with smaller wavelengths. Hence, the scattering extent
related turbidity throughout the experiment correlated with generation, growth or
dissolution of particles like e.g. nano-droplets.

As the aqueous phase was constantly pumped through a 1 um cannula full-flow filter,
particles of > 1 um could not account for the scattering in the flow through cuvette
(Figure 1). Starting at wavelength of > 300 nm, the UV-Vis spectrum results solely from
light scattering as no absorbance of ritonavir is present. The extent of scattering was
measured as turbidity values between wavelengths of 400 and 1000 nm (in 100 nm
steps) during the entire experimental period. Consequently, when turbidity increased
or decreased, it had to be related to LLPS, dissolution of nano-droplets or a change in
particle size.

The scattering profile of the plain buffer medium showed turbidity only during the
gastric phase (Figure 21B). Later the turbidity of the buffer medium (M3) rapidly
decreased and remained at a low level which indicated a fast-increasing particle size,
because large undissolved ritonavir particles could not pass the filter anymore (Figure
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21B). As a result, the partitioning of ritonavir from the plain buffer medium in the
organic phase was slow.

In contrast, the scattering profile of the Bi-FaSSIF-V2 medium was highly dynamic
(Figure 21A). The generally higher level of scattering in the Bi-FaSSIF-V2 was
additionally affected by the Bi-FaSSIF-V2 ingredients. After shifting the pH to 5.5,
scattering rapidly increased because LLPS of ritonavir into nano-droplets likely
occurred. The decrease of scattering in Bi-FaSSIF-V2 started intensively before the
partitioning rate increased. The decrease in turbidity resulted on the one hand from
the fact that the large nano-droplets no longer passed the filter and on the other hand
from the dissolution and Ostwald ripening of the small nano-droplets. The subsequent
increased partitioning rate of ritonavir could be explained by an increased dissolution
rate of shrunken small nano-droplets which is represented in the kinetic model with
the transformation of large nano-droplet (Myyp) into small nano-droplets (Msyp).

In summary, monitoring of scattering data is an easy and effective method to
qualitatively measure the extent and kinetics of LLPS, particle size modification and re-
dissolution of nano-droplets, which at the same time confirm the validity of our
kinetic model.
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Figure 21 Turbidity in % (1 — Lght intensity of sample

light intensityofblank) in the course of the experiment caused by light

scattering of particles smaller than 1 um measured at various wavelengths; (A) is the scattering profile in Bi-
FaSSIF-V2 medium; (B) represents the scattering profile in the surfactant free buffer medium. The colours of
each turbidity profile resemble the colour in the electromagnetic spectrum: purple 400 nm, blue 500 nm,
green 600 nm, yellow 700 nm, orange 800 nm, red 900 nm, dark-red 1000 nm
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3.3.3 In silico Model Fitting of Ritonavir in vitro Dissolution and Partitioning
Kinetics

The differential equations as well as the corresponding graphs describing the vitro
dissolution and partitioning kinetics are represented in Table 9. The iterative fittings of
Maiss (Equation 14, Equation 15, Equation 18) and My, (Equation 17, Equation 21)
were compared with the amount of ritonavir in the aqueous and the organic medium.
The amount of My, (Equation 13), Mpnp (Equation 16,Equation 19) and Mg
(Equation 20) directly resulted from the calculation. The rate constants (Table 10) and
kinetic profile (Figure 22) from the experiments in three different dissolution media
were calculated, accordingly. Figure 22 illustrates the kinetic profiles of the five
compartments fitted with regard to the dissolved ritonavir (A1-C1). Figure 9 A2-C2
represents the mass balance of the unresolved ritonavir fractions. For this purpose,
the measured undissolved ritonavir fractions (black line) were compared with the
calculated undissolved fractions (grey area). The calculated undissolved ritonavir
includes ritonavir in the formulation (My,m), small and large nano-droplets (Mwm,

MsND)-

The process of dissolution started in the gastric medium within the first 30 minutes
with dispersing of the ritonavir-ASD formulation (Equation 4) immediately followed by
the dissolution of the ritonavir. The dispersing of the ritonavir- ASD formulation and
the ritonavir dissolution from the compartment M, Was described by a first order
kinetic with kg;ss as rate constant (Equation 13, 5). Dispersion and dissolution from the
ritonavir-ASD were assumed to be identical [51], because the APl was molecularly
dissolved in the polymer in contrast to the case of crystalline APl described by Locher
et al. [81]. If the polymer dissolves, the drug will also dissolve immediately. Approx.
75% of the ritonavir was dissolved at the end of the gastric stage (Figure 22).

During the early intestinal stage, the ritonavir-ASD was further dispersed. Because of
the strongly pH-dependant solubility of ritonavir, the formation of the ritonavir-rich
nano-droplets (Myp) occurred directly after pH-adjustment (Table 9). The organic
absorption layer was added 30 seconds after pH-change to 5.5. The compartment of
dissolved ritonavir (Mgiss) was complemented with that of the ritonavir-rich
nanodroplets (Miyp) and the ritonavir absorption compartment (Mp.) of 1-decanol
(Equation 15 - Equation 17). The partitioning of dissolved ritonavir into the organic
phase, (Myart) occurred irreversibly by first order kinetic. In the case of Bi-FaSSIF-V1
and Bi-FaSSIF-V2 the kinetic model in the early intestinal stage comprises a four-
compartment model that accurately describes the experimental data between 30 and
80 min (Bi-FaSSIF-V1) as well as between 30 and 65 min (Bi-FaSSIF-V2), respectively.
After these periods the partitioning rate strongly increased, leading to a sigmoidal
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distribution profile (Figure 14 and 8). On the other hand, the absence of a sigmoidal
partitioning profile in surfactant-free buffer medium confirmed the early intestinal
model for the whole experimental period (Figure 22C).

Ritonavir-ASD dispersion and dissolution into the compartment My;s as well as the
partitioning process of ritonavir into the organic phase (Mp,t) were assumed to be
irreversible. In contrast, re-dissolution of ritonavir from large nano-droplets (Mp)
into the compartment My;ss was considered as reversible. Furthermore, the model was
able to describe the remaining ritonavir in the formulation compartment (Msm) after
changing the pH from 1.0 to 5.5, and further to 6.8, which is described by a first order
dissolution model, because the polymer dissolved pH-independently and the polymer
matrix properties controlled the dissolution. This means that the active ingredient
dissolves independently of the outer environment, but depending on the polymer
[51].

The generation of the ritonavir-rich nano-droplets (Myp) and the dissolution of the
ritonavir into My;ss are limited by the residual dissolved ritonavir at the end of the
experiment which is expressed by the term (sat - Myiss) and (Mgiss - sat) (Equation 15,
Equation 16). Sat values represent the measured ritonavir concentration in the
aqueous phase at the end of the test [81]. Supersaturation followed by the formation
of ritonavir-rich nano-droplets (M) occurred at concentrations of freely dissolved
ritonavir of higher than sat. The scaling factor was negative for the dissolution
equation and positive for the precipitation equation (Equation 7).

In the late intestinal stage, all rate constants and model descriptions from early
intestinal stage remained unchanged in further calculations (Table 10). The model was
extended by a conversion process of ritonavir-rich nano-droplets generated from
liquid-liquid phase separation (LLPS) during precipitation of dissolved ritonavir (Mxp)
into smaller ritonavir-rich nano-droplets (Mgp) in Bi-FaSSIF and Bi-FaSSIF-V2, and
described the changing re-dissolution and subsequently partitioning rate (Equation
19, Equation 20). The presence of smaller nano-droplets (Msyp) can physically explain
the enhanced dissolution rate, which became the new rate limiting step (Table 10).
Neither a direct formation of large nano-droplets in the Mjyp compartment from small
nano-droplets (Msp) nor precipitation from dissolved ritonavir into small nano-
droplets (Mq\p) occurred (Equation 19,Equation 20). The expressions (max - Myp) and
(Mo - max) (Equation 19, Equation 20) were introduced to scale the extent of the
larger nanodroplets (Mjp), which underwent particle size reduction and contributed
to partitioned ritonavir (see 3.5.1). Max values represented the amount of large
particles (> 1 um), which were not able to transform in smaller particles. The scaling
factor is negative for the Myp equation and positive for the Mg\ equation. Thus, the
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amount of Myp decreased and the amount of M¢yp increased. Max values were result
of the model fitting: max = 32% in Bi-FaSSIF-V1 and max = 35% in Bi-FaSSIF-V2.

The partitioning of ritonavir into the organic phase (My,t) was described by a second
order kinetic model (Equation 21). A second order model described the partitioning
into the organic phase, which depended on the amount of dissolved ritonavir in the
aqueous phase (Myiss) as well as the amount of ritonavir-rich nano-droplets (Msnp).
This assumption took two considerations into account: (1) the fast re-dissolution rate
of small nano-droplets (Mq\p), and (2) the plateau in the organic phase at the end of
the experiment (Figure 22). A plateau was reached, when the amount of small nano-
droplets (Mgp) decreased. The larger nano-droplets in the Myp compartment
dissolved very slowly and did not substantially contribute to the partitioning of
ritonavir in the organic phase (Mya). The extent and rate of plateau formation
depends on the lecithin/taurocholate ratio [104].

The obtained rate-constants from the simulation results are listed in Table 10. The
models matched very well with the experimental data (Figure 22). In all simulations,
the same dispersion / dissolution rate (Kkgisper) cOnstant was determined during the first
30 minutes in the gastric part.

Immediately after shifting the pH to 5.5 and covering the aqueous layer with 1-
decanol, LLPS occurs from the solution leading to the formation of nanosized API-rich
nano-droplets (Miyp). The rate of redissolution of ritonavir from these nano-droplets
(Minp) was very slow (kprec1 = 0.009 min'l) and represented the rate limiting step in all
three tested dissolution media. Dispersing of the formulation, formation of API-rich
nano-droplets, and re-dissolution had the same rate constants in all experiments.
Consequently, they were hardly influenced by the dissolution medium (Table 10).

The Bi-FaSSIF and the Bi-FaSSIF-V2 dissolution medium lead to the same partitioning
rate (kparr = 0.015 min™) during the period of 30 to 80 min and 30 to 65 min,
respectively. In this period no transformation into small nano-droplets (Msnp)
occurred.

In contrast, the calculated partitioning rate in the plain buffer (kyax = 0.023 min™)
during the early intestinal time period starting at 30 min was little faster (Table 10)
resulting in an increased onset of dissolved ritonavir in the organic phase (Figure 22).
The difference in the kinetics can be explained by the presence of surfactants in the
two biorelevant media, which could lead to a higher affinity of the APl in the aqueous
phase, and potentially influence the 1-decanol/buffer interface [84].
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The nano-droplet properties in the plain buffer medium did not change until the end
of the experiment.

Ritonavir-rich nano-droplets (My\p) started to convert into small nano-droplets (Mgp)
at 65 min (Bi-FaSSIF) and 80 min (Bi-FaSSIF-V2), which demonstrated faster dissolution
rates. During dissolution, decreased nano-droplet size leads to an increased solubility
with time and a shorter total dissolution time. Consequently, the generated small
nano-droplets (Mgp) displayed different kinetics for the ritonavir dissolution
compared to larger nano-droplets (Mpp), especially in the presence of surfactants
(Figure 22A, B). Higher surfactant concentrations potentially resulted in a higher
wettability of the nano-droplets, resulting in a faster shrinking of small nano-droplets,
and a faster re-dissolution rate of the ritonavir from the small nano-droplets (Msnp)
[100,102]. The re-dissolution rate (kgissi) constant increased to 0.04 min™® and
0.05 min™ respectively and became the new rate limiting step (Table 10). It is
important to emphasize that the partitioning (kpar) rate also increased to 0.45 min™*
and 0.55 min™. This leads to the conclusion that the kinetic stability of small nano-
droplets (Mg\p) strongly decreased caused by an increased surface energy [99,100],
which led to a faster re-dissolution and partitioning process. The decreased kinetic
stability was expressed in the kinetic model by a second order partitioning model
dependent on the amount of small nano-droplets (Msp) and the dissolved ritonavir
concentration (Myjss).

In sum, the present kinetic modeling was able to describe the dissolution and
partitioning of ritonavir in the BiPHa+ dissolution test on the basis of the dispersion
and dissolution behavior of a ritonavir-ASD via API-rich nano-droplets generated by
LLPS. The model considered the impact of nano-droplet size on ritonavir dissolution
and partitioning as well. Furthermore, the model was able to quantify the amount of
growing (Mp) and shrinking (Mg\p) particles by the Ostwald ripening. The described
mechanism provides an additional aspect of the reservoir effect of API-rich nano-
droplets by LLPS, which in turn can explain the potential of ASDs to increase the
dissolution rate of the incorporated APl and to enhance its bioavailability.
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Table 9: Schematic representation of the differential equations to describe the to describe the proposed kinetic processes in the five-compartment model occurring in the
BiPHa+ dissolution of a ritonavir-containing ASD (ritonavir-ASD) from initial formulation dispersion to final ritonavir partitioning into the organic layer (1-decanol).
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M.np: Small nano-droplets in the aqueous phase
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Table 10: Estimated rate constants of three BiPHa+ settings. Bold values characterise the rate limiting steps.

Typ Bi-FaSSIF-V2 Bi-FaSSIF Buffer
t [min] 0 30 80 0 30 65 0 30
Kaisper [Min™'] 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045
Kais [Min™] 0.009 0.009 0.009 0.009 0.009
Korec [Min™] 2.0 2.0 2.0 2.0 2.0
Kaisz [Min™] 0.04 0.05
Korecz [Min™] 0.6 0.70
Koart [Min™] 0.015 0.45 0.015 0.55 0.023
ot 3% 3% 5% 5% 2-5%
(12 pg/ml) (12 pg/ml) (20 pg/ml) (20 pg/ml) (10 pg/ml)
max 35% 32%
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Figure 22: Model fit of four or five compartments compared to the experimental data (A1-C1) and mass
balance of undissolved ritonavir portions (A2-C2). (A1) in Bi-FaSSIF-V2 including small nano-droplets (green
line), (B1) in Bi-FaSSIF-V1 including small nano-droplets (green line), (C1) in surfactant-free buffer medium
without a nano-droplet transformation. (A2) in Bi-FaSSIF-V2 including small nano-droplets (green line), (B2) Bi-
FaSSIF-V1 including small nano-droplets (green line), (C2) in surfactant-free buffer medium without a nano-
droplet transformation.
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3.4 BiPHa+ Biphasic Dissolution Assay to assess in vivo Performance for
poorly Soluble Drugs in six commercial enabling Formulations

This part of the work intended to confirm the in vivo relevance of the BiPHa+ biphasic
dissolution assay using a single set of assay parameters. Herein, we evaluated six
commercial drug products formulated by various enabling formulation principles (Table
11) under fasted conditions using the BiPHa+ assay. The in vitro partitioning profiles in
the organic phase were compared with human pharmacokinetic data obtained from
literature. In the first part, a meaningful in vitro dose of the formulations was assessed
by determining the maximum drug concentration in the artificial absorption sink during
dissolution (organic 1-decanol layer, Cgecmax). Then, the maximum concentration of the
partitioned drug in the organic layer was correlated with the in vivo fraction absorbed,
which was derived from published human pharmacokinetic data. Based on the in vitro
kinetics of the BiPHa+ experiments, human in vivo plasma profiles were predicted using
convolutional modelling approach. Subsequently, the calculated pharmacokinetic
profiles were compared with in vivo performance of the studied drug products to assess
the predictive power of the BiPHa+ assay.

Table 11: Investigated drug products: Drug substance, trade name, highest dose strength on market, and
enabling formulation type. A dose strength of 10 mg was used for further biorelevance investigations (marked
in bold); BCS related in vitro doses based on highest dose strength divided by 250 ml are marked in italic.

Trade name Investigated in vitro dose

Drug substance Formulation type

(Dose strength) [mg] [mg/ml] [umol]

5 0.1 9.4

®

Aprepitant (Elr;: f:: ) (CaNiE?ecr;ZtIT;ts) 10 0.2 18.7
& psule, 25 0.5 46.4

. Celebrex® Microcrystal > 0.1 131
Celecoxib (200 mg, 54 mg) (Capsule, Powder) 10 0.2 26.2
g, >3 mg psule, 40 0.8 104.8

5 0.1 13.9

e )

Fenofibrate (;)péd,: ) (CaM;E:;’chf:va;er) 10 0.2 27.8
g psule, 40 0.4 111.1

5 0.1 7.1

®

Itraconazole ST;T)%e;?; (Ca suﬁeSDPeIIets) 10 0.2 14.2
g psule, 20 0.4 283

5 0.1 11.9

H ®

Nimodipine N(';:)O::p) (T’:S.:Zt) 10 0.2 23.9
& 20 0.4 47.8

ASD 5 0.1 6.9

Ritonavir Norvir® (100 mg) (Tablet) 10 0.2 13.9
20 0.4 27.7
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3.4.1 Drug Properties

The neat drugs were characterized in terms of their LogP and pKa as well as aqueous
solubility at gastric and intestinal pH (Table 12).

Celecoxib exhibits no physiological relevant pKa-value and fenofibrate represents a
neutral drug. pKa-values of the weak bases aprepitant, itraconazole, nimodipine and
ritonavir are in the range of 1.9 to 3.8. Log P values were in the range of 3.5 to 5.4 (Table
12)

The solubility was investigated in 0.1 M hydrochloric acid, phosphate buffer 6.8 and Bi-
FaSSIF-V2 [14]. Itraconazole, ritonavir and aprepitant exhibit pH-dependent solubility.
The solubility of celecoxib, aprepitant, nimodipine and ritonavir showed sensitivity to
sodium-taurocholate and lecithin (Bi-FaSSIF-V2 medium) compared to the surfactant-
free dissolution media. For celecoxib, fenofibrate and nimodipine the differences in
solubility in diverse media is minor.

To ensure 10-fold sink conditions during the BiPHa+ dissolution experiments, the
solubility of the drugs in 1-decanol should be above 8.0 mg/ml (Table 12). Except from
itraconazole and aprepitant, the solubility of all other drugs was higher than 8.0 mg/ml.
Itraconazole showed a solubility of 1.23 mg/ml in 1-decanol. Therefore, the volume of 1-
decanol was adjusted to 100 ml to ensure a 5-fold sink. The solubility of aprepitant in 1-
decanol was 4.2 mg/ml, which was assumed to be sufficient to ensure sink conditions
(Table 12).

