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Summary

The dissolution of ibuprofen active pharmaceutical ingredient was
investigated in the paddle apparatus and the flow-through apparatus in
conditions of high and low solubility (pH 6.8 phosphate buffer versus 0.1 M
HCI), high and low fluid velocity and three levels of viscosity (0.7 mPa.s, 1.4
mPas and 5.5 mPa.s) with the use of two viscosity enhancing agents
(hydroxypropyl methylcellulose (HPMC) and sucrose). In the flow-through
apparatus, high average linear fluid velocity was defined as 2.35 mm st and
low average linear fluid velocity was defined as 0.33 mm s™. In the paddle

apparatus, agitation speeds of 50 rpm and 100 rpm were investigated.

Moderate increases in medium viscosity were investigated based on the
findings reported in literature that the human gastric fluid has a viscosity
which is slightly higher than that of aqueous buffers. The negative effect of
sucrose-containing medium on ibuprofen dissolution in the flow-through
apparatus was more evident than that of HPMC-containing media at both
velocity conditions studied. The in vitro dissolution profiles obtained suggest
that the viscosity enhancing agent used impacted dissolution differently,
pointing to differing effects on wetting, fluid density and particle motion and
highlighting the complexity of isolating the effects of viscosity on in vitro

dissolution testing.

Moderate increases in viscosity reduced the intrinsic dissolution rate of
ibuprofen when either HPMC or sucrose were present in the media. The
negative effect of HPMC on the intrinsic dissolution rate of ibuprofen versus
the moderate effect of HPMC on ibuprofen particulate dissolution in the flow-
through apparatus illustrates the influence of viscosity enhancing agents on

particle motion.

An in-house dissolution simulation code, SIMDISSO™, was used to
simulate ibuprofen particulate dissolution in the flow-through apparatus and
paddle apparatus. The model estimates the mass transfer coefficient of an
individual particle through the Ranz-Marshall correlation and correlates it to
solubility and particle surface area to predict the dissolution rate. In the
current work three approaches were investigated to ascertain the predictive

ability of SIMDISSO™: inputting a particle size distribution versus a median



particle size, enabling or disabling particle motion and the simulation of a
reduced local bulk volume for dissolution. The importance of defining an
effective particle size was observed in particular in conditions of low
solubility and especially if agglomeration was suspected. The acceptability
of using a mean particle size in some cases of fast dissolution for the
prediction of dissolution metrics was acknowledged, as it can save
computational costs without compromising the accuracy of the simulation.
The importance of defining particle motion in high-velocity situations was
manifested, as the velocity the particle is exposed to can be very different
between a static and moving particle. The effects of changing fluid velocity
in a high solubility environment in the flow-through apparatus were predicted

with the local volume approach.

The dissolution profiles in conditions of increased viscosity with sucrose
were reasonably predicted in SIMDISSO™, whereas the predictions in
HPMC-containing medium were less accurate, pointing to factors not
included in the simulation affecting in vitro drug dissolution in this scenario.
A spatial limitation was introduced prior to the realization of these
simulations in which particle motion was restricted in the vertical direction
by the cell limits, so that enabling or disabling particle motion was not
necessary in these simulations. SIMDISSO™ simulations also illustrated

the effect of viscosity on particle motion.

The dissolution of ibuprofen from immediate release tablets was
investigated in the flow-through apparatus at three levels of viscosity with
both viscosity enhancing agents. The observed negative effect of medium
viscosity on dissolution was more discernible with sucrose than HPMC,
which is in agreement with the results observed for ibuprofen powder. The
in vitro dissolution profiles of ibuprofen tablets were used as inputs to a
GastroPlus® pharmacokinetic model. The results illustrated (a) the potential
of the flow-through apparatus to generate dissolution profiles which could
be used to predict ibuprofen bioavailability, (b) the consideration of small
increases in medium viscosity relevant to the fasted state, as they might
affect drug dissolution and the resulting pharmacokinetic profile, and (c) the
need to further characterize the effects of viscosity and fluid density on

dissolution and absorption with other drugs and formulations.
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Origin and scope

This work expands on the work by D’Arcy and Persoons [1, 2] in which a
non-commercial in-house dissolution simulation code, SIMDISSO™, was
developed to simulate particulate dissolution in the flow-through apparatus
and paddle apparatus based on the fluid dynamics theory. The definition of
a limited volume available for a particle to dissolve into was explored in both
apparatuses to highlight the importance of dissolution in non-sink conditions
and confinement effects. The predictive ability of the model when the
reduced, local volume was used was explored under different conditions of

particle size definition and particle motion.

The effect of viscosity on the drug diffusion coefficient and on patrticle
suspension was explored by D’Arcy and Persoons [2] using SIMDISSO™,
This work expands this exploration by looking at the effects and interplay of
fluid velocity and biorelevant viscosity in vitro, in the paddle and flow-
through apparatus and in silico. Ibuprofen active pharmaceutical ingredient
(API) and immediate release (IR) tablets were used. The viscosity values
that were investigated were relevant to the fasted state stomach as
measured by Pedersen et al. [3]. The effect of small yet biorelevant
increases in viscosity was also explored in terms of pharmacokinetic
modelling with the use of physiologically based pharmacokinetic models
(PBPK).
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Chapter 1. Introduction

Preface

Due to the length of the project and the Covid-19 extension, this work spans
over a 4.5-year timeframe. Some initial literature research was still being
conducted during 2020 and, to ensure the topics are explained using current
thinking, which in some cases is rapidly evolving, some more recent papers
are included in the introduction. In order to distinguish between the research
publication dates during the initial literature review, articles published from

2021 onwards are identified as “recent work”.