The absolute oral bioavailability was taken from literature (section 4.6.2, Table 13). The
fraction absorbed (fa) and bioavailability for nimodipine are different, because 90 % of
the absorbed nimodipine is metabolized by first pass, which leads to a distinctly lower
bioavailability [105].
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Table 12: Physiochemical characterization of 6 investigated drugs: pKa values, solubility (S); LogP; bioavailability
(F) and fraction absorbed (fa) and quantification wavelength (spectra processing method)

Parameter Aprepitant Celecoxib Fenofibrate Itraconazole Nimodipine Ritonavir
. 1) 1.9
pKa 2.8 10.7 (acid) N/A 3.8 2.6 25
S (0.1N HCI) [ug/ml] 62.0 2.67 0.62 6.1 3.21 382.8
S (6.8N Buffer) [ug/ml] 1.39 1.76 1.08 0.88 2.90 0.96
S (FaSSIF-V2) [ug/ml] 14.0 4.52 1.03 0.60 5.18 4.30
S (1-decanol) [mg/ml] 4.3 >8.0 >8.0 1.2 >8.0 >8.0
LogP 4.8 3.7 54 54 3.5 4.4
. o 0.59 0.39 0.46 0.16 0.035 0.75
Bioavailability (F)
[106] [107] [83,108,109] [110,111] [25, 26] [68]
. 0.59 0.39 0.46 0.16 0.35 0.75
Fraction absorbed (fa)
[106] [107] [83,108,109] [110,111] [25, 26] [68]
Wavelength 283 285 270 278 366 240
(in aqueous phase) [nm] (1. derz)) (1. derz)) (expa)) (1. derz)) (expa)) (exp3))
Wavelength 280 268 270 290 366 263
(in 1-decanol) [nm] (1. der?) (off") (off™) (1. der?) (off™) (1. der?)

1)N/A: not applicable; 2 1.der: first derivative; 3)exp: exponential correction; Yoff: offset

3.4.2 Dose Assessment

Each drug product was investigated at predetermined in vitro doses (5 mg, 10 mg and a
BCS class dependent dose, Table 11) by comparing the highest drug concentration in the
organic layer (Cgec,max) With the corresponding human fraction absorbed in vivo (fa[%],
Figure 23). Fraction absorbed represents the percentage, which is absorbed from the
intestine without considering first pass metabolism. As some experiments resulted in
small partitioned drug quantities in the organic phase for some formulations (Figure 23),
we empirically selected next to the BCS dependent quantity two in vitro doses, smaller,
namely 5 mg and 10 mg. We assumed a higher relative partitioned drug quantity
(relative Cgec, max) in the organic absorption sink layer by decreasing the in vitro dose. The
rational for the in vitro dose selected is based on the following considerations: The
organic phase (absorption sink) pulls dissolved drug molecules out of the aqueous phase.
Since only dissolved drug substance is able to partition into the organic phase, a
minimum aqueous solubility of undissolved drug particles, dispersed in the aqueous
phase (crystals, precipitated particles (amorphous or crystalline), LLPS, colloids), is
essential. The undissolved drug particles form the reservoir for the molecularly dissolved
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drug substance to be distributed into the organic phase. The extent of the reservoir is
linked to the in vitro dose used in the biphasic assay. Moreover, Locher et al. 2016
proved a dissolved drug concentration dependent mass transfer [81]. Additionally, mass
transfer is a function of interfacial area (aqueous/organic), hydrodynamics and the
extent of sink in the organic phase [71]. Now, it is important to balance drug reservoir (in
vitro dose) and mass transfer. It was hence anticipated that an optimal in vitro dose
would result in distribution kinetics optimally matching in vivo absorption kinetics and
consequently assessed experimentally.

The investigated in vitro doses of each formulation (umol and mg) were plotted against
the relative and molar partitioned quantity (% and pmol) to directly assess the
biorelevance of each Cyecmax in the organic layer (Figure 23).

Aprepitant (Emend®, nanocrystal)

The drug product Emend® contains the active aprepitant as nanocrystals. By increasing
the in vitro dose in the BiPHa+ dissolution test from 5 mg (9.4umol) to 25mg (46.8 umol),
relative Cgec, max, in the organic layer decreased from 85 % (7.8 umol) to 18 % (9.5 pumol)
respectively. The decrease was more pronounced in the dose range of 10 mg to 25 mg
resulting in a relative Cgecmax ranging from 60 % (7.8 umol) to 18 % (8.42 umol),
compared to 5 and 10 mg (85 % - 60 %). Cgec, max at 10 mg was in good agreement to the
fraction absorbed in vivo of approx. 59 % (Figure 23A).

Celecoxib (Celebrex®, microcrystal)

In the case of the micronized celecoxib formulation, the highest relative Cgecmax Value
(41 %) was achieved at a dose of 10 mg (26.2 umol), which was comparable to the
fraction absorbed in vivo. At 5 mg (13.1 umol) celecoxib the relative Cgecmax Value was
32 % (4.2 umol). A lower relative amount of celecoxib (5 %) partitioned into the organic
layer at the BCS dependent in vitro dose of 40 mg (Figure 23B).

Fenofibrate (Lipidil 200®, microcrystals)

Lipidil® is a micronized formulation in order to enhance dissolution rate. Approximately
45 % (6.2 — 13.0 umol) of fenofibrate partitioned at an investigated in vitro dose of 5 mg
(13.9 umol) and 10 mg (27.8 umol) into the organic layer, which was similar to the
observed fraction absorbed in vivo. At a high investigated microcrystalline fenofibrate
quantity of 40 mg (111.1 pmol), Cgecmax Value decreases to 10 % (10.4 umol) (Figure 23C).
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Itraconazole (Sempera®, ASD)

The enabling formulation of itraconazole is a HPMC-based amorphous solid dispersion,
coated on pellets. Itraconazole partitioned up to 17 % (1.3 — 2.4 umol) in the case of the
5 mg (7.1 umol) and 10 mg (14.2 umol) investigated in vitro dose into the organic phase.
9% (2.6 umol) of the 20 mg (28.3 umol) itraconazole dose partitions in the organic
phase. The in vivo fraction absorbed of the same formulation in the fasted state is 16 %
(Figure 23D).

Nimodipine (Nimotop®, ASD)

Nimotop® is a first generation ASD based on polyethylene-glycol. Cgecmax Values of 5 mg
(11.9 umol), 10 mg (23.9 umol) and 20 mg (47.8 umol) nimodipine-ASD were in a range
of 38 to 50 % (5.7 —20.1 umol), which was higher compared to 35 % in vivo fraction
absorbed (Figure 5E).

Ritonavir (Norvir®, ASD)

The Norvir® drug product contains ritonavir as an amorphous solid dispersion consisting
of a polymer/surfactant matrix. All investigated in vitro doses provided a relative Cgecmax
of 70 to 80 % (equal to 5.5 —-18.6 umol) in the organic layer, which was in accordance
with the in vivo fraction absorbed of 76 % (Figure 23F).

The drug products with crystalline drug substance, namely Emend® (nanocrystals),
Celebrex® (microcrystals) and Lipidil 200 (microcrystals) showed similar in vitro behavior:
an increase of the in vitro dose in the dissolution experiment led to decreased values for
relative Cgec,max in the organic layer. This behavior can be explained by the developability
classification system [7,8] applied to the BiPHa+ assay. Dissolution of the crystalline drug
at a dose level range of 15-25 umol was mainly dissolution rate limited (lla) leading to a
similar relative Cgec max in the organic layer. At the higher BCS class dependent dose levels
as displayed in Figure 23, drug dissolution became mainly solubility limited (llb) leading
to lower Cgeemax Values. As a result, the BiPHa+ assay was not able to discriminate the
rate limiting step of dissolution at drug levels higher than 30 umol, because the drug flux
was limited by its solubility.

Ritonavir, itraconazole and nimodipine formulated as an ASD reached a rather
comparable and slighter decreasing relative Cgecmax Values in the 1-decanol layer over the
tested drug levels. This could be explained by the fact that the drugs were presented in
their amorphous form causing the partitioning into the organic layer did not only depend
on solubility and dissolution rate, but also on a complex interplay of dissolution,
precipitation, re-dissolution as described previously [21,68,112].
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Cdecmax Values obtained at an in vitro dose of 10 mg for all investigated drugs
demonstrated the highest accordance to the values for the fraction absorbed in vivo.
Based on these results, we propose an in vitro dose of 10 mg (equal to approx. 15-
25 umol) as a standard for our assay to determine bio-comparable partitioning profiles
for in vivo doses in the range of 30 -200 mg. This demonstrates that the presented
BiPHa+ assay could generate discriminatory partitioning results, because dissolution or
re-dissolution of drug substance has been proven to be the rate limiting step.

m [mg] m [mg]
0o 10 20 30 40 0 10 20 30 40
30 - 100 : : : : 30,100 ‘ : : :

= B C
O 25 | 25]
£ 804 ] 80
=2
'_X'ZO- 204

g 60 -

8151 15+ S,
o 404 40 ®
2 10/ 104 L
=
o] i
2 s 20 5 |
0
@

0 0 e ol o ———————— ol o ————————
0 20 40 60 80 100 120 0 20 40 60 80 100 120 20 40 60 80 100 120
20 40 60 80 0 10 20 30 40 50 0 20 40 60 80
30 100 : : : —  30-100 ; : : : 30,100 : : : :

= D E F

2 254 73 g0 1259 40 | 254 4 ]
2 I 175

= x
20, 8 20 :} 20 -

g 60 1 60- 60+ —_

3 &

8151 O 154 15 1 X
o =
s Q 401 1 40- hs 401 ©
= 104 5 10+ Fr--F----------- 101 /ﬂ [N
= o
5] © 20 i i | i
0w 5 ] = 20 -.3>—= ___________ 155 4 20 / 5 | 20 a
0
© o”

0 0 ———————— 1o ——————— 00 ———————
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
n [umol] n [pmol] n [umol]

Figure 23: Relative Cnay (%) and absolute Cp.x (Lmol) values of the organic partitioning profiles with different
drug contents (mg or umol) investigated in the BiPHa+ assay after 4.5 hours: (A) aprepitant; (B) celecoxib, (C)
fenofibrate; (D) itraconazole, (E) nimodipine; (F) ritonavir; dotted black line represents the in vivo oral fraction
absorbed (%)

3.4.3 Drug Product Evaluation Using BiPHa+ Dissolution Assay

The six different market drug products formulated through different enabling principles
were investigated under the same biorelevant biphasic dissolution setting mimicking
fasted state conditions with a concentration of 10 mg in 50 ml aqueous phase (Figure
24). The equivalent molar quantities are given in Table 11.
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Aprepitant (Emend®, nanocrystals)

In the aqueous phase the nanocrystal formulation provided an aprepitant dissolution of
up to 15 % in the gastric stage. The quantification of aprepitant within the intestinal
stage became challenging, as pronounced scattering occurred from nano-sized particles
in combination with Bi-FaSSiF-V2 surfactant (Figure 24A). Consequently, the
guantification in the aqueous phase was probably overestimated leading to the curved
shape of the aqueous concentration time profile. The partitioning rate into the organic
layer represented a zero-order kinetic after a short phase of a faster onset caused by the
pH-dependent solubility. As evident from a Cgecmac Of 60 %, the dissolution of
nanocrystals was very efficient.

Celecoxib (Celebrex®, microcrystals)

The microcrystal formulation of the neutral drug celecoxib provided drug dissolution in
the gastric stage of up to 18 % (Figure 24B). In the early intestinal stage (pH 5.5, Bi-
FaSSIF-V2) additional drug dissolved up to 22% after 30 min in the aqueous phase. The
initially higher partitioning rate into the organic layer was attributed to the higher
concentration of the drug in the aqueous phase within the time span of 30 - 80 min.
During the late intestinal phase, starting at 80 min, the aqueous concentration of
celecoxib remained at a constant level of 8%, and thus, results in a constant portioning
rate.

Fenofibrate (Lipidil®, microcrystals)

Micronized fenofibrate reached approx. 3 % dissolved drug during the gastric stage
(Figure 24C). After a short period of supersaturation between 30 min and 60 min, the
drug concentration remained at 2 % in the aqueous phase. The organic partitioning
profile was similar to a first order kinetics and after 90 min a slightly increasing plateau
was reached with a Cyecmax Value of 45 %.

Itraconazole (Sempera®, ASD)

The HPMC-based ASD of itraconazole enabled supersaturation of the drug in the
aqueous gastric stage up to 60 % (Figure 24D). After the shift from gastric conditions to
small intestine conditions, itraconazole precipitated resulting in approx. 17 % remaining
dissolved drug at minute 30. The short period of supersaturation in the early intestinal
stage (30 - 60 min) was mainly responsible for the partitioned amount of itraconazole in
the organic layer. After the supersaturation period (30 - 60 min), the precipitated drug
was apparently no longer able to re-dissolve (60 - 270 min), which resulted in no further
increase of the partitioned itraconazole (Figure 24D).
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Nimodipine (Nimotop®, ASD)

In the case of the Nimotop® drug product (Figure 24E), nimodipine dissolved from the
PEG-based ASD and reached a maximum concentration in the aqueous phase of 5%
within the first 15 min of the gastric stage. Precipitation occurred in the gastric stage
during minutes 15 and 30. Even after a change to the intestinal stage, the nimodipine
concentration did not exceed 5 % in the aqueous phase until the end of the dissolution
experiment after 270 min. The organic partitioning profile followed a square root-t (/t)
kinetic. The relatively high Cyesmax in the organic phase was probably achieved by a high
but decreasing re-dissolution rate of the precipitated drug.

Ritonavir (Norvir®, ASD)

Ritonavir exhibited a pronounced pH-dependent solubility. The ASD formulation
provided drug dissolution in the aqueous phase of up to 75 % within the first 30 min at
gastric conditions. After the change to intestinal conditions (pH 5.5, FaSSIF-V2), the
amount of dissolved ritonavir drops to 3 %, and remained at this level until reaching the
end of the dissolution experiment at 270 min. The drug concentration profile in the
organic layer had a sigmoidal shape with a plateau at approx. 75 % (Figure 24F).

After description of the results of the BiPHa+ dissolution experiments for each drug
product, the following paragraphs discuss the results with respect to specific drug and
formulation properties.

Crystalline formulations

Aprepitant, celecoxib and fenofibrate dissolved slowly in the gastric medium up to a
concentration of less than 20 %, because the drugs are formulated using their crystalline
forms. The partitioning profile of the three crystalline drugs aprepitant, fenofibrate and
celecoxib followed a zero-order partitioning kinetic, because the drugs continuously
dissolved from the crystalline particles released by the formulation, and only drug
specific solubility effects driven by pH and bile-salts influenced the extent of drug
dissolution (Figure 24A-C). Although the partitioning of the nano-sized aprepitant crystals
was the fastest, conclusions on the influence of the crystal particle size were difficult to
make, as the solubility of the respective drugs in the various media were different. The
initial high and fast partitioning of fenofibrate could be explained by the high LogP and
initially increased dissolution of fenofibrate in the early intestinal stage compared to
aprepitant and celecoxib. The plateau was attributed to the low remaining solubility and
re-dissolution rate. The partitioning profile of celecoxib was directly attributed to the
dissolved amount of drug in the aqueous phase. The partitioning rate decreased with
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decreasing aqueous concentration. A higher drug concentration than the saturation
solubility was likely caused by enhanced dissolution of celecoxib in the presence of the
surfactants and lipids in the biorelevant intestinal medium [113].

Amorphous solid dispersion

The drug dissolution mechanisms of the ASD-based formulations, responsible for the
drug partitioning in the organic layer, were different (Figure 24D-F). Supersaturation,
which was indeed responsible for an increase of the partitioning rate [114], was only
observed in the case of itraconazole (Figure 24E). The partitioning of nimodipine and
ritonavir was mainly driven by the ability of the precipitated drug to re-dissolve (Figure
24D, F) [68,115]. The ability of nimodipine to re-dissolve, which was characterized by the
organic partitioning profile, decreased over time. Initially, nimodipine amorphously
precipitated and then, started to crystalize moderately fast leading in a decreased re-
dissolution and subsequent partitioning [116]. The partitioning profile of the ritonavir
formulation resulted in a sigmoidal shape. This was caused by a dynamic behaviour of
the drug-rich nano-droplets. The rather small particles underwent particle size reduction
by re-dissolution. A plateau was reached as soon as all small drug-rich nano-droplets
were dissolved [112].

Neutral drugs

As pH-dependent solubility did not apply for neutral drugs, surfactant mediated solubility
enhancement could be observed even more pronounced for celecoxib and fenofibrate in
combination with the biorelevant surfactant from Bi-FaSSiF-V2. In our biphasic assay this
surfactant sensitivity resulted in initially higher partitioning rates of celecoxib and
fenofibrate into the organic phase related to dissolved / solubilized drug (Figure 24B, C).
Celecoxib showed chaser properties, whereby the micronized formulation
supersaturated, i.e. next to undissolved crystalline celecoxib a supersaturated solution
were present. Despite crystalline celecoxib was present, the supersaturated amorphous
solubility remains, because the precipitated celecoxib slowly recrystallized [117].
Fenofibrate was more soluble in the presence of bile salts contained in Bi-FaSSIF-V2
compared to simple aqueous media [118]. Therefore, fenofibrate quickly dissolved
immediately after generation of the Bi-FaSSIF-V2 medium leading in a high partitioning
rate at the beginning of the intestinal phase. However, the amount of dissolved drug
quickly dropped back to the level of the crystalline solubility. The slow dissolution rate of
the crystalline drug resulted in a plateau of the concentration time profile in the organic
phase
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pH-dependent soluble drugs

The expected pH-dependent solubility of the weak base aprepitant is barely noticeable
(Figure 24A). Consequently, the particle size reduction approach of the crystalline
aprepitant was the main reason for the increased dissolution and in turn the high
partitioning rate. However, the solubility of the weak bases ritonavir and itraconazole
was strongly pH —dependent: The dissolved amount of both drugs dropped remarkably
after entering the early intestinal stage at elevated pH. At the solubility maximum at pH
1, itraconazole initially supersaturated followed by precipitation over a period of 30 min.
The generated supersaturation was mainly responsible for itraconazole partitioning in
the organic layer. Once the crystalline solubility was re-established, itraconazole had no
further tendency to re-dissolve. In contrast, ritonavir formed nano-droplets generated by
liquid-liquid phase separation resulting in a constant aqueous concentration, and a highly
increased partitioning rate [112].

Although nimodipine has a measured pKs value of 2.6, it precipitated already during the
gastric phase (pH = 1.0). The change of partitioning rate was mainly driven by the
properties of the amorphously precipitated nimodipine [116]. This can be seen by the
fact that the dissolved nimodipine concentration remained on the same level and
partitioning rate changed.
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Figure 24: Biphasic dissolution profiles at 10 mg in vitro dose for (A) aprepitant; (B) celecoxib, (C) fenofibrate
(D) itraconazole; (E) nimodipine; (F) ritonavir. Drug concentration in the aqueous layer (black line), and in the
organic layer (red line); pH in the aqueous layer during dissolution test (blue line); crystalline drug solubility in
the aqueous layer (black dotted line)

3.4.4 Pharmacokinetics and Compartment Analysis of in vivo Data

As described in section 4.6.2, distribution (A1) and elimination (k.) were calculated from
in vivo data (Table 13) by a two-compartment model (Figure 25), due to the high LogP
values of the investigated drugs [31]. The high lipophilicity results in high protein binding
distribution into tissue [31]. Since aprepitant has a more complex elimination profile, it
was pragmatically described by a one-compartment model [119].
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Figure 25: Pharmacokinetic models: (A) two-compartment model, (B) simplified model for aprepitant.

The pharmacokinetic constants were calculated using the residual method based on
literature data (Table 14). The estimated absorption rate constant (k,;) of the drugs
aprepitant, celecoxib, itraconazole and ritonavir were quite comparable between 1.1 h!
and 1.6 h™. In case of fenofibrate, the in vivo absorption was a two-step process: the
absorption of the pro-drug and the subsequent metabolism into the active form
fenofibric acid by esterases. For fenofibrate, there were two in vivo studies available
applying 54 mg and 200 mg. The absorption rates strongly differ from each other (0.4 h™
to 0.8 h'l) dependent on the applied dose, which means Cpax (maximum plasma
concentration) also differs between 4 and 6 h (Figure 29). This observation likely relates
to the transformation of fenofibrate into its active metabolite fenofibric acid
contributing to the varying absorption rates of fenofibrate in vivo [120]. The determined
absorption rate of nimodipine was very fast having a rate constant of 2.0 h™. However, a
substantial part of the absorbed dose subsequently undergoes a high first-pass hepatic
metabolism. As the metabolism rate of nimodipine is higher than the absorption rate, it

could not be calculated based on the available data [33].

These findings demonstrated the applicability of the compartment model combined with
the residual method to get a meaningful estimate of the absorption rate by a first order
kinetic. However, some limitations occur in the case of extensive metabolism.

Table 13: Bioavailability (F, considering first-pass) and fraction absorbed (fa, without first pass) reported in the

literature.

Parameter Aprepitant Celecoxib Fenofibrate Itraconazole Nimodipine Ritonavir

. N 0.59 0.39 0.46 0.16 0.035 0.75

Bioavailability (F)
[106] [107] [83,108,109] [110,111] [25, 26] [68]
. 0.59 0.39 0.46 0.16 0.35 0.75
Fraction absorbed (fa)
[106] [107] [83,108,109] [110,111] [25, 26] [68]
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Table 14: Calculated pharmacokinetic rate constants of the in vivo human plasma profile: k,; (absorption rate),
k., (absorption rate of the small 54 mg fenofibrate dose), A, (distribution rate), k. (elimination rate)

Rate constant Aprepitant  Celecoxib Fenofibrate Itraconazole Nimodipine Ritonavir
ki [h7] 1.050 1.150 0.400 " 1.580 2.040 1.496
ka2 [07] N/A N/A 0.799 % N/A N/A N/A
A [ N/A 0.088 0.099 0.0931 0.481 0.123
ke [h] 0.0421 0.070 0.0319 0.0352 0.351 0.112

N/A: not applicable; Y calculated by a 200 mg dose, 7 calculated by a 54 mg dose

3.4.5 IVIVR: Compare Drug Partitioning during Dissolution and in vivo Absorption

Because the absolute bioavailability values were comparable to the end-concentrations
of the organic layer Chaxdec (Figure 23), a level A IVIVR was established based on the
obtained in vivo absorption data and the results of the BiPHa+ dissolution test.
Fenofibrate was excluded for the IVIVR for its high variability of the absorption rates
(Table 14) of the two available in vivo studies [83,121]. Two cases were considered to
assess the correlation between in vitro drug partitioning into the organic layer and the
fraction absorbed in vivo:

In the first case, a regular level A IVIVR was calculated based on the Levy plot to
commonly simulate the time-scaling between in vitro dissolution and in vivo absorption
data (Figure 26A, B). The correlation of the Levy plot for all model drugs resulted in a
regression coefficient of 0.91. Most single time values were within the 95 % confidence
interval (Figure 26A). The resulting fractions absorbed were plotted against the drug
concentration in the organic layer obtained during the in vitro dissolution, which led to a
regression coefficient of 0.98 (Figure 26B). However, correlation values of ritonavir were
outside the 95 % prediction limits (Figure 26B), due to the sigmoidal partitioning profile
in vitro (Figure 24E). All IVIVR data points are sigmoidal distributed except those for
ritonavir. This is caused by rapid initial partitioning rates compared to the calculated first
order absorption profiles, which is reflected on the IVIVR plot by data points placed
below the regression line within the first 20% in vitro partitioned drug (Figure 26B).
Then, the partitioning rates decrease and the IVIVR data points distribute above the
regression line. A profound interpretation of this finding is hardly possible, since the true
in vivo absorption is not known.
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Figure 26: (A) Levy Plot/ time-scaling, (B) IVIVC of the five model drugs both including confidence interval 95 %
(grey dashed lines), aprepitant (blue symbols), celecoxib (pink symbols), itraconazole (dark blue symbols),
nimodipine (green symbols), red: ritonavir (red symbols)

In the second assessment, a direct comparison between in vivo absorption and in vitro
partitioning profiles was performed (Figure 27). In consideration of the absolute
bioavailability, the calculated first order absorption profiles were compared to the in
vitro partitioning profiles. Both the directly measured (grey line) and the time-scaled
(blue line, Levy plot) in vitro partitioning profiles are given in Figure 27. Levy plots are
generally implemented, when rate constants of drug absorption and in vitro dissolution
are different [122]. However, in our cases the rate constants of the BiPHa+ assay were
similar with the in vivo constants. Thus, the partitioning profiles without time-scaling
(grey lines, Figure 27) matched better with the calculated in vivo fraction absorbed
compared to the time scaled partitioning profiles (blue lines, Figure 27). Independent on
the time-scaling, the end value of the partitioned drug in the organic phase matched very
well with the fraction absorbed (Figure 27), which is an additional indicator of the
biorelevance of the BiPHa+ assay independent whether time-scaling was employed or
not (Figure 27).

Consequently, the biphasic dissolution assay was likely able to characterize the drug
absorption in vivo of all analyzed drugs. Overall, the partitioned amount of the
investigated poorly soluble drugs was equivalent to the maximum amount of passively
absorbed drug fraction in vivo.
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Figure 27: Comparisons of in vivo absorption profiles and in vitro partitioning profiles for (A) aprepitant; (B)
celecoxib, (C) itraconazole; (D) nimodipine; (E) ritonavir; red line: fraction absorbed time profile in vivo; blue
line: organic partitioning profiles corrected by Levy plot; grey line: organic partitioning

3.4.6 In vivo Prediction from Biphasic in vitro Data and Prediction Error

The information on distribution and elimination obtained from the compartmental
models (derived from the published in vivo data) was combined with the corresponding
partitioning profile obtained from the BiPHa+ dissolution experiment to calculate the
plasma concentration time profiles in vivo (Equation 28) for all six model drugs. Figure 28
shows the predicted in vivo plasma concentration-time profiles without (grey line) and
with (blue line) time-scaling (Levy plot). For fenofibrate the same time scaling factor was
applied as for the other formulations to enable a direct comparison. The calculated
pharmacokinetic profiles are compared to the observed plasma concentrations (Figure
28). Fenofibrate was separately evaluated in Figure 29 since the in vivo absorption
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between is significantly different. Pharmacokinetic parameters and prediction errors of
observed and predicted plasma concentration time profiles are given in Table 15.

Aprepitant (Emend®, nanocrystals)

In case of aprepitant, the applied one compartment model was in good agreement with
the observed in vivo data (Figure 28A). By using the concentration-time profile from
dissolution (organic layer) without time-scaling as absorption profile, a Cax of 0.89 pg/ml
was calculated to be reached at 3.9 h (tn.), which is in a good agreement with the
reported tnax in vivo (4.1 h) as a result of the zero-order dissolution kinetics in vitro. On
the other hand, the use of the time scaled in vitro dissolution profile led to a similar Cax
value of (0.93 pg/ml) but an essentially lower t.ax (2.0 h) (Figure 28A).

Celecoxib (Celebrex®, microcrystals)

After an initial increased partitioning rate, celecoxib partitioned with a zero-order kinetic
in the dissolution experiment. This partitioning profile was used as basis for the
absorption kinetic and led to the tip shape of the mathematically predicted
pharmacokinetics (Figure 28B). Trax Of the predicted time scaled profile (1.9 h) was closer
to the observed in vivo data (2.0 h) than the t,. calculated without time-scaling (3.8 h).
Overall, the predicted AUC was in good agreement with the reported AUC value for
celecoxib (Table 15). The absolute fraction absorbed was estimated to be in the range of
40% by applying the present IVIVC model in absence of human plasma concentration
data after intravenous dosing.

Itraconazole (Sempera®, ASD)

The tip shape of the itraconazole plasma profile and the predicted profiles (Figure 28C)
were the result of the fast absorption in vivo (Figure 27C). Compared to the absorption
profiles in vivo the partitioning profiles in vitro had similar shapes (Figure 27C), and
demonstrated the high accuracy of the predicted plasma concertation-time profiles
(Figure 28C). Both concentration-time predictions, with and without time-scaling, were
only slightly different to the in vivo observed data (Table 15).

Nimodipine (Nimotop®, ASD)

The predicted plasma concertation-time profile of the nimodipine drug product showed
the highest prediction error in Cpax of 33.3 % and 49.9 % (Table 15). Due to the high
extent of first-pass [123] and the high elimination rate, describing pharmacokinetics
accurately was difficult. In fact, enzyme saturation occurs in vivo [123], which was of
course not covered by the applied two-compartmental models (Figure 28D). As the
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absorption rate is slower than the metabolizing rate, determining a metabolizing rate by
in vivo plasma data was not possible. The only option to consider the metabolism in this
case would be using the bioavailability (F = 3.5%) in the prediction derived from the in
vivo fraction absorbed (f, = 35 %). Due to the short elimination half-life period, the
partitioning profile strongly influences the shape of the pharmacokinetic prediction
profile (Figure 28D).

Ritonavir (Norvir®, ASD)

The in vivo performance of ritonavir could be very precisely predicted (Figure 28E). The
sigmoidal shape of the in vitro dissolution profile led to a lag-time in the predicted
profiles (Figure 24E). Due to the faster partitioning rate of the in time-scaled prediction,
Cmax (0.63 pg/ml) was overestimated and the not time scaled (0.53 pg/ml) was slightly
overestimated (Table 15).
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Figure 28: Plasma concentration time profiles for (A) aprepitant, (B) celecoxib, (C) itraconazole, (D) nimodipine,
and (E) ritonavir. Modelled in vivo profile with time scale correction (blue line); Modelled profile without time
scale correction (grey line); Plasma concentration-time profiles from humans (red dots).

Fenofibrate (Lipidil®, microcrystals)

Fenofibrate as a prodrug is activated by a metabolic transformation into fenofibric acid
[120]. Consequently, the actual absorption rate cannot be meaningfully calculated
directly form the in vivo plasma concertation time data based on compartmental models.
As the established Levy plot was considered to be a general factor, which might be drug
independent, the pharmacokinetic predictions were performed by both the time scaled
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and not time scaled approach. Hence, this additional metabolism step by tissue and
plasma esterase led to an observed t,, of 6.3 h for the 200 mg dose strength and tyay of
4.0 h for the 54 mg dose strengths in vivo (Figure 29). This was likely caused by the slow
activation rate, which became, with an increasing administered dose, the rate-limiting
step of the absorption, because the activation is likely a saturable process. Consequently,
the deviation of the predicted plasma concentration time profiles of the 200 mg dose
strength was more pronounced with regard to the absorption period of the first six hours
(Figure 29A) then the 54 mg dose strengths (Figure 29B). The higher and earlier
predicted Cax of the 200 mg dose was due to the fact that based on convolution
approach no saturation step of fenofibrate activation was considered. According to this
argumentation, the high agreement of the 54 mg dose prediction with the observed in
vivo data can also be explained because potential enzyme saturation plays a minor role.
The activation of fenofibrate to fenofibric acid was faster compared to the 200 mg dose
and therefore results in a high consistency with the in vivo data (Figure 29B). The in vivo
observed Cn.x value of the 54 mg dose matched the theoretically calculated. The
prediction error for AUC and t,,.x agreed with the in vivo observed data for the smaller
dose strength, whereas the higher dose strength results in a high agreement to observed
AUC values but not for Cpax and tmay (Table 15).

fenofibric acid [ug/ml]
fenofibric acid [ug/ml]

T T T T T T T T T T 1] . r y T T T
0 20 40 60 80 100 120 0 20 40 ' 80 100 120

60
t[h] t [h]

Figure 29: Plasma concentration time profiles for (A) fenofibrate 200 mg and (B) fenofibrate 54 mg as activated
metabolite fenofibric acid. Predicted in vivo plasma concentration time profile with time scale correction (blue
line); Predicted profile without time scale correction (grey line); Plasma concentration time profiles from
humans (red dots).
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Finally, based on the modelling results, prediction errors for AUC and C,. were
calculated and assessed based on the guidance from EMA and FDA [74,124]. In addition,
the deviations of t.x were determined as absolute values in hours. The results are
displayed in Table 15, and summarized as follows:

e The average prediction error of AUC (including both fenofibrate doses) of time scaled
corrected and not corrected partitioning profiles was (-)1.7 %, which confirmed the
accuracy of the prediction. Furthermore, the prediction error for the AUC of single
drug plasma concentration time profile was in the required acceptance range of 15 %
of the EMA guideline [125].

e The average mean prediction error was (-)10.6 % for C..x based on time scaled
plasma concentration time profile, and (+)2.5 % without time-scaling.

e The mean deviation of t, of the predicted plasma concentration time profiles from
the available pharmacokinetic data reported in literature is between -2.2 h for the
time scaled and -0.3 h for the not scaled predictions. All t,. values do not deviate
more than -4.6 h to +1.8 h.

72



Results and Discussion

Table 15: Prediction errors for AUC, C,,.x and t.., based on FDA and EMA guidance [74,124] comparing time-
scaled (Levy) dissolution profile and those without time-scaling.

Origin of
AUC Error C Error C t Errort
Drug product absorption max max max max
ep o [ug/mih]  AUC[%]  [ug/ml] [%] [h] [h]
inetic
Aprepitant in vivo 22.5 0.95 4.1
prep invitro (Levy)in . _ .80 0.93 +2.1 2.0 2.1
vitro ’ ’ 0.89 +6.3 3.9 -0.2
Celecoxib in vivo 5.96 0.67 2.0
in vitro (Levy) in 0.91 -35.8 1.9 -0.1
vitro >-80 2.7 0.73 +8.9 3.8 +1.8
Fenofibrate
in vi 2 2. .
(200 mg) in vivo 88 90 6.3
in vitro (Levy) in 3.74 -28.9 1.7 -4.6
vitro 89.7 L7 3.47 -19.7 3.4 -2.9
Fenofi
e(';i 'r';';)te in vivo 39.0 18 4.0
in vitro (Levy) in 2.1 -16.7 1.7 2.3
vitro 492 -11.3 1.9 -5.5 3.2 0.8
Itraconazole in vivo 0.700 0.036 3.0
in vitro (Levy) in 0.039 -8.3 1.9 -1.1
vitro 0.723 3.0 0.035 +2.8 3.8 +0.8
Nimodipine in vivo 0.104 0.043 0.8
in vitro (Levy) in 0.029 +32.5 1.7 +0.9
vitro 0112 77 0.022 +48.9 1.4 +0.6
Ritonavir in vivo 4.73 0.53 3
in vitro (Levy) in 0.63 -18.9 14 -1.6
vitro 4.66 *15 0.56 57 2.1 0.9

In sum, the BiPHa+ assay delivered meaningful, in vivo relevant partitioning profiles of
various poorly soluble drugs and their corresponding enabling formulation. First, a level
A IVIVR was successfully established for all drugs and formulations, providing an accurate
estimate of the absolute fraction absorbed based on in vitro data. It was found that the
maximum drug concentration in the organic phase obtained from an in vitro dose of ten
milligrams in 50 ml aqueous media, which is equivalent to a 15 — 25 pumol for each of the
respective drug, led to the highest congruency with the fraction absorbed in vivo.

Second, the in vivo performance was successfully predicted based on compartmental
models in combination with a convolution approach. Deviations from the observed in
vivo data can be explained by metabolic pathway of the respective drug. A time-scaling
step might be not essential, because the Levy plot just minimizes deviations of the in
vitro partitioning profile from the first order absorption kinetic in vivo and both, fraction
absorbed (fa) and the highest partitioned drug quantities (Cgecmax) Were in the same
range at 4.5 h (the end of BiPHa+ assay).
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Third, the prediction errors of predicted plasma concentration time profiles were in good
agreement with EMA and FDA IVIVC guidelines. The higher prediction errors of Cpax
compared to AUC are due to the mathematically prediction of plasma concentration
time profiles, and related to specific drug pharmacokinetic properties, such as the strong
first-pass effect and hepatic metabolism. In this case physiological based

pharmacokinetic modelling would be appropriate to predict plasma concentration time
profiles based on in vitro data.
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3.5 Implementation of biphasic Dissolution Profiles in PBPK Models

The pharmacokinetic prediction approach described in section 3.4 is limited because an
in vitro / in vivo relationship is needed, which in turn requires clinical PK data of the
formulations in vivo. In addition, the prediction accuracies were lower for drugs
undergoing high metabolism [126]. Therefore, a method was developed to integrate the
in vitro data of the BiPHa+ assay into the in silico tools PK-Sim® and GastroPlus®. Still
even this approach required available in vivo PK studies administering the drug
intravenously or as an oral solution in order to establish an elimination / distribution
pharmacokinetic model. In a second step the pharmacokinetics for the formulation
studied in BiPHa+ were prediction based on the basic PBPK model mentioned above. This
kind of applying PBPK modelling is called biopharmaceutical in vitro in vivo extrapolation
(IVIVE) [127] .

3.5.1 Principals of Model Building and Evaluation

PBPK models of the six different formulations of poorly soluble drugs (section 3.4) were
developed by PK-Sim® 7.3 and GastroPlus® 9.6 using mean pharmacokinetic data of
human subjects from clinical trials. In a first step physiochemical parameters of the drug
and physiological parameters were implemented into the model. Subsequently,
absorption and /or elimination models were developed. Finally, a pharmacokinetic
prediction of each enabling formulation was calculated based on the biphasic
partitioning profiles obtained by the BiPHa+ assay and compared to reported plasma
concentration time data.

The physicochemical properties of the six model substances tested were implemented in
the PBPK tools (Table 12). The intestinal permeability of the drugs were calculated using
the PK-Sim® prediction (Equation 22) based on logP values instead of logMA values as
recommended from Thelen et al., where MW.s (>300 g/mol) is the molecular weight and
MA is the membrane affinity [128].

Pos=2658 - MW 7% - MA ~ 2658 - MW,/ - 10"9" Equation 22

To develop the PBPK models, parameter optimisation step of distribution, elimination or
metabolism were performed with respect to the in vivo pharmacokinetic data to ensure
model accuracy. If a drug undergoes CYP metabolism, the respective CYP enzymes were
also considered in the identification procedure. Typically, elimination models are
developed by plasma profiles of intravenously administered solutions. Thereon,
absorption models were implemented by pharmacokinetic profiles of orally administered
drug solutions. However, in the case of drugs having low solubilities, intravenous plasma
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concentration data are often barely available. Therefore, most of the PBPK models
calculated in this study were implemented by oral liquids (Figure 30). Depending on the
available data, parameter identification was conducted based on reported data.
Nimodipine and aprepitant models were developed by intravenous data (Figure 30).
Itraconazole model development was stepwise established using intravenous and oral
liquid in vivo data (Figure 30). In the case of celecoxib, fenofibrate and ritonavir, only oral
liquid data were available (Figure 30). The predictive accuracy of the PBPK modelling was
evaluated using mean literature data.

Parameter identification Parameter identification Prediction
Phymcpchermcal properhes Phy5|c.ocherlmca| propertles Biphasic dissolution data
Physiological properties Physiological properties
Aprepl?apt iv. PBPK-model formulation PBPK-model
Nimodipine
Itraconazole iv. PBPK-model po. liquid PBPK-model formulation PBPK-model
Celecoxib
Fenofibrate po. liquid PBPK-model formulation PBPK-model
Ritonavir
o
Validation Validation Validation
observed iv. data observed po. data observed po data

Figure 30: Workflow of PBPK-model development and prediction of different drugs and their validation with
observed plasma concentration time profiles.

Basically, there are two methods to implement biphasic dissolution data into PBPK
software:

(1) The organic partitioning profile was regarded as controlled release dissolution profile,
which represents a novel approach in the present work (Figure 31). The dissolution of
undissolved poorly soluble drug was assumed equivalent to drug release from a
controlled release formulation of a highly soluble drug. Both, the controlled drug release
and the dissolution of a poorly soluble drug, represent the rate limiting step of
absorption. The partitioning into the organic layer of a poorly soluble drug was assumed
to be equivalent to drug dissolution of a highly soluble drug, which are kinetically faster
and therefor characterize the rate limiting steps (Figure 31). The partitioning rate of the
drug is assumed to be comparable to in vivo absorption (section 3.4).

(2) DDDPIus (in silico simulation of biphasic dissolution assay), which is an add-on tool of
Gastro plus, allows developing a mechanistic precipitation — dissolution model, which
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can be integrated in a GastroPlus® PBPK model. The mechanistic model parameters were
gained based on the biphasic dissolution data. However, the complex dissolution
behaviours of enabling formulations are not entirely covered by this add-on tool.
Additionally, PK-Sim® does not provide any mechanistic implementation for biphasic
dissolution data.

Depending on the formulation approach, the dissolution and re-dissolution mechanism
differs. For example in the case of the ASD formulation, drug and polymer dissolve
simultaneously [51]. Micro- or nanosized formulations improve the dissolution rate by
particle size reduction and surface enlargement. Depending on the drug and formulation
properties, precipitation could occur. Thus, dissolution rate can differ from precipitated
drug and formulated drug. Sometimes, the precipitate undergoes a transformation and
change in dissolution behaviour [112]. However, the biphasic dissolution assay covers
these (re-)dissolution processes indirectly by the partitioning profile.

Regarding these considerations and the fact that the currently available PBPK software
provide the possibility to implement modified release dissolution profiles, the PBPK
predictions were carried out by implementing the biphasic dissolution results as
controlled release concentration time profiles into the previously develop distribution /
elimination models.

A B
aqueous organic
sink sink
F 3  k & y ¥ Xy X X
0 ob & 000 0 0| o
6} © i
o © controlled o~ © dispersed ?diffusion
e o ©® Y release e o ©® ] drug in
@ o © . e o _©o aqueous
Y @ matrix ) @ .
@ o ) @ o ) media

Figure 31: Comparison of (A) controlled release matrix dissolution and (B) partitioning behaviour of enabling
formulation in the biphasic dissolution assay. The rate limiting steps represents either (A) drug release from a
modified release matrix or (B) dissolution of a poorly soluble drug in an aqueous media. (modified Wagner [55])

3.5.2 Model Building

Prior to the implementation of the BiPHa+ results, the elimination/distribution PBPK
models and subsequent oral absorption PBPK models were built based on literature data
as described in section 4.7.2.
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In a first step the elimination/distribution PBPK models were developed using the PK-
Sim® and GastroPlus® software (Figure 32, Figure 33). The investigated drugs were
generally poorly soluble. Consequently, an intravenous formulation was available for half
of the drug substances. Thus, only oral solutions for these model drugs were used for the
implementation of the elimination/distribution models. If an oral liquid was used for
direct development of absorption/elimination models, the predicted permeability values
of Table 12 were taken. All models were optimized using average pharmacokinetic data.
In the following the results of model buildings are summarized. Figure 32A and Figure
33A show the in silico and in vivo observed data linearly and logarithmically plotted. The
permeability values are provided in Table 16:

Aprepitant was administered as a 2 h infusion. The distribution/ elimination models
described the observed data, even C,.x values, very accurately in both modelling
software (Figure 32A, Figure 33A). Especially the PK-Sim® model described visually the
observed values very accurately (Figure 32A). During the elimination period in the
GastroPlus® model after 10 h, the plasma concentration decreased rapidly. After that,
the elimination rate decreased until the modelled values after 30 hours were higher than
the in vivo data (Figure 33A).

The second model substance, which was intravenously applied as a bolus injection was
nimodipine. Only 10% of nimodipine can be detected in the venous blood, because of its
high CYP3A4 first-pass metabolism (Figure 32D, Figure 33D). Thus, CPY3A4 metabolism
was implemented for the intravenous PBPK model to enhance model accuracy. The
predicted and optimized pharmacokinetic profile from GastroPlus® displayed a higher
accuracy during elimination (Figure 33D), whereas the PK-Sim® model resulted in a more
decreased plasma concentration time profile compared to the observed data (Figure
32D).

No intravenous formulation has been developed for the pharmacokinetic assessment of
celecoxib. Therefore, the model was established by an oral liquid. Both PBPK models
matched the observed in vivo data with high accuracy (Figure 32B, Figure 33B). PK-Sim®
predicted a changing slope of elimination / distribution at 5 h and 15 h, whereas one
change of elimination/distribution slope was calculated in GastroPlus® at 5 h. C. values
were more accurately determined by PK-Sim®.

The prodrug fenofibrate is activated by ester-hydrolysis. Thus, the plasma concentration

time profile was detected as fenofibric acid. To ensure an accurate description of the oral

solution pharmacokinetic, the model for fenobiric acid and fenofibrate were

simultaneously developed [129]. Activation, distribution, and elimination were in good

agreement with the observed data of the oral liquid formulation (Figure 32C, Figure 33C).
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In the case of ritonavir, there was only a paediatric oral solution in moderate fed state
available in literature to build the model. Elimination kinetics were well described in both
PBPK models (Figure 32G, Figure 33G). To predict the in vivo performance of the oral
marketed ASD, the model was adjusted form children to adult and from fed to fasted for
the following implementation of BiPHa+ data. Both in silico tools easily allow such a
down scaling. Small deviations from the observed plasma profile occurred during the
absorption period and after 30 h within the PK-Sim® prediction. (Figure 32G). Similar
deviations were observed for the GastroPlus® simulation (Figure 33G). Both C, values
of were calculated accurately.

Itraconazole was the only model substance, where intravenous and oral solution in vivo
data were available. The elimination model of the cyclodextrin infusion was established
including a CYP3A4 metabolism and enterohepatic circulation. The PK-Sim® and
GastroPlus® optimized intravenous models described the pharmacokinetic profile with
high accuracy (Figure 32E, Figure 33E). However, the elimination rate slowed down after
40 h in the PK-Sim® prediction. By extending the model with the oral solution, the
elimination was slower than the observed elimination values (Figure 32F, Figure 33F).
Nevertheless, Cihax and tmay Values were correctly calculated.

Table 16: Predicted permeability using PK-Sim®

Drug substance Predicted permeability [cm/min]
Aprepitant 1.67-10°
Celecoxib 3.71-10°
Fenofibrate 2.00 - 107
Itraconazole 8.13-10"
Nimodipine 6.06-10™"
Ritonavir 3.49-10°

YTaken from CaCo data and correlated using GastroPlus® [130]
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Figure 32: Simulated plasma concentration time profile using PK-Sim® (blue line) and observed
pharmacokinetic data (red dots) linearly and logarithmically (small figures) plotted: (A) aprepitant after an 2
hour infusion (B) celecoxib following an oral solution (C) fenofibrate administered as oral liquid (D) nimodipine
administered by a single injection (E) itraconazole after an cyclodextrin infusion (F) itraconazole orally
administered as a liquid (G) ritonavir taken as oral solution.
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Figure 33: Simulated plasma concentration time profile using GastroPlus® (blue line) and observed
pharmacokinetic data (red dots) linearly and logarithmically (small figures) plotted: (A) aprepitant after an 2
hour infusion (B) celecoxib following an oral solution (C) fenofibrate taken as oral liquid (D) nimodipine
administered by a single injection (E) itraconazole after an cyclodextrin infusion (F) itraconazole orally
administered as a liquid (G) ritonavir taken as oral solution.
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3.5.3 IVIVE Using Organic Biphasic Partitioning Profiles

The PBPK elimination/distribution models, based on oral or intravenous solutions, of the
six poorly soluble drugs were combined with the biphasic partitioning profiles from the
organic phase and the predicted P values (Table 12). The biphasic partitioning profiles
were implemented similarly to controlled release dissolution profiles. Based on the in
vitro BiPHa+ data and in silico elimination/distribution models, in silico pharmacokinetics
were predicted by both GastroPlus® and PK-Sim® (Figure 34, Figure 35).

Aprepitant (Emend®, nanocrystals)

The nanosized formulation of aprepitant displayed a zero order partitioning profile after
an initial higher partitioning rate in the organic phase up to a final concentration of
approximately 60% (Figure 24). Plasma concentration time profiles combining in vitro
and in silico data were predicted by PK-Sim® and GastroPlus® leading to accurately
predicted Cnax and tax values (Figure 34A, Figure 35A). This highlighted the exactness of
the absorption model. The observed pharmacokinetic data of aprepitant indicated an
enterohepatic circulation between 10-30 h, which was additionally implemented into the
PBPK models at first in the elimination/distribution and later on in the predicted model
(Figure 34A, Figure 35A). Deviations of the PK-Sim® simulation from the observed
pharmacokinetic data occurred (Figure 34A), because enterohepatic circulation in PK-
Sim® just slows down elimination rate [131], The enterohepatic circulation model of
GastroPlus® was able to predict the pharmacokinetic profile more accurately (Figure
35A).

Celecoxib (Celebrex®, microcrystals)

Celebrex was developed as a micronized formulation. A zero order absorption kinetic
including an initial faster absorption rate was received by the biphasic assay (Figure 24).
In particular, the absorption period of celecoxib, which was mainly driven by in vitro
partitioning data, differed between PK-Sim® and GastroPlus® prediction. (Figure 34B,
Figure 35B). Contrary, tn.x and AUC were in good agreement to the clinical data. The
course of elimination and distribution was matched by both models (Figure 34B, Figure
35B). Observed Cyax value of 0.66 pug/ml was overestimated in PK-Sim® (0.83 pg/ml) und
underestimated in GastroPlus® (0.50 pg/ml).

Fenofibrate (Lipidil®, microcrystals)

A first order and followed by a zero order absorption process was observed in the in vitro
partitioning profile reaching a maximum at around 45% (Figure 24). Even though, a very
fast absorption rate was expected. With regard to the high permeability (Table 12) and a
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fast in vitro partitioning rate, tn.« values were in a range of 4 h for the 54 mg dose
strengths. Therefore, activation by ester-hydrolyses played an important role. Taking this
activation step into account, the observed and predicted plasma concentration time
profiles of fenofibric acid were very accurately matched by PK-Sim® as well as by
GastroPlus® (Figure 34C, Figure 35C). Cnax predicted by PK-Sim® (1.59 pug/ml) and
GastroPlus® (1.57 ug/ml), were slightly underestimated compared to an observed
maximum in vivo plasma concentration of 1.89 pg/ml.

Regarding the 200 mg dose strengths, tnax Values were in a range of 6 h. Considering the
metabolic activation, the observed and predicted plasma concentration time profiles of
fenofibric acid were very accurately matched by PK-Sim® and by GastroPlus® (Figure
34D, Figure 35D). Cpax, predicted by PK-Sim® (2.59 pg/ml) and GastroPlus® (2.75 pg/ml),
were slightly underestimated compared to the observed maximum in vivo plasma of
2.8 ug/ml concentration.

Itraconazole (Sempera®, ASD)

Itraconazole demonstrated an example for an IVIVE, which was stepwise developed from
an intravenous administration to an oral liquid (Figure 32E-F, Figure 33E-F). The biphasic
partitioning profile was implemented into the oral liquid PBPK model (Figure 24) to
predict human pharmacokinetics. Observed in vivo Cp, value of 36 ng/ml and predicted
PK-Sim® and GastroPlus® values were almost identical. The predicted plasma
concentration time profile of the PK-Sim® prediction in the first 10 hours matched the
observed in vivo data. Looking at 10 hours, where the elimination is dominant, deviations
from the observed in vivo profiles occurred. (Figure 34D). The same applies to
GastroPlus®, which predicted the plasma concentration to be slightly too low over the
entire elimination period starting at 10 hours. (Figure 35D). However, both in vivo Cpax
and t.x values were in good agreement within both modelling predictions.

Nimodipine (Nimotop®, ASD)

The formulation of nimodipine represents a first generation, propylene glycol based ASD,
which resulted in a square root like partitioning profile (Figure 24). Nimodipine is a highly
permeable drug which has limited bioavailability as a result of its high first-pass effect.
Therefore, the use of PBPK modelling to predict in vivo pharmacokinetics based on the
BiPHa+ partitioning profiles is obligatory. The combination of PBPK modelling to describe
the metabolism and the organic partitioning profile as absorption profile generated
meaningful pharmacokinetic predictions. (Figure 34F, Figure 35F). The short elimination
time and low bioavailability in the modelling were consistent with the observed plasma
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data. Both in silico tools resulted in very good pharmacokinetic predictions, whereby the
deviations for PK-Sim® were larger (Figure 34F).

Ritonavir (Norvir®, ASD)

A sigmoidal partitioning profile was acquired by evaluating the market ASD formulation
of ritonavir in the BiPHa+ assay (Figure 24). The PBPK models were successfully scaled
from fed state children to fasted state adults. GastroPlus® and PK-Sim® predicted the
pharmacokinetic profile with a very high accuracy using the BiPHa+ partitioning profile.
tmax and Cpax agreed very precisely with the observed clinical data. (Figure 34G, Figure
35G).
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3.5.4 Predictive Performance of PBPK Models

The developed elimination/distribution PBPK models were taken as basis for the
prediction of the pharmacokinetic plasma profile of different market formulations using
the BiPHa+ results. The predicted profiles were compared with observed in vivo plasma
concentration time data. To validate the predictive performance, clinical in vivo AUC and
Cmax Values and predicted AUC and C,,, values were plotted (Figure 36). All PBPK-model
predictions were within the twofold accordance boundary of the regulatory guidelines
[132,133].

Figure 36 additionally presents the AUC and C..x values received form the
pharmacokinetic predictions based on a compartmental model without any mechanistic
implementation taken from section 3.4. The plasma concentration time profiles were
calculated using a convolutional approach, where the single input function was the
derivative of the biphasic dissolution data and the impulse response was a two
compartmental model. Deviations between pharmacokinetic prediction and PBPK-
modelling became obvious if a high degree of metabolism was present (e.g. nimodipine).
The deviations between observed an predicted plasma concentration time profiles
received from the nimodipine convolutional prediction were significantly decreased by
the PBPK-models, because the high first pass effect was considered in the mechanistic
PBPK model (Figure 28D, Figure 34F, Figure 35F), which led to a more accurate prediction
(Figure 36). Sometimes, the PBPK-modelling reached similar prediction accuracies
compared to the convolutional approach, but PBPK-modelling generates mechanistically
understanding of the in vivo behaviour of drugs in terms of metabolic pathways.
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represents the identical values of the observed and predicted value, the grey line the 2-fold deviation range
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3.5.5 Discussion

The general scope of this investigation was to get a rapid estimation and accurate
prediction of the in vivo performance of enabling formulations using the BiPHa+ assay in
combination with in silico tools. Pharmacokinetic predictions were successfully
performed by implementing the biphasic partitioning profiles in GastroPlus® and PK-
Sim®. For this, the organic partitioning profiles were handled as controlled release
dissolution profiles. Based on that assumption, the rate limiting step of absorption is
intended to be dissolution in the case of poorly soluble drugs and not, as for freely
soluble drugs, drug release from a (modified release) dosage form. This simplified
approach enabled a rapid estimation and prediction of the in vivo performance with
good accuracy as discussed in the following:

Because of the complex gastrointestinal dissolution behaviour of enabling formulation
approaches, many dissolution models did not entirely cover all relevant processes which
potentially take place [76]. The biphasic dissolution assay however, allowed a more
dynamic characterisation of formulations by the additional partitioning step into an
organic absorption sink [58,65]. Moreover, the rate-limiting and thermodynamically un-
favoured (re-) dissolution process can be more meaningful characterized by the BiPHa+
assay. Consequently, many biorelevant processes of the formulations were indirectly
considered by implementing the in vitro partitioning profiles (refer to section 3.4.5) in
the PBPK software and it was not necessary to develop a complex in silico
dissolution/precipitation model, which is not for all software available. Additionally, at
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the time when the present investigations were performed, DDDPIus (in silico simulation
of biphasic dissolution assay) rather displayed a prototype tool that does not allow
meaningful implementation.

A limitation of the presented approach was that the biphasic assay (section 3.1) was
developed to simulate transition and absorption of the small intestine. Therefore, the
BiPHa+ model only characterized absorption in early intestinal stages and does not
consider absorption in later intestinal stages. This could be the reason for the mainly
negative but small deviations of the predicted AUC values from the observed in vivo data
(Figure 36).

A further objective of the study was to develop the simplest possible model using easily
accessible input parameters. For this purpose, parameters were determined such as logP
or in vitro solubility. Permeability (P.) values were calculated by PK-Sim® using logP
values and were implemented in PK-Sim® and GastroPlus®. This was suitable for almost
all investigated drugs, excluding nimodipine. A very early in vivo Cya value and high
CaCo2 permeability of nimodipine suggest a very high in vivo permeability, which was
confirmed by the good model description of pharmacokinetics [123,130]. Therefore,
literature data for permeability of nimodipine was applied.

In general, the model development of the elimination/distribution model by parameter
identification and implementation of the organic partitioning profiles led to an accurate
description of the in vivo observed data. Plasma concentration time profiles for
elimination/distribution models were successfully described in all cases (Figure 32, Figure
33). Intravenous data were available for aprepitant and nimodipine. Thus, only an
elimination model was developed in silico. Celecoxib, fenofibrate and ritonavir were
accurately described in silico based on absorption/elimination models. Itraconazole was
the only example, where clinical data of an oral solution and an intravenous application
were reported. Especially in this example, study to study variability became obvious: The
identified elimination model based on intravenous data (Figure 32F, Figure 33F) led to
deviations during the elimination period of the oral solution (Figure 32G, Figure 33G)

Implementing BiPHa+ partitioning profiles in PBPK modelling was demonstrated to be a
suitable approach to predict in vivo performance of various enabling formulations. The
consideration of an enterohepatic circulation or metabolism can enhance the predictive
power of PBPK modelling compared to the convolutional approach of section 3.4 (Figure
36). Aprepitant probably underwent enterohepatic circulation, which was accurately
predicted by GastroPlus® (Figure 35A), whereas the enterohepatic circulation (EHC)
model in PK-Sim® just decreased elimination rate resulting in an insufficient prediction
(Figure 34A). The EHC model applied for itraconazole did not entirely explain the slower
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elimination after oral absorption of the drug substance from the ASD. (Figure 34E, Figure
35E). Activation of fenofibrate to fenofibric acid by plasma esterases was successfully
implemented leading to high prediction accuracy for both dose strengths (Figure 34C/D,
Figure 35C/D). The t,.x at 6.3 h reported in vivo was accurately predicted by the
implemented saturable ester hydrolysis. GastroPlus® was able to calculate a t,.x which
was closer on the observed in vivo t,.x compared to PK-Sim® for fenofibrate. Nimodipine
represented an example for a highly permeable and highly metabolized drug which
demonstrated approximately 3.5% bioavailability at 35% fraction absorbed. By
implementing the extensive first pass metabolism, the pharmacokinetic of nimodipine
was more accurately predicted in contrast to the simple convolutional/compartmental
prediction approach reported in section 3.4.

As a conclusion, the BiPHa+ partitioning profiles were successfully assumed
mechanistically to be treated as controlled release dissolution profiles to implement the
partitioning profile in PBPK software (Figure 34, Figure 35). For the tested formulations
this proved to be a meaningful approach to predict plasma concentration time profiles of
a single dose of a certain enabling formulation, even if the gastrointestinal mechanisms
of precipitation and (re-)dissolution is highly complex and metabolism or EHC take place.
A limitation of the presented procedure is the un-scalability over various dose strengths
as a connection between in vitro dose and in vivo applied dose was demonstrated to be
in a range of 30 mg and 200 mg. However, the procedure demonstrated a rapid in
vitro/in silico approach to predict in vivo pharmacokinetics of poorly soluble drugs
resulting in high prediction accuracy of AUC and C,. values (Figure 36). Moreover, the
presented approach supported and improved the understanding of the potential in vivo
pharmacokinetic of enabling formulations and in addition provided a valuable method to
support formulation development especially in early stages.
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3.6 Systematic Evaluation and in vivo Prediction of ABT-102 Drug Products
by using the BiPHa+ Assay

In this section, the methodology developed and described in section 3.4 and 3.5 is
applied to a specific example, which was an early stage formulation development
project. The drug substance ABT-102 formulated as different ASDs (Table 17) was
investigated in vitro by using the BiPHa+ assay (Section 4.8). These formulations were
previously studied in beagle dogs in vivo (Section 4.8).

Table 17: Composition of ABT-102 amorphous solid dispersion

ASD composition

(% wt.) Form A Form B Form F Form G
ABT-102 10 10 5 5
Copovidone 75 60 86.5 84
HPMC-AS - 15 - -
Poloxamer 188 12 12 6 8
Saccharose monopalmitate 3 3 1.5 2
Colloidal silicon dioxide - - 1 1

3.6.1 Assessing in vivo Relevance and Prediction Performance

To assess the in vivo relevance of the BiPHa+ data, an IVIVR was calculated based the
observed oral in vivo data and the in vitro partitioning data (Figure 37). The prediction of
in vivo performance was performed using in vitro data (BiPHa+ data, drug properties)
and in vivo data (IV data). Two approaches were chosen (Figure 37):

(1) The convolution was calculated using the single impulse function (derivative of
BiPHa+ partitioning data) and the single impulse response (compartment model of
intravenous data, refer to section 4.6.3).

(2) A PBPK model prediction was established based on an intravenous PBPK model based
on ABT-102 beagle dog in vivo data using PK-Sim® 7.3 and GastroPlus® 9.6.
Physiochemical properties of the drug and physiological properties of an average dog
were integrated. Subsequently, the elimination /distribution PBPK models were
optimized based on observed mean intravenous data.

The following prediction was then performed using BiPHa+ partitioning data according to
section 3.5.1.
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Figure 37: Workflow for biphasic dissolution data evaluation: In vivo / in vitro relationship, convolutional based
prediction and PBPK — prediction-

3.6.2 ABT-102 Properties

ABT-102 did not have a physiologically relevant pKa value. Consequently, the poor ABT-
102 solubilities in 0.1 N HCl of 1.40 pg/ml and in phosphate buffer of 0.37 ug/ml were in
a similar range. No sensitivity to biorelevant surfactant was observed for the solubility in
FaSSIF-V2 (0.40 pg/ml). The solubility in 1-decanol was higher than 1.0 mg/ml which
ensured a more than tenfold sink in 50 ml decanol at an investigated in vitro dose of
5 mg in the BiPHa+ assay. LogP value of ABT-102 was 4.3, which indicated a high
lipophilicity. Using the determined logP value, a permeability value of 1.16 E” cm/min
was predicted by PK-Sim®. ABT-102 was quantified by first derivative at 285 nm in the 1-
decanol layer to exclude an overlapping of spectra. The UV-metrically quantification in
the aqueous media was performed by the absorption at 310 nm and was corrected by
exponential fit to minimized scattering errors (Table 18).
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Table 18: Physicochemical and physiological properties of ABT-102: solubility (S), LogP value, predicted
intestinal permeability (Ps), fraction unbound (F,) and evaluation wavelength (A)

Parameter Value
S (0.1 N HCl) 1.40 pg/ml
S (buffer 6,8) 0.37 pg/ml
S (FaSSIF-V2) 0.40 pg/ml
S (1-decanol) > 1.0 mg/ml
LogP 4.3
Pest 1.16 E* cm/min
Fu 0.5%
A (1-decanol) 285 nm (1 der.)
A (aqueous phase) 310 nm (exp.)

3.6.3 Drug Product Evaluation by Using Biphasic Dissolution Assay

Form A

The first formulation Form A (Table 17) immediately supersaturated up to 10 % in the
gastric stage at pH = 1.0 and precipitated within 15 min reaching a concentration level of
2-3%. No change in dissolved amount was observed at 30 minutes when pH increased to
5.5 and Bi-FaSSIF-V2 was formed. Subsequently, the concentration steadily decreased to
a level of 1% in the intestine stage (Figure 38). After forming Bi-FaSSIF-V2 (see section
3.1), the aqueous layer was covered by 1-decanol allowing the drug to partition in the
absorption sink medium. The initial partitioning rate (30 - 90 min) resembled a kinetic
first order and subsequently became a zero order kinetic reaching a maximum
concentration of 35% at the end of the experiment (Figure 38).

Form B

One percent ABT-102 of formulation Form B (Table 17) dissolved in the gastric aqueous
stage during the first 30 minutes having an acid decreased solubility imparted by the
formulation ingredient HPMC-AS (acidic polymer). After forming Bi-FaSSIF-V2 (pH 6.8) at
30 min, HPMC-AS became soluble and ABT-102 concentration slightly increased up to
three percent in the aqueous layer. Subsequently, the aqueous concentration steadily
decreased to one percent until the end of the experiment (Figure 38). The partitioning
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process, starting at 30 minutes, demonstrated a zero order kinetic resulting in a final
partitioned relative drug amount of 21% (Figure 38).

Form F

Form F had the half drug load of Form A (Table 17). For this, ABT-102 dissolved and
supersaturated in gastric acid media pH-independently up to a level of ten percent and
precipitated at 15 minutes with a dissolved drug quantity of 2 -3 %. Reaching the
intestinal stage at 30 minutes, the aqueous dissolved amount of ABT-102 was minimally
influenced by bile salts and decreased slowly to one percent dissolved drug (Figure 38).
Starting at 30 minutes, an absorption sink was generated by adding 1-decanol. ABT-102
started to partition between minute 30 and 60 likewise a kinetic zero order. After this
period, the kinetic rate transformed in a slower kinetic zero order, resulting in a
maximum concentration of 35% (Figure 38).

Form G

Form F and Form G contained the same drug content, but Form G had an increased
surfactant quantity (Table 17). Form G supersaturated to a concentration of 10 % and
precipitated within the first 15 minutes of the gastric stage resulting in a residual
concentration of three percent at 30 minutes. During intestinal period (Bi-FaSSiF-V2)
between 30 and 270 minutes, dissolved ABT-102 slowly decreased to one percent (Figure
38). After transforming the aqueous phase from gastric to intestinal stage at 30 minutes,
1-decanol was covered to enable partitioning in the organic phase. The partitioning
kinetic can be divided in two periods of zero order kinetics including two different rate
constants. During 30 and 60 minutes, the initial partitioning rate was faster compared to
the second period between 60 and 270 minutes. The final concentration in the organic
phase was 37% (Figure 38).

Discussion

The most effective in vitro formulations of ABT-102 with regard to the partitioning
performance in the BiPHa+ assay were those based on copovidone (Fomr A, F and G)
without pH-dependant soluble polymer (Form B). The analysis by the BiPHa+ assay
indicated also high in vivo performance for Form A, F and G. These formulations
supersaturated during dissolution. However, no stabilisation of supersaturation within
the gastric period and beyond was achieved independent of surfactants and polymers.
Formulation B was intended to inhibit dissolution during the gastric stage but the aim,
supersaturation after pH-shift, was not observed. Consequently, the partitioning profiles
of formulation A, F and G were similar to each other, whereas formulation B partitioned
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as a kinetic zero order without a change in rate constant. In the course of dissolution and
precipitation of formulation A, F and G, a fast dissolving precipitate species was
generated [96], which was responsible for the rapidly partitioned ABT-102 [21] and
subsequently contributed to the partitioned amount ABT-102. An increasing drug load
(Form A vs. G, F) and a decreasing surfactant concentration (Form A, G vs. F) contribute
to the yield of rapidly dissolving precipitate (A >G> F). In contrast, Form B did not
supersaturate and consequently no rapid initials partitioned ABT-102 was observed.
Regarding the partitioning rates starting at 90 minutes, ABT-102 partitioned with the
following decreasing kinetic: B>G>F>A. The re-dissolution and subsequent the
partitioning rate increased with a higher surfactant concentration (Table 17, HPMC was
regarded as surfactant [134]). The combination of (re-) dissolution/precipitation and
surfactant/polymer mixture played an important role towards the in vitro partitioning
performance.
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Figure 38: Biphasic dissolution results of ABT-102 Form A, B, F and G: aqueous dissolved concertation (black
line), 1-decanol dissolved concentration (red line) and pH-value (blue line)
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3.6.4 Compartment Analysis and IVIVR

In vivo absorption profiles were calculated based on observed in vivo pharmacokinetic
data (Figure 41 to Figure 43) using the residual method. The absorption process was
assumed as a first order kinetic and the distribution/elimination process as a second
order kinetic as described in section 4.8.6. Form A had the highest absorption rate
(kaa=2.12 h™) followed by Form G (kag= 1.42 h™), Form F (kar= 1.14 h™) and finally Form
B with the lowest absorption rate constant kaz=0.75 h™’. The maximum concentration
(Cdec,max) Of the organic partition profile was in a similar range to the absolute in vivo
fraction absorbed (F,), which is obligatory to establish a level A IVIVR (Table 19). The
maximum values of the calculated in vivo absorption profiles were compared to Cyecmax
[122]. A Levy plot was calculated resulting in a time scaling factor 0.51 and a negligible
small lag-time of two minutes (Figure 39). Finally in vitro partitioning profiles were
directly correlated to the first order absorption profiles yielding in a correlation
coefficient of r* =0.91 and a slope close to one (Figure 39). The high degree of
correlation accuracy confirmed a good correlation of the in vivo with the in vitro data.
This result demonstrated the in vivo relevance of the in vitro partitioning profiles
determined by the BiPHa+ assay. Moreover, the assay was successfully applied to beagle
dog studies.

Table 19: Comparison of maximum concentration (Cgecmax) in the organic partitioning profile at the end of the
experiment and absolute in vivo fraction absorbed (F,)

Formulation In vitro Cyec,max [%] In vivo F, [%]
Form A 35 40
Form B 21 25
Form F 35 36
Form G 37 37
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Figure 39: left: Levy plot (time scaling) and right: IVIVR of ABT-102 formulations (A, B, F and G); red line:
correlation, blue line: 95 % prediction accuracy and equations of the correlation.

3.6.5 Elimination and Distribution Model of Compartment Analysis and PBPK
Modelling

Based on intravenous pharmacokinetic in vivo data obtained from beagle dogs (Figure
40), elimination/distribution models were developed using a two-compartment model,
PK-Sim® and GastroPlus®:

Rate constants of elimination (ke =0.337 h™) and distribution (A; =3.07h™) were
determined by residual method. The model was compared to in vivo observed plasma
concentration time data (Figure 40A). The calculated pharmacokinetic profiles matched
with the observed data. The initial calculated concentration at t=0min was
Co = 1.86 pg/ml and resulted in a distribution volume of V = 9.45 L.

PBPK models were developed in PK-Sim® and GastroPlus® based on the physiochemical
drug properties and physiological parameter of an average beagle dog (section 3.6.2 and
4.8.5). The elimination rate of the PK-Sim® model changed at 6 h and became slower
than the observed in vivo elimination data (Figure 40B). The GastroPlus® model
demonstrated a high similarity to the in vivo data (Figure 40C).
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Figure 40: Elimination and distribution models and in vivo observed plasma concentration time profile: (A) two-
compartment model, (B) PK-Sim® model and (C) GastroPlus® model. Small boxes show the (semi)logarithmic
plasma concertation time profiles.

3.6.6 Predicting of the in vivo Performance by Convolution and PBPK Modelling

To predict the in vivo performance of Form A, B, F and G, partitioning profiles were
combined with the intravenous compartment model or the intravenous PBPK models
(Figure 41 - Figure 43). In a second step predicted versus observed AUC and C,.x values
were plotted (Figure 44) including an identity line, 1.25-fold and 2-fold deviation range
according to WHO guideline [132,133].

Form A

The predicted tmax values of compartment model (1.5 h), PK-Sim® (2 h) and GastroPlus®
(1h) of Form A matched with observed tma=1.5h. Cyax of convolutional model was
overestimated (0.5 pg/ml) compared the observed Cnax = 0.38 pug/ml, whereas PK-Sim®
(Cmax = 0.31 pg/ml) and GastroPlus® (Cpyax = 0.35 pug/ml) provided a smaller C.x . Starting
at 2.5 h, concertation time profiles of compartment model and GastroPlus® described
the observed elimination well (Figure 41 and Figure 43). PK-Sim® led to decreased
concentration values during this period (Figure 42). The predicted AUC values resulted in
the same tendency (Figure 44).
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Form B

Tmax of Form B, which was observed at 2.5 h, was predicted for later time points (Figure
41 - Figure 43): The highest modelled plasma concentrations were reached at 3 h
(convolutional prediction), followed by 3.5 h (GastroPlus®) and finally 4 h (PK-Sim®). The
predicted Cnax values of the convolutional model (0.18 pg/ml), PK-Sim® (0.19 pug/ml) and
GastroPlus® (0.17 pg/ml) of Form B were smaller compared to the observed C,.x of
0.21 pg/ml (Figure 44). PK-Sim® modelled the plasma concentration in the period
between 4 —10 h too small (Figure 42). By comparing the predicted AUC values (0.97 —
1.07 pg h/ml) to the observed in vivo AUD (1.20 pg h/ml), the predictions
underestimated AUC in all cases (Figure 44).

Form F

The observed t.x values of Form F (1.5 h) were in agreement to the predicted (1.0 h —
1.5 h). Observed plasma concentration values between 1 h and 3 h were in in all
simulations underestimated (Figure 41 - Figure 43). Consequently, C..x of convolutional
model (Crmax = 0.33 pg/ml), PK-Sim® (Cmax =0.25 pg/ml)  and GastroPlus®
(Cmax = 0.25 pg/ml) were smaller compared to the in vivo data (Cmax = 0.37 pug/ml). During
the residual elimination period starting a 4 h, predicted and observed plasma profiles
demonstrated high prediction accuracies in all cases (Figure 41 - Figure 43). Despite the
underestimated Cp, Values, AUC values were accurately estimated (Figure 44).

Form G

GastroPlus® and PK-Sim® modelled Tma (1.0 h — 1.5 h) and Cpax (0.29 — 0.30 pg/ml) of
Form G with a high accuracy compared to the reference tn.x (1.5h) and Cpax
(0.30 ug/ml), whereas the convolutional modelling approach overestimated Cpax
(0.41 pg/ml). Tmax (1.5 h) was in agreement to the in vivo data (1.0 h — 1.5 h). Elimination
rate of the observed Form G plasma concentration time profile starting at 5 h was in all
simulations underestimated. These observations led to smaller PBPK-modelling AUC
values (1.59 —1.61 ug h/ml) compared to the in vivo profile AUC (1.8 pg h/ml). An
overestimation of AUC (2.04 pug h/ml) based on the compartment model was observed.
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Figure 41: Prediction of ABT-102 plasma concentration time profile (blue line) based on convolutional
prediction compared to the observed in vivo dog data (red dots).
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Figure 42: Prediction of ABT-102 plasma concentration time profile (blue line) based on PK-Sim® modelling
compared to the observed in vivo dog data (red dots).
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Figure 43: Prediction of ABT-102 plasma concentration time profile (blue line) based on GastroPlus® modelling
compared to the observed in vivo dog data (red dots).

To assess the prediction accuracy, observed vs predicted Cn.x and AUC were plotted
including the identity line, the 1.25 - fold and 2.0 - fold deviation range (Figure 44).

All predicted AUC values were within the 1.25 — fold deviation range. The AUC prediction
by convolutional approach resulted was overestimated for Form A, F and G, whereas the
AUF of Form G was underestimated. PBPK — predictions led to smaller AUC values for all
formulations compared to the observed in vivo data (Figure 44).

Predicted C,.x values demonstrated higher variability compared to the observed Cax.
Regarding the convolutional predictions, Cyax of Form A and F were outside the 1.25 -
fold deviation range but inside the 2.0 —fold deviation range. In relation to C.,.x predicted
by both PBKP-software, Form G was outside the lower 1.25 — deviation range. The other
Cmax Values were within the 1.25 — fold deviation range (Figure 44).
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Figure 44: predicted vs. observed AUC and C,,., values with identity line, 1.25 - fold and 2-fold range for PK-
Sim®, GastroPlus® and PK-Analysis (convolutional) predictions.

Discussion

The prediction of in vivo performance based on the biphasic partitioning profile led to
meaningful, predictive results. Partitioning profiles of the BiPHa+ assays were
discriminatory towards the increased in vivo performance of Form B compared to Form
A, F and G (Table 19). Consequently, the maximum concentration and the absolute
fraction absorbed were in similar ranges of all tested formulations.

Form F predictions (Figure 41 - Figure 43) were the examples, which demonstrated some
deviations from the observed data in the area of the C,.x value. The deviations were
caused by the shape of the partitioning profile and the high observed C..x value.
Nevertheless, AUC values were accurately predicted.

Form A, F and G did slightly differ in their initial partitioning rate between 30-90 min and
the subsequent partitioning rat starting at 90 min (Figure 41 - Figure 43). These slight
differences resulted in distinct variations of C.,.x in the predicted plasma concentration
time profiles. The sensitivity of a changing partitioning rate was pronounced in the
convolutional predictions, because the partitioning profile was directly implemented into
the predictions. PBPK predictions considered the permeability (Pes) of ABT-102 through
the gastrointestinal membrane and the gastrointestinal passage, which decreased the
sensitivity to a change in the partitioning rate and therefore, led to a decreaseing
absorption rate. For this reason, Cy.x values und AUC values of PBPK models were
smaller compared to the convolutional predictions.

Especially the convolutional prediction approaches represented an easy-to-handle
method to get a rapid estimate of plasma concertation time profiles to assess the
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performance of a certain formulation. In this context it has to be mentioned that this
approach is suitable only for drugs having a minor metabolism. This is caused by the fact
that no mechanistic detail is considered for the convolutional approach.

Overall, the described pharmacokinetic prediction methods, PBPK modelling and
convolutional predictions, resulted in highly meaningful results with regard to the in vivo
data. For this reason, the biphasic partitioning profile of the BiPHa+ assay demonstrated
a remarkable predictive power to evaluated different enabling formulations of poorly
soluble drugs in beagle dogs.

104



Material and Methods

4 Material and Methods

4.1 Materials

4.1.1 Drug Substances

Table 20: Drug Substances

Drug Substance Chemical Structure
I
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HN NH ~NH
\ CHj
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CH,
H H
CHy O N—N
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CH,4
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Drug Substance Chemical Structure
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4.2 BiPHa+ Setup

The BiPHa+ represents a fully automated biphasic dissolution assay, which consists of
four main components:

(1) Pneumatic Dosing system: Figure 45 and Figure 46
(2) Dissolution: Figure 45 and Figure 46

(3) Sampling: Figure 45 and Figure 46

(4) Labview® Application: Figure 49

The hardware and interfaces are described in section 4.2.1. The hardware components
are either controlled by a Labview® application developed in the course of the present
work or have internal control loops. A detailed description of the Labview® software is
provided in section 4.2.2. A detailed development and explanation of the experimental
parameters are given in section 3.1 and section 4.3.
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Figure 45: Schematic illustration of the BiPHa+ setup containing of temperature controlled pneumatic dosing
system, dissolution vessel in water bath and sampling system using a UV-Vis spectroscope. UV-Vis spectroscope
and the pneumatic dosing system are controlled by the Labview® application.
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| Labview Application

Figure 46: Picture of BiPHa+ apparatus: Pneumatic dosing system, dissolution vessels and water bath, sampling

via two peristaltic pumps and an Agilent UV-Vis spectrometer; Labview® application

4.2.1 BiPHa+ Hardware

Pneumatic Dosing System

The adjustment and measurement of the pH as well as the dosing of decanol during the
experiment is performed with a pneumatic dosing unit (Figure 47). Since the viscosity of
the liquids and thus the dispensed quantity is strongly dependent on the temperature,
the complete dispensing unit was temperature controlled at 37°C. All components that
are not specified with a brand name were built in the workshops of the pharmaceutical,
chemical and physical institute of the university Bonn. The solenoid valves (dosing head
VTOE, Festo AG & Co. KG, Esslingen, Germany) are made of chemically resistant
polyetheretherketone (PEEK) and are temperature-controlled by an aluminium heating
block. The solenoid valves are controlled by the Labview® application via a digital NI USB-
6000 interface (National Instruments Corporation, Austin, USA; Figure 48). The dosing
tubes for the buffer or the decanol dispensing are sheathed with a water tube heater.
The pressure for the pneumatic dosing is kept constant at about 0.7 bar overpressure via
a compressed air control unit (proportional pressure control valve VEAB, Festo AG & Co.
KG, Esslingen, Germany). The compressed air is connected to pairs of two pressure-
resistant 250 ml (buffer) and 1000 ml (decanol) Duran® pressure plus bottles (Schott AG,
Mainz, Germany; Figure 45). The Dissolution vessels and the Duran bottles are
permanently tempered in a water bath at 37°C. For correct pH adjustment, a pH
electrode (VWR micro Electrode, VWR International GmbH, Darmstadt, Germany) is
connected to the Labview® application in the blank vessel via the DrDAQ interface (PSE
Priggen Special Electronics, Steinfurt, Germany; Figure 48).
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Water tube heating
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Figure 47: Pneumatic dosing system

Dissolution

A detail description of dissolution vessels, sinkers and stirring configuration is provided in
section 3.1.1 and Figure 9.

Sampling

Samples are permanently circulated by peristaltic pumps (Ecoline VC-MS/CA8-6, Cole-
Parmer GmbH, Wertheim, Germany) and quantified by an UV-Vis spectrometer (Ag 8453,
Agilent Technologies Deutschland GmbH, Waldbronn, Germany). To reduce possible
particles from the aqueous phase in the flow-through cuvettes of the spectrometer, 1
um full-flow filters were used. The Agilent 8453 is controlled with the Labview®
application via an Ethernet interface (Figure 48).

Interfaces

The Labview® application is connected to hardware components is based on three
interfaces (Figure 48). The software contains drivers for the interfaces. The interfaces of
the respective component convert the commands into electronic signals (Pneumatic
dossing system, Agilent 8454) or electronic measuring into measured values (pH-
electrode, Agilent 8454).

An overview of the interfaces is given in Figure 48. The locations of the individual drivers
in the software are marked in grey in the figures of section 4.2.2.
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LabView Application
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Figure 48: Hardware / Software interfaces

4.2.2 BiPHa+ Labview® Application

The application was developed on the basis of Labview® 2016 (National Instruments
Corporation, Austin, USA). The Labview® application can be divided into five sub-
programs: Initialize, System Settings, Run Dissolution, Processing and Save Samples
(Figure 49). The sub-programs are interconnected and share information with each
other. Initialize, System Settings and Run Dissolution depend to each other, i.e. to
perform a dissolution experiment, the system must first be initialized, then the settings
for the experiment and the zero calibration of the cuvettes (System Settings) must be
made, and then the dissolution experiment can be run with the appropriate parameters.
The sub-programs Processing and Save Samples are linked to each other. These are used
to process the analytical raw data and then to export the results in a text file.
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LabView Application

1) Initialize

2) System Settings

3) Run Dissolution

4) Processing

5) Save Samples

Figure 49: Five sub-programs of the BiPHa+ Labview® application
Initialize

The initialization establishes a connection between the Labview® application and the UV-
Vis spectrometer (Agilent 8453) via the NI Ag8453 driver. In addition, all adjustable
parameters are read out and transferred to the software (Figure 50). A successful
connection is displayed in the software by a green signal. The system parameters are
passed to the subsequent programs System settings and Run Dissolution.

LabView Application

1) Initialize

Connect

NI Ag8453
driver

A A

Figure 50: Sub: Initialize
System Settings

After successful initialization, settings on the Agilent 8453 and the calibration of the
valves can be configured by the System Settings (Figure 51). For a zero cell, blanking the
cuvettes must be performed before each dissolution experiment, which is also
integrated in the sub System Settings. All other settings are stored in the system and can
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be flexibly adjusted if necessary. The calibration of the valves can be made in this sub-
program. The settings of the Agilent 8453 (e.g. wave lengths or shutter mode), the blanks
and the calibration of the valves are automatically passed to Run Dissolution.

LabView Application

2) System Settings

System Setting
+ Zero Cells
¢ Shutter mode 3) Run Dissolution

* Wave lengths range

r 1
I

i ]
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1 1
1 1
1 1
1 1
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1 1
1 1
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L J

Valve calibration

Opening time valves H NiDAQ Max

3) Run Dissolution

Figure 51: Sub: System Settings
Run Dissolution

To start a dissolution run (Figure 52), the initialization and the zero cells spectra must be
available in advance. The zero cells spectra are automatically loaded into the Run
Dissolution sub-program prior to the start of the experiment, as soon as they have been
measured. The zero cell spectra are stored for each cuvette and allocated accordingly for
each measurement. The multicell port has 8 cuvette positions. Position one represents
the blank of the aqueous phase and positions five represents the blank of the organic
phase. In order to compensate for potential fluctuations in the course of the experiment,
a blank is recorded for each measure cycle. Position 2 - 4 and 6 - 8 represent the samples
cells of the aqueous and organic phase. The measuring sequence is identical for the
aqueous and organic phase: Setting the cell position for blank and blank spectra
recording, cell position for sample cuvettes and sample spectra recording, the measured
blank is applied to each sample of one measurement cycle. The interval time between
the individual measuring cycles can be set flexibly. In the present work, an interval of
three minutes was applied. The spectra are saved as a binary file on the hard drive after
each measurement cycle and the last measured spectra are displayed on the software
screen. To save RAM, binary data was used whenever possible. A pH electrode
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permanently measures the pH value in the blank vessel in parallel to the spectra
recording. The pH adjustment is performed according to a predefined time schedule in a
control loop with the measured pH value. At the end of an experiment, the measured pH
values are saved as a final binary file on the hard drive.

LabView Application
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Figure 52: Sub Run Dissolution
Processing

The spectra measured during the dissolution experiment are stored as binary files on the
hard drive and can be uploaded and processed after completion of an experiment
(Figure 53). The spectra are processed using different mathematical algorithms to
determine the actual concentration of dissolved active ingredient in the aqueous and
organic phase. A detailed description of the spectra corrections can be found in section
3.1.2. It is possible to use several correction methods at the same time. After
mathematical processing, the spectra are displayed visually on the software screen in
order to check the meaningfulness of the processing. From the processed spectra, the
data of a corresponding wavelength is extracted and output as a binary file. The data
processing steps are applicable to both organic and aqueous phase files.
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Figure 53: Sub Processing
Save Samples

Since the spectra are processed as a binary file, various reformatting steps are
performed to save the file as a text file on the hard drive (Figure 54). The results text file
includes the following: processing method, wavelength, sample quantity (in vitro dose),
single and averaged absorbance values, single and averaged relative dissolved drug
amount with respect to the used in vitro dose.
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LabView Application

5) Save Samples

Load binary file Create text file Save txt file

A A

A A

Figure 54: Sub Save Samples

4.3 Rational Design of the Biphasic Dissolution Setup (BiPHa+)

4.3.1 Hydrodynamic assessment

Hydrodynamic influences drug dissolution and precipitation as well as partitioning in the
organic layer [70,71,83]. Therefore, sufficient mixing is of vital importance to avoid and
as worst-case precipitated particles. Photographic images were taken to illustrate the
hydrodynamic in the dissolution vessel (Canon EOS 700D SLR at 1/320 s exposure
unstirred water layer. Both described biphasic dissolution setups were assessed
regarding their hydrodynamic [70]. The volumes of the aqueous phase and the mixing
speed were set to 160 rpm for our method, while Xu et al. used 60 rpm for an USP I/
USP IV combination [68]. To visualize the velocity of the water, glitter powder (density
1.33 g/cm [135] was used

4.3.2 HPLC Method of Ritonavir

A HPLC-method was established to verify the dissolved amount of ritonavir in
comparison to UV-spectrophotometric determination. A Waters DAD-Array with a
reversed phase column (Phenomenex Inertial ODS-3 150x4.6 mm, 5 um) was used at
35°C. The mobile phase contained 40% methanol, 40% acetonitrile and 20%
demineralized water. The quantification was performed in triplicates. All samples from
the aqueous phase were filtered immediately after withdrawing the samples through a
0.45 um cellulose-acetate syringe filter. The filters were pre-saturated by 10 ml of the
aqueous phase to exclude adsorption of ritonavir to the membrane. After Filtration, 5 pL
of the samples were directly injected. The measurement was performed at 240 nm and
at a retention time of 7.0 minutes.

4.3.3 Equilibrium Solubility of Ritonavir

The equilibrium solubility was determined using the shaking flask method for both the
aqueous and the organic medium. The aqueous medium was adjusted to pH 1.0 and 6.8.
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For FaSSIF-V2 sodium taurocholate and lecithin were added as mentioned above.
Ritonavir was added in excess. The flasks were shaken at 37° £ 0.5°C for three days. All
samples were analysed as described in HPLC method (section 2.2).

4.3.4 pKa Determination of Ritonavir

All pKa values were determined UV-spectrophotometrically using a Sirius T3 apparatus.
The pKa values were identified, where a maximum change of UV-spectra was detected
between pH 1.0 to 13.0. The titration was performed at room temperature in a 0.15 M
potassium chloride / methanol mixture (ratios of 5/5, 4/6, 3/7). About 1 mg of ritonavir
was used for each titration [136].

4.3.5 Comparison of the BiPHa+ Assay with Established USP 11/1V Biphasic Methods

A general purpose of the present study was to combine the advantages of a small scale
one vessel method as a useful tool in formulation screening [67,72,81] and the proven
biorelevance of the USP Il and USP model [69,82—84]. All experiments were conducted in
triplicate. Dissolution behaviour was studied using three different aqueous buffer media,
namely Bi-FaSSIF (M1), Bi-FaSSIF-V2 (M2), and plain buffer without surfactant (M3). The
relative absorption area (A,) was adjusted to a value of 0.4. The volume ratio (Ry) of the
aqueous and organic medium was kept at 1 similar to most of the published models [65].
The target concentration of the aqueous phase was calculated based on the
biopharmaceutical classification system as the ratio of the highest ritonavir dose of 100
mg [137] and 250 ml, resulting in 0.4 mg/ml.

The reference biphasic dissolution test for the present study basically consists of a
combination of an USP apparatus Il and IV [68,83,138]. Initially, the ritonavir drug
product disintegrates / dissolves in 41 ml SGF (pH =1.6) in the flow-through cell (USP
apparatus IV) at 5 ml/min for 30 minutes in a closed loop (Xu et al., 2017). Later the
closed loop is coupled with the USP Il including 200 ml of FaSSIF-V2 and 200 ml of
octanol. Both phases were saturated with each other before the experiment starts. The
biphasic dissolution test runs for 6 h. The quantification in the organic layer was
conducted by UV-Vis measurement using the 2nd derivative, excluding interferences
from formulation excipients or dissolution medium. Aqueous samples were quantified by
HPLC after centrifugation [68]. The published data were extracted using Engauge
Digitizer 10.9.

A comparison of the dissolution test setup for the BiPHa+ and the USP apparatus II/IV
biphasic setup is given in Table 21. The BiPHa+ setup was parameterized to keep the
surface-volume ratio (A/V), the volume-volume ratio (V/V), and the ritonavir
concentration in the aqueous phase (Cgcs) similar.
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Table 21: Dissolution setup parameters and comparison

BiPHa+ USP II/IV biphasic method [68]
Radius 2.5cm 5.0cm
Ainterface 20cm2 0.4 1 80cm2 033 1
Vaqueous 50cm3 = aem 240cm? - Posem
Vorganic 50cm3 -1 200cm3 -0
Vaqueous 50cm3 B 241cm?3 o
mg mg
CBCS 1.0x CBCS = 0,4H 1.0x CBCS = O,4m
Mixing Magnetic stirrer Paddle
(Biphasic) Vessel Cylindric vessel USP Il vessel
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4.4 Investigation of Organic / Aqueous Interfaces with Regard on Its Impact
on Partitioning Rate

4.4.1 Interface Assessment (Spinning Drop)

The method is based on the optical contour evaluation of a drop of immiscible light and
heavy liquids placed in a rotating capillary. By this method very low interfacial tensions
< 10mN/m can be determined. The spinning drop experiments performed in this work
were conducted with a SpinningDrop Video Tensiometer SVT 20N (Dataphysics,
Filderstadt, Germany) at the Institute of Technical Thermodynamics Karlsruhe Institute
of Technology. The experiments are carried out in the temperature-controlled measuring
cells, in our case at 37 °C. The pre-saturated samples were tempered in a water bath at
37°C for 3 days before being measured to achieve thermodynamic equilibrium.
Approximately 1 mL of the heavy aqueous phase is placed in the capillary of the
tensiometer. Then a drop of the lighter 1-decanol phase is created by a syringe. By a fast
rotation of the capillary around its longitudinal axis, the phase with the higher density is
pressed between the capillary wall and the drop having the lower density. This results in
a cylindrical deformation of the 1-decanol and thus an increase in the interfacial area of
the droplet, which is counteracted by the interface tension. Based on the drop shape,
the interface tension can be calculated from (Equation 23). The contours of the
cylindrical drop can be determined automatically via the microscope cam.

e i et
= |

Schwere Phase

[ r

Leichte Phase

| L |

Figure 55: Spinning drop of aqueous phase and 1-decanole

The interface tension is calculated by the following dependence:

_ Apw?r?

4
The radius r of the cylindrical drop is the parameter to be measured, Ap is the density

o Equation 23

difference between the aqueous and organic phases, w is the angular velocity. The
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angular velocity is set by the rotational frequency of the capillary. The experiments were
performed at various rotation speeds in range 3500-6000 rpm.

4.4.2 Influence of Interface Tension to Partitioning Rate

Partitioning Rate Evaluation

The dissolution experiments were performed in biorelevant medium FaSSIF-V2 at
pH= 6.8 and, with the rotation speed 160 rpm over the entire period of 220 minutes. The
drug substance dipyridamole is a weak base and therefore slightly soluble at pH = 6.8.
For this reason, the amount of dipyridamole added to the aqueous phase was selected to
prevent precipitation. By the fact that dipyridamole is present as a dissolved species is
obligatory since the test system should be kept as simple as possible and consequently
the distribution rate can be clearly characterized. The dipyridamole concentration is
15 pg/ml in the solution, which is much smaller compared to the saturation solubility
[139]. For this purpose, 22.5 mg of the substance was dissolved in 1 ml of methanol.
Then 100 ul of the dipyridamole solution was added to 50 ml of aqueous phase. The
experiment was performed as described in section 4.2 without pH shift.

The dipyridamole concentration was quantified both in the aqueous phase and in the 1-
decanol phase. The partitioning rates in the organic phase correspond to a first order
kinetic. The partitioning rate of dC/dt is directly proportional to the concentration Cypand
ka (Equation 27). By integration, Equation 28 is obtained. The rate constant k, is achieved
by a linear regression of the logarithmized concentration time profiles (Equation 29).

dc .
i k, C, Equation 24
C(t) = C,e kat Equation 25
InC(t) = InC, — kgt Equation 26

Design of Experiments

Design-Expert® 12 was used to design and evaluate the dissolution experiments. First the
experimental space was defined for influencing factors, Kollidon® VA 64 and Soluplus®
concentrations, as well as the number of stages per factor (Table 22). The interface
tension of the experiments was not used as input parameter since it reflects the
resultant of influencing factors. The Soluplus® concentration was chosen to correspond
to about 750 - 7.5 mg per 250 ml. Kollidon® VA 64 concentration was chosen to cover the

119



Material and Methods

upper range of concentrations studied (0.3 mg/ml - 0.003mg/ml), according to the
results of section 3.2.1. A full factorial design by combining all possible factor level, are
processed in a randomized pure sequence. In the experiment, a central-composite
design with inner star-points and with an additional central point was selected. The
central point tests the assumption of linear behaviour of the factors between the low
level and the high level. The inner star points described the design space more accurately
but allow less precise predictions. A one-factor analysis of variance ANOVA was used to
test the influence of the independent factors on the dependent factor k,. Based in the
results a response surface area was established for the visualisation of the results.

Table 22: Input factors of the experimental design

Factor Name Lower limit (-1) Upper limit (+1)
A Kollidon® VA 64 0.003 mg/ml 0.031 mg/ml
B Soluplus® 0.031 mg/ml 3.0 mg/ml
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4.5 Modelling of Biorelevant Kinetics for a Ritonavir Hot-Melt Extruded
Amorphous Solid Dispersion

4.5.1 Development of an Advanced Kinetic Model

A kinetic model was established guided by the work of Locher et al. [81]. It is based on
ordinary differential equations (ODE), which describes the fraction of dissolved drug in
both phases resulting from the disintegration of the ritonavir-containing ASD, API
dissolution, and partitioning into the organic phase. These ODEs were numerically solved
by the Runge-Kutta approximation method. The ODEs were iteratively calculated by a
self-programmed Labview®® application. To describe and explain the concentration-time
profiles resulting from BiPHa+ experiments appropriately, the kinetic model was
advanced by introducing additional phase separation processes in the aqueous phase: (1)
the formation of APl-rich nanodroplets via liquid-liquid phase separation (LLPS) as
described by Xu et al. [68] for the same ritonavir-ASD , and (2) the process of
transformation of the nanosized droplets to smaller particles, whereas the APl remained
amorphous [95]. Further details are given in section 3.2.
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4.6 BiPHa+ Biphasic Dissolution Assay to Assess in vivo Performance for
Poorly Soluble Drugs in Six Commercial Enabling Formulations

4.6.1 Dose Assessment

The effect of the formulation quantity (in vitro dose) was investigated regarding the
obtained partitioning profiles in the organic layer. Three formulation quantities were
selected referring to an in vitro dose of 5 mg, 10 mg and a BCS class dependent quantity
(section 3.4.2). To calculate the BCS dependent quantity, the highest dose on the market
was divided by 250 ml and multiplied with 50 ml [112,115]. The in vivo fractions
absorbed for each drug were obtained from literature and compared to the maximum
concentration at the end of the experiment (Cyec, max) from the 5 mg, 10 mg, and the BCS-
class dependent quantity (section 3.4.2). Fraction absorbed (f,) is the absorbed quantity
without considering metabolic pathways. Bioavailability (F) considers metabolism during
absorption. A high degree of biorelevance is assumed, when Cgec, max Values of the organic
phase are comparable with the in vivo fractions absorbed [68,69].

4.6.2 Pharmacokinetics and Compartment Analysis of in vivo Data

All pharmacokinetic profiles were evaluated using an oral two-compartment model
(Figure 25A). Given that the LogP values of the evaluated drugs were higher than 3 (Table
12), a two-compartment model was applied to accurately describe the in vivo behaviour,
which includes a distribution step of the drug in a peripheral compartment. [33,140].

The sub-processes of the two-compartment model, absorption (C (t)apsorption),
distribution (A - C (t) gistribution), and elimination (B - C (t) eiimination), Were assumed
to show first order kinetics (Equation 27). The kinetic rate constants of all drugs were
obtained by the residual method [31,33]. For this, the observed plasma profile data were
linearized by calculating the logarithm of plasma concentration over time (Figure 56A).
At first, the first order elimination functions (B - C (t) e1imination) Were calculated and
subtracted from the observed plasma data. Then, the obtained data points were used to
calculate the first order distribution function (A - C (t) gistribution)- Factor A and B were
the intercept of the determined elimination and distribution functions and could be
interpreted as scaling factor towards the absorption function ( C (t)apsorption)- For all
calculations, distribution was assumed to be slower than absorption. Therefore,
absorption was calculated by subtracting distribution and elimination function from the
plasma data. The absorption rate constants of C (t)gpsorption Were estimated from the
logarithm of the residual concentration values.
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In addition, the fraction absorbed (f,) was needed to assess the biorelevance of the
partitioning profiles (section 4.6.1). A high degree of biorelevance was assumed if Cgec, max
values of the organic phase and fraction absorbed values were equivalent [68,69].

All calculated absorption profiles were assumed to show first order kinetic without
knowing the real in vivo kinetic [31,33]. However, this calculation method is useful to get
an idea about the amount and kinetic of the absorption process in vivo.

cit)y==C (t)absorption — A - C (O aistribution — B * C () etimination Equation 27

Aprepitant (Emend®, nanocrystal)

The oral pharmacokinetics of the market formulation was assessed in two clinical studies
by Majumdar et al. From the first study the absolute bioavailability of 59 % has been
reported based on the data obtained from 20 volunteers under fasted conditions [106].
The second study provides the pharmacokinetics based on the data obtained from 21
volunteers, assuming a one-compartment model [119]. Analysis of the study was
performed by the residual method analysis of the fasted state plasma profile (Figure
25B), because of the inhomogeneous elimination period (10 h — 40 h) of aprepitant. The
inhomogeneous elimination is apparent by the slower elimination rate between 10 and
20 hours compared to the later increased elimination rate (Figure 28A).

Celecoxib (Celebrex®, microcrystal)

The plasma profiles reported by Paulson et al. [107] were utilized for the
pharmacokinetic evaluations of the two-compartment model in the present work (Figure
25A). It should be noted that the absolute bioavailability of celecoxib in human has not
been determined, since no intravenous formulation of the drug has been developed and
tested so far [141]. In the study by Paulson et al., the absolute bioavailability of
micronized celecoxib of approximately 40 % was obtained from a study in poor
metabolizing beagle dogs under fasting conditions [107]. In this case, minimal first pass
effects were expected, and the fraction absorbed was assumed to be the maximum
amount of passive absorbable drug, which was correlated to the results of the biphasic
dissolution model.

Fenofibrate (Lipidil®, microcrystals)

The pharmacokinetic data of fenofibrate were obtained from Xu et al. [83] for the

200 mg dose and from Fei et al. [121] for the 54 mg does strength. The absolute

bioavailability of a fenofibrate nanocrystal suspension has been reported to be about
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70 %, which is considered to be equal to the solid nanocrystal formulation [83,108,109].
The fraction absorbed (46 %) of the micronized formulation was indirectly calculated
using the relative bioavailability compared to the nanocrystal formulation under fasting
conditions [83]. As fenofibrate represents a prodrug activated by ester hydrolysis, the
plasma concentration was determined based on its active form fenofibric acid [129]. As
the saturable process of activation by ester cannot be covered by compartmental models
a simple two-compartment model was selected to describe the plasma profile (Figure
25A).

Itraconazole (Sempera®, ASD)

Brone et al. investigated the plasma profile of 100 mg itraconazole in healthy male
volunteers [142]. The absolute bioavailability of the oral solution was examined at fasted
state [111]. The relative bioavailability for capsule and solution were compared to
calculate the oral absolute bioavailability of the capsule formulation [110]. The absolute
bioavailability was reported to be 16 %. A two-compartment model was assumed to
evaluate pharmacokinetics (Figure 25A).

Nimodipine (Nimotop®, ASD)

The pharmacokinetic data were taken from Blardi et al. [105]. Nimodipine undergoes a
strong first-pass effect and hepatic metabolism of about 85 % — 95 % resulting in a low
bioavailability of 3.5 % when taken under fasted condition [105]. Without first-pass, the
real fraction absorbed could be around 35 % based on a mean metabolizing value of

90 % [123]. Because of the very fast metabolism (much faster than absorption), the
metabolic rate can only be calculated imprecisely with the residual method and is not
relevant for the kinetic of the absorption [33]. Consequently, pharmacokinetic was
evaluated based on a two-compartmental model (Figure 25A).

Ritonavir (Norvir®, ASD)

Klein et al. investigated the pharmacokinetic of 100 mg Norvir® in 27 healthy human
subjects [143]. Xu et al. established a Level A IVIVC with different ritonavir drug products
including a fraction absorbed of 60-80 % [68]. They suggested a direct correlation
between the maximum fraction absorbed and the maximum partitioned drug, in this
case approx. 75 % [112]. A two-compartment model was applied to calculate the rate
constants (Figure 25A).
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4.6.3 Verification of in vivo Relevance and Predictive Power

The biphasic partitioning profiles of the five model drugs were assessed with respect to
their in vivo relevance. A level A IVIVR was calculated, partitioning and absorption
profiles were directly compared and prediction errors were calculated comparing the
predicted and observed plasma concentration time profiles. As many mathematical
methods were performed, we illustrated the methods applied for in vitro and in vivo data
treatment in Table 23.

As described in section 2.5, two-compartment models were applied in order to gain the
in vivo fraction absorbed versus time profiles (Figure 56). The rate constants of
absorption, distribution and elimination were calculated by the residual method [31,33]
using data obtained from the literature (Figure 56A, C). The first order absorption model
was selected, because the deconvolution approach leads sometimes to a limited number
of data points (drug concentration-time values) in the in vivo absorption period which
can be respectively correlated to in vitro data [31,33].

In a first step, the calculated in vivo absorption profiles and the in vitro partitioning
profiles (drug concentration over time in the organic layer) were used to calculate a level
A IVIVC [80,144] as follows:

(1) A Levy-plot (normalization of time scale) was established for all five formulations to
estimate a general time-scaling factor between in vitro and in vivo data [122].

(2) The first order in vivo absorption time profiles were correlated to the in vitro
partitioning profiles (section 3.5.1).

In a second step, the drug concentration-time profiles of the organic layer were
compared to those obtained by absorption in vivo in the same figure (section 3.5.1).

For an assessment of the BiPHa+ data compared to the in vivo pharmacokinetic, retro-
IVIVCs (single stage [124]) were calculated based on a convolutional approach, where
Cs(t) is the impulse response and Iq(t) are the arbitrary impulses which can be
interpreted as the amount of released / absorbed drug [145]. The predicted plasma
concentration time profiles are the sum of all unit impulse responses (C(t) vs. t, Equation
2). Each impulse lg(t-t,) decreases following the single impulse function. The single
impulse function represents the two-compartmental models including the distribution
and elimination function. We deliberately used the single input function calculated from
the in vivo data of the oral formulations, because we aimed to avoid the influence of
study to study variabilities. The arbitrary impulses Iq (t) are calculated by determining the
in vitro partitioning rate every three minutes where the concentration in the organic
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layer was measured (Figure 56). The in vivo estimated gastric emptying of 30 min [37]
was considered in the BiPHa+ assay by a pH shift from 1.0 to 5.5. We applied the time
shift approach, i.e. only data where distribution into the organic phase were considered,
in analogy with the methodology used in other research studies, which do not consider
these 30 min lag-time for calculating IVIVR or pharmacokinetic prediction [67,68,83].

C®) = I(®) * C5()
Equation 28
= Z IQ (t— tn) —A-C(t— tn)distribution —B-C(t- tn)elimination

To assess the prediction accuracy of the calculated pharmacokinetic profiles based on
retrospective IVIVC, prediction errors (PE) according to EMA and FDA guidelines [74,124]
of AUC (area under the curve of plasma profile), Cnax (maximum plasma concentration),
and tyh. (time point with maximum plasma concentration) were calculated. All
calculations were performed using EXCEL 2016 (Microsoft, Redmond, USA).

Observed value - Predicted value

PE [%]= Equation 29
(%] Observed value a

A Semi-logarithmic plasma profile C Single response function
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Figure 56: Exemplary procedure of pharmacokinetic parametrization by residual method (curve stripping) and
in vivo prediction assessment: (A) logarithmic plasma concentration-time profile; (B) biphasic dissolution
profile: aqueous phase (purple) and organic phase (red); (C) first order absorption (dark blue) and the
determined single impulse functions: distribution (light grey), elimination (dark grey) received by residual
method; (D) Arbitrary impulses (lg) calculated by in vitro partitioning rate on each time point (red stripes), (E)
comparison of predicted plasma profile (red) vs. observed plasma profile (blue)
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Table 23: Overview of the methods applied for in vitro and in vivo data treatment. Each method compromises

of one or more operations as well as the required input and output data.

Method Operation Input Output
Absorption rate constant

(profile)
Compartmental analysis Residual Method (C.ompartmental In vivo pharmacokinetic data Distribution ra.te constant

analysis) (profile)
Elimination rate constant

(profile)

In vitro partitioning profile (without
(1) Levy plot time-scaling) Time-scaling
In vitro/ in vivo Absorption rate constant (profile)
relationship . In vitro partitioning profile
(2) Fraction absorbed vs. (with time-scaling) IVIVR

partitioned drug plot (IVIVR)

Absorption rate constant

Comparisons of in vivo
absorption profiles and
in vitro partitioning
profile

*

n/a

In vitro partitioning profile (with
and without time scaling) n/a
Absorption rat constant (profile)

Pharmacokinetic
prediction

(1) Derivation of partitioning curve

In vitro partitioning profile (with

) . . Arbitrary impulses
and without time-scaling) trary impu

(2) Residual Method
(Compartmental analysis)

Single impulse response
(Distribution rate constant &
Elimination rate constant)

In vivo pharmacokinetic data

(3) Convolution

Single impulse response

. . Predicted pharmacokinetic
Arbitrary impulses

(4) Prediction accuracy

Predicted pharmacokinetic

: - Prediction errors
In vivo pharmacokinetic data

* ot applicable
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4.7 Implementation of Biphasic Dissolution Profiles in PBPK Models

4.7.1 Methods

Models were developed as described in section 3.5.1. As the model development was
novel in terms of the methodology, the workflows are presented in the result section.
All physicochemical properties were taken from section 3.4.1. The in vitro data are taken
from section 3.4.3.

4.7.2 Drug Dossiers for Developing PBPK Models

The clinical in vivo pharmacokinetics and the metabolic properties of each investigated
drug are summarized in the following section.

Aprepitant (Emend®, nanocrystal)

The highly lipophilic drug exhibits a high plasma protein binding of > 98 % and undergoes
enterohepatic circulation [146]. Based on literature data, the absolute oral bioavailability
was reported to be approximately 60 %. In the same study of Majumdar et al.,, 20
volunteers received 2 mg aprepitant intravenously [146]. The final oral market
formulation was administered with 227 ml water [106].

Celecoxib (Celebrex®, microcrystal)

The estimated plasma protein binding of celecoxib is higher than 97 % [147]. Celecoxib is
mainly metabolized by CYP 2C9 [147]. No absolute oral bioavailability has been
investigated in humans. However the absolute oral bioavailability was investigate in poor
metabolizing beagle dogs in the fasted state [148]. Pal et al. investigated an oral solution
in human under fasted conditions [149]. Celebrex in vivo pharmacokinetic data were also
taken from literature [148]. Celebrex was administered in the fasted state with 210 ml
water [148].

Fenofibrate (Lipidil®, microcrystals)

Fenofibrate is a highly permeable prodrug which is activated by ester hydrolysis [129].
No fenofibrate is detectable in the plasma just its active form fenofibric acid [120].
Fenofibric acid is highly bounded on plasma proteins (>99%) [129]. The absolute oral
bioavailability of fenofibrate 46 % was indirectly calculated by a nano-formulation as
described in literature. The nano-formulation is compared to a micronized formulation
[83,108,109]. Fei et al. compared the oral plasma profile of micronized fenofibrate and
an oral solution [121]. The pharmacokinetic data of fenofibrate were obtained from Xu
et al. [83] for the 200 mg dose and from Fei et al. [121] for the 54 mg does strength.
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Itraconazole (Sempera®, ASD)

The plasma protein binding of itraconazole is reported with 99.8%. Itraconazole
undergoes a CYP 3A4 metabolism [142]. Additionally, itraconazole underwent
enterohepatic circulation [150]. A oral solution was investigated to determine the
absolute oral bioavailability in the fasted state [111]. Thus, absolute bioavailability of the
capsule formulation (15.6%) was estimated by comparing the relative bioavailability of
liquid and capsule formulation [110]. Itraconazole was intravenously administered as a B-
cyclodextrin solution [151]. Both, the oral solution and the HPMC-based formulation
were investigated under fasted conditions in two studies of Barone et al [142,152]. The
capsule formulation was administered with 200 ml of water.

Nimodipine (Nimotop®, ASD)

Nimodipine Cpa-values were rapidly detected within 1 h, which indicates a high
permeability. However the predicted permeability value of 8.08 E-5 cm/min was very low
[123]. Therefore, the permeability form CaCo-assay (6.06 E-4 cm/min) was used to
calculate the in vivo value by GastroPlus® correlation [130]. Blardi et al. investigated an
i.v. formulation and the marked product in a clinical study [105]. No study with an oral
solution has been conducted. Additionally, nimodipine is extensively metabolized by Cyp-
3A4 liver enzymes, which explains the small 3.5% oral bioavailability. Approximately 90%
of the absorbed drug is metabolically inactivated during the first liver passage [105].
Thus, the fraction absorbed of nimodipine is in a range of 35%, which is in accordance to
in vitro biphasic dissolution data (Figure 24).

Ritonavir (Norvir®, ASD)

CYP 3A4 is the most important metabolizing enzyme of ritonavir [137]. Fraction absorbed
in a range of 60-80 % was reported in literature [83]. under The study of the oral liquid
formulation in children was conducted by Salem et al. moderate fat conditions [153]. The
solubility of ritonavir in FeSSIF-V2 is 18.5 ug/ml [68], which was necessary because a
scaling form fasted to fed state was performed for the predictions ( section3.4). The oral
pharmacokinetic profile of the ASD marked product was investigated by administering
100 mg ritonavir after a 10 hour fasting period [143].
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4.8 Systematic evaluation and in vivo prediction of ABT-102 drug products
by using the biphasic dissolution model

4.8.1 Materials

ABT-102, copovidone, hydroxypropyl methylcellulose acetate / palmitate (HPMCAS),
poloxamer 188, saccharose monopalmitate and colloidal silicon dioxide were obtained
from AbbVie Deutschland GmbH.

Hard gelatin capsules size 4 and 00 (Capsula GmbH, Ratingen, Germany) were used for in
vitro and in vivo studies. The buffer concentrate was made of tri-potassium phosphate
(Alfa Aesar, Kandel, Germany), tri-potassium citrate (Carl Roth, Karlsruhe, Germany) and
sodium hydroxide (VWR Chemicals, Darmstadt, Germany). Sodium-taurocholate, lecithin
and 1-decanol were ordered from Alfa Aesar (Kandel, Germany). HPLC eluents consisted
of methanol (VWR Chemicals, Darmstadt, Germany), and demineralized water (Merck
Milli-Q, Darmstadt Germany).

4.8.2 Physiochemical Characterisation

LogP value was determined by a waters DAD-HPLC and a Lichrospher RP-18 5 um 10x4
mm column using a water methanol gradient [154]. Based the determined logP value
permeability was calculated by PK-Sim® [131].

Solubility in 6.8 phosphate buffer, Bi-FaSSIF-V2 (section 3.1) and 0.1 M hydrochloric acid
was investigated using shaking flask method at 37°C. After 72 h shaking time, samples
were centrifuge for 20 min at 4500 rpm. The supernatant was quantified by a diode array
UV-Vis spectrometer (Agilent 8453, Waldbronn, Germany).

4.8.3 Extrudate Preparation

Compositions of extrudates are provided in Table 17. Prior to extrusion, all ingredients
were mixed using a cutting mill (IKA M20, IKA-Werke GmbH & Co.KG, Staufen, Germany).
Hot melt extrusion was performed using a bench scale extruder (Minilab Il, Thermo
Fischer Scientific, Karlsruhe, Germany) at a temperature of 142°C and screw speed of 75
rom. The extrudates were milled using a cutting mill (IKA M20, IKA-Werke GmbH &
Co.KG, Staufen, Germany). A particle sizes range of the milled extrudate of 250 to
1000 um was used for the in vivo in vitro investigations. A 25 mg dose was selected for
the in vivo investigation in beagle dogs and a dose of 5 mg was taken for the in vitro
investigations. Subsequently, a mixture of 50 % milled extrudate and 50 % filling material
(mannitol 99 % and 1 % colloidal silicon dioxide) was filled in hard gelatin capsules (size
00 for in vivo, size 4 for in vitro investigation) and was mixed after closing. The absence
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of drug substance related crystallinity in the ASD was confirmed by polarized light
microscopy (Model DMLM, Leica Microsystems, Wetzlar, Germany).

4.8.4 BiPHa+ Assay

Extrudate powders were filled in hard gelatin capsules having an in vitro dose of five
milligram ABT-102, which were investigated in the BiPHa+ assay. Each formulation was
tested in triplicates. The capsules were placed in a sinker above the stirrer. The
experiments were performed according to section 4.3.

4.8.5 In vivo Study

ABT-102 was prepared as a solution in 10% DMSO in PEG-400 vehicle at a concentration
of 20 umol/kg for intravenous investigation. A dose of 1.74 mg/kg ABT-102 intravenous
solution was administered as a slow bolus in a cephalic vein to three beagle dogs
(male/female). The dogs were fasted overnight prior to dosing. Mean weight of a dog
was 10.5 kg.

For oral investigation each formulation (Form A, B, F and G) was tested in a group of six
dogs at a dose of 25 mg/dog administered as capsule (size 00). Fasted dogs were pre-
treated with histamine approximately 30 minutes prior to dosing. Food was provided to
these dogs approximately 12 hours after dosing. In the non-fasted (fed) dogs, the dogs
were fasted overnight, with food provided approximately 30 minutes prior to dosing.
Bioavailability was separately investigated to pharmacokinetic assessment in the fasted
state.

4.8.6 Compartment Analysis and IVIVR

A level A IVIVR was calculated based in observed in vivo data. The workflow is given in
Figure 37. A two-compartment model was applied to calculate the pharmacokinetic rate
constants of the orally administered formulations (Figure 57). Because of the high
lipophilicity, the drug was assumed to distribute in peripheral compartments [33,140].
The two-compartment model describes absorption, distribution and elimination as a
kinetic first order [31,33]. For the compartment model, the rate constants were
calculated by residual method (section 4.6.2) from intravenous data to determine the
rate constants A; (distribution rate) and k. (elimination rate). The calculated rate
constants of elimination and distribution were used to calculate k, (absorption rate) form
the oral data. Besides that, it was necessary to know the absolute fraction absorbed in
vivo to calculate a level A IVIVR based on the BiPHa+ data. The absolute fraction
absorbed hast to be in a similar range of the end concentration of the in vitro
partitioning profile [69,82].
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In vivo fraction absorbed time profiles and in vitro partitioning profiles were used to
calculate a level A IVIVR. In a first step a Levy Plot was fitted to generate a time scaling
factor [80,144]. Based on the time scaling, the IVIVR was fitted to demonstrate the in
vivo relevance of the in vitro partitioning profile (refer also to section 4.6.3).
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Figure 57: Assumed two compartment model: absorption rate constant (k,), distribution rate constant (A;) and
elimination rate constant (k.)

4.8.7 Predicting of the in vivo Performance by Compartment Analysis

Intravenous data were evaluated by residual method to obtain the intravenous
distribution (A;) and elimination (k.) rate constants (Figure 37). Using the two-
compartment description of the intravenous pharmacokinetic data, the initial
concentration at t = 0 min was calculated. Considering the initial concentration and the
administered dose, which depends on the weight of a dog (10.5 kg), the distribution
volume (Vq4) was calculated.

As described in section 4.6.3 the in vivo plasma concentration time profiles were
calculated based on a convolution using the portioning profiles gained by the BiPha+
model and the distribution / elimination model. A direct calculation of oral plasma
concentration time profiles using biphasic partitioning profiles and the two-
compartment model was possible because ABT-102 do not undergo high first pass
metabolism [155]. The calculations were performed by Microsoft Excel (Microsoft,
Redmond, USA). The predictive accuracy was validated to mean plasma concentration
time profiles in beagle dog (Figure 37).

4.8.8 Predicting in vivo Performance by PBPK Modelling

A mean intravenous elimination / distribution PBPK model of ABT-102 in beagle dogs was
developed using PK-Sim® 7.3 and GastroPlus® 9.6 (Figure 37). Physiochemical properties
of the drug and physiological properties of an average dog were integrated.
Subsequently, the elimination / distribution PBPK models were optimized based on
observed mean intravenous data. A development of a absorption model from oral liquid
formulation was not suitable, as the oral liquid most likely precipitates in the intestine
[155,156].
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The intravenous PBPK models were extended to an oral absorption model by
implementing predicted permeability values and biphasic partitioning profiles of each
formulation. Intestinal permeability (P.¢) was predicted by PK-Sim® and this value was
also implemented in GastroPlus® [128]. The biphasic partitioning profiles were
implemented likewise controlled release dissolution profiles (section 3.5.1). This is the
cause by the following assumptions: the rate limiting step of absorption of a highly
soluble drug (BCS 1) is drug release, which is pictured by the aqueous dissolution profile,
whereas the rate limiting step of poorly soluble drug (BCS 2) is dissolution of the drug,
which is pictured by the organic partitioning profile by the BiPHa+ assay (section 3.5.1).
The predictive accuracy was assessed by mean in vivo concentration time profiles (Figure
37) and by plotting predicted versus observed Cy.x an AUC values.
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5 Conclusion and Outlook

5.1 Conclusion

A fully automated, small scale, biphasic dissolution setup (BiPHa+) was developed which
was characterized by the volume ratio of aqueous and organic phase, the ratio of
absorption area to aqueous volume, as well as the concentration of ritonavir in the
aqueous phase. UV - quantification in both layers was suitable to determine the drug
concentration despite the appearance of scattering or overlapping spectra. One major
advantage of the BiPHa+ apparatus was the automation of critical analytic parameters
such as dispensing of liquids and pH adjustment. Bi-FaSSIF and Bi-FaSSIF-V2 and a
biorelevant buffer system were developed to simulate the gastrointestinal transition in
vivo. The control of hydrodynamics was realized by triangular magnetic stirrers creating
a turbulent movement of the aqueous phase. This one vessel dissolution assay was able
to generate comparable data to the biphasic method of Xu et al. [31] consisting of a
combination of USP apparatus Il and IV, which has already demonstrated in vivo
relevance [31,34,38]. Two media Bi-FaSSIF and Bi-FaSSIF-V2 led to complex partitioning
profiles of a ritonavir containing ASD, while the partitioning rate of the experiment in
surfactant free medium was more homogeneous and reached a much lower level of
distributed drug in the organic phase. Thus, constitution and re-dissolution were
significantly influenced by biorelevant surfactants.

The interface between the organic and aqueous phases was a key factor in the assay. If
the aqueous phase container biorelevant surfactants and different formulation
ingredients, the resulting interfacial tensions were generally at a similar level. One
example demonstrated that the discriminatory properties of the assay were caused by
the formulation components in the aqueous phase, rather than the organic / aqueous
interface properties.

In order to get a deeper insight into the complex in vitro dissolution process of the
ritonavir ASD measured dissolution in the BiPHa+ assay, a kinetic model was established
including the transformation of nano-droplets, which was necessary to explain the
sigmoidal distribution kinetics profile. The kinetic model described the dissolution
process mathematically, and parametrized the processes of disintegration, dissolution,
precipitation as nano-droplets, re-dissolution, and absorption into the organic layer in
vitro. As a result, the re-dissolution step was discovered as the time limiting step in all
cases. Ostwald ripening of nano-droplets is proposed as a new effect, which can possibly
influence the drug dissolution from an ASD. Beside supersaturation, an improved re-
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dissolution of precipitated drug substance also provides an essential contribution to
enhanced drug dissolution from an ASDs.

The potential of the BiPHa+ assay to assess in vivo performance for poorly soluble drugs
was investigated by six model drugs formulated by different enabling approaches (micro-
and nanocrystals, amorphous solid dispersion). The mini-scale approach of the BiPHa+
test system required a down-scaling of the drug product in vitro dose. It was found that
15-25 umol (10 mg) of drug was a suitable in vitro dose to reach a high in vivo predictive
power for dose ranges of the tested drug products from 30 to 200 mg. The correlation
indicated that in this dose range the in vitro concentration time profiles of the
partitioned drugs in the organic layer actually behaved similar to the passively absorbed
drug-amount in vivo. The in vitro concentration time profiles of the partitioned drugs in
the organic layer (3.4.3) were successfully correlated with their in vivo fraction absorbed
concentration time profiles, obtained from published human in vivo data. In most cases
of the highly lipophilic drugs, a two-compartment model was suitable to predict the in
vivo pharmacokinetics calculated on the basis of the in vitro partitioning profile by
convolutional approach from various enabling formulations. Overall, the results indicate
that the rationally developed BiPHa+ assay with pH-shift demonstrate a great
biorelevance and predictive power. Establishing an IVIVR using the compartment
prediction approach is a valuable tool to assess the biphasic model in terms of in vivo
relevance, and to predict the influence of varying partitioning profiles to plasma profile.
Consequently, the BiPHa+ assay is an in vivo relevant characterization tool for highly
lipophilic and poorly soluble drugs presented in an enabling formulation.

An approach to implement biphasic dissolution data in the PBPK-software tools PK-Sim®
and GastroPlus® was successfully developed. Six model drugs formulated through
various enabling formulation approaches demonstrated high prediction accuracies for
the in silico pharmacokinetic profiles compared to the observed clinical data. The organic
partitioning profile was similarly interpreted to the drug release of modified release
dosage forms. Therefore, the biphasic partitioning profiles gained by the BiPHa+ assay
were implemented likewise modified release dissolution profiles in the PBPK software
tools. This led to the advantage, that a deeper mechanistic understanding of
precipitation or dissolution was not necessarily needed because these effects were
covered by the organic partitioning profile. The models were developed based on easily
accessible in vitro parameters such as partition coefficients (e.g. logP) and calculated
permeability values without considering too much mechanistic details. Hence, a fast
model development and pharmacokinetic prediction was feasible. To verify
pharmacokinetic predictions, AUC and C,.x values were correlated with observed in vivo
data. In the case of a high metabolism, such as nimodipine (first-pass) or fenofibrate
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(prodrug), PBPK-models were very helpful to describe these metabolic processes highly
relevant. Coupling biphasic dissolution data with in silico tools provided meaningful
results in terms of pharmacokinetic prediction relevant for early stage pharmaceutical
development.

Finally an advanced screening approach for the prediction of the in vivo performance in
dog of ABT-102 amorphous solid dispersions by using the BiPHa+ model was performed.
For this, four amorphous solid dispersions of ABT-102 were investigated in the BiPHa+
assay simulating fasted conditions. In a first step, a level A IVIVR was established to
demonstrate the biorelevance of the BiPHa+ model. The in vivo plasma concertation
time profiles were successfully predicted based on the convolutional approach including
compartment models in combination with the organic partitioning profiles. A second
prediction method was applied based on PBPK modelling. The organic partitioning
profiles were implemented in the same manner as modified release concertation time
profiles in the PBPK software PK-Sim® and GastroPlus® leading to accurate in vivo plasma
concertation time profile predictions. Both the level A IVIVIR and the predictions, based
on PBPK models and compartment models, demonstrated a high biorelevance for the
BiPHa+ assay, which was proven as a powerful tool for formulation screening of poorly
soluble drugs. The presented workflows based linked to the BiPHa+ assay can be applied
as a potential screening tool to guide formulation selection in the turn of pharmaceutical
development.

Overall the rationally developed BiPHa+ biphasic dissolution assay in combination with
different prediction approaches demonstrate a remarkable predictive power for a
meaningful assessment of various enabling formulation. Especially the identification of
the in vitro dose was crucial and significantly improved the applicability of the assay. The
BiPHa+ assay is potentially applicable from early stage formulation screening to
formulation optimization, even if the final dose range is not known. By this, the assay
and presented prediction approaches contribute to reduce development risks for
preclinical and clinical studies. In addition, the number of animal experiments can
potentially be reduced.
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5.2 Outlook

The presented BiPHa+ assay has demonstrated high predictive power for many examples
and presents a promising approach for the characterization of enabling formulations in
terms of their in vivo performance. Based on the present work, the BiPHa+ model can be
further developed and improved for either a wider range of applications or to generate
in-depth mechanistic understanding of the dissolution process of particular formulations.

Moreover, it is possible to further down scale the model into a micro-scale screening
technology platform, requiring very small amounts of drug substance while allowing for
rapid and meaningful evaluation of prototype enabling formulation approaches.

The identification of the specific in vitro dose represents a crucial advance for the BiPHa+
assay and for biphasic assays in general. The successful dose finding indicates that there
is may be a relationship between in vitro dose, in vivo fraction absorbed and the
associated AUC. In this context, there is may be the potential to establish a link between
the in vivo AUC and the in vitro data in a way that it is possible to estimate a scaling
factor between the in vitro dose and the administered dose in vivo. Once this link is
established, there is the potential to assess the linear dose/AUC proportional range
based on in vitro data.

Generally, the biphasic assay approach sometimes struggles with flotation formulation
and drug substance components at the aqueous/organic interface. An approach to
design an absolutely robust system could be to filtrate or extract the dissolution medium
by hollow fibre membranes. A membrane bundle is held in the medium. — The
membrane bundle is used to filter the aqueous medium by negative pressure or the
inside of the membranes is flushed with a suitable organic solvent. The all hollow fibre
membranes bundle have a very large surface area together and simultaneously a pore
size in the nano-meter range. This ensures that only dissolved drug substance is filtered
or extracted by an organic solvent containing hollow fibre and thus the performance of
the formulation can be assessed by removing dissolved drug out of the dissolution
medium. In a secondary step, the dissolved drug can be collected or extracted by an
acceptor compartment. Third, the advantages of such a hollow fibre set-up would be
that this model could be integrated into a standard dissolution vessel and the flux
limitation as described for biphasic assays could be eliminated by a possible flexibly
adjustable filtration/extraction rate and a high surface area of the hollow fibre
membrane.

In its future application, the BiPHa+ assay can contribute significantly to a deeper
mechanistic understanding of the dissolution behaviour of different enabling formulation
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by dynamic characterization of dissolution, precipitation and re-dissolution. Once the
mechanisms for the increased solubility / bioavailability of a new drug substance are
better understood, formulations can be developed more effectively in a way that either
supersaturating systems are designed or rapidly re-dissolving precipitate creating
formulations can be generated as described in section 3.3. Both mechanisms can
contribute significantly to bioavailability, but depending on the active substance, not all
formulation approaches are always possible. For example, different surfactant additives
in an ASD could be used to control the properties of the precipitates that are formed,
and thus optimize the potential in vivo performance in a targeted manner.
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