Some of the sections presented in Chapter 1 were presented in the following

papers:

¢ Navas-Bachiller, M., Persoons, T., D'Arcy, D.M. (2022). Exploring
bulk volume, particle size and particle motion definitions to increase
the predictive ability of in vitro dissolution simulations. Eur J Pharm
Sci, 174, 106185. https://doi.org/10.1016/].ejps.2022.106185.

e Navas-Bachiller, M., Persoons, T., D'Arcy, D.M. (2023). In vitro

and in silico methods to investigate the effect of moderately
increasing medium viscosity and density on ibuprofen dissolution
rate. Eur J Pharm Biopharm, 193, 74-88.
https://doi.org/10.1016/j.e|pb.2023.10.018



https://doi.org/10.1016/j.ejps.2022.106185
https://doi.org/10.1016/j.ejpb.2023.10.018

1.1. Fundamentals of dissolution

Solid oral dosage forms are the preferred method of drug administration due
to safety and convenience. Solid oral dosage forms have to undergo
disintegration, dissolution and absorption in the gastrointestinal tract (GIT)
before the active pharmaceutical ingredient (API) can be present in the
systemic circulation [4]. The dissolution of a solid particle is the transfer of
molecules from a solid state into solution [5]. Dissolution occurs in two
steps. Firstly, the interactions between the molecules in the solid surface
are broken and interactions between solid and solvent molecules are
formed, in a process called solvation. Secondly, the solvated molecules are
transported from the solid interface to the bulk solution. Generally, the
transport step is slower than the solvation step and becomes the rate-

limiting step for dissolution.

In vitro dissolution tests can be carried out in seven standardized
apparatuses that are included in the United States Pharmacopoeia (USP)
[6], four of which are also included in the European Pharmacopoeia (Ph Eur)
[7]. The two apparatuses used in this work (2 and 4) as well as intrinsic

dissolution measurements are described below.

1.2. Dissolution apparatuses

Apparatus 2 or the paddle apparatus consists of a paddle formed of a blade
and a shaft that rotates in a glass cylindrical vessel with a hemispherical
base which contains the dissolution medium. A diagram of the paddle
apparatus extracted from the Ph Eur [7] can be found in Figure 1.1. The
vessel is itself contained in a water bath to keep the temperature constant
at 37C. The dosage form is placed at the bottom of the cylindrical vessel
before rotation is started. Once the apparatus is operating, samples are
taken at certain timepoints and generally the volume that is removed from
the vessel is replaced with fresh dissolution medium at the same

temperature.
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Figure 1.1. Apparatus 2 or paddle apparatus diagram extracted from

the Ph Eur [7]. Dimensions in millimetres.

Apparatus 4 or the flow-through apparatus (FTA) was recommended as an
alternative for in vitro drug release testing by the Dissolution Tests working
Group of the Fédération Internationale Pharmaceutique (FIP) in 1981 [8]
and then incorporated in various pharmacopoeias. A diagram of the
apparatus extracted from the Ph Eur [7] can be found in Figure 1.2. There
is a cell and a reservoir compartment and a pump that introduces the
dissolution medium from the reservoir upwards into the cell with a
predefined flow rate with or without pulsation. Typical flow rates are 4, 8 and
16 ml mint (5% of the nominal flow) and usually, a sinusoidal pulse rate of
120 pulses per minute is used [9]. Medium will flow back from the top of the
cell to the same reservoir (closed system) or a different one (open system).
The dosage form is placed inside the cell, the dimensions of which can be
found in Figure 1.3. Two sizes of cells are typically used (with a diameter
of 12 mm or 22.6 mm) in which the conical section is filled with 1 mm glass
beads and one 5 mm ruby bead to prevent material from entering the inlet

tube. A filter is placed on top of the cell to retain undissolved material [9].
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The cell is surrounded by a water jacket to keep the temperature constant.
Media and flow rate changes can be performed within one run and sink
conditions can be maintained in an open system but the use of complex

media can be difficult due to filter clogging and flow rate alteration [9, 10].
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Figure 1.2. USP apparatus 4 or FTA diagram extracted from the Ph
Eur [7].
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Figure 1.3. FTA 22.6 mm diameter cell (left) and 12 mm diameter cell
(right). Diagrams extracted from the Ph Eur [7]. Dimensions in

millimetres.

Intrinsic dissolution in a rotating disk apparatus measures the dissolution
rate from a compact of which only one surface of a specified surface area
is exposed to the dissolution medium. As described by the USP [11], first, a
non-disintegrating compact is prepared using a compaction device, as
presented in Figure 1.4. The test material is placed inside the die cavity,
which is attached to a polished steel surface plate. This surface plate
ensures the generation of a smooth compacted surface of the material of
interest. A punch is also inserted in the die cavity and the material is
compacted with a hydraulic press. Then, the compact and surrounding die
are placed in a dissolution medium as presented in Figure 1.5, with the
surface of the compact being no less than 1 cm from the bottom of the
vessel, and samples are taken at given timepoints. Intrinsic dissolution gives

the surface specific dissolution rate of a drug, which can be used in early
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development to compare polymorphs and salt forms, evaluate the degree

of crystallinity and guide formulation decisions [12].
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Figure 1.4. Punch and die used to produce the compact for intrinsic
dissolution testing. Extracted from Chapter 1087 (Intrinsic
dissolution-dissolution testing procedures for rotating disk and
stationary disk) of the USP [11].
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Figure 1.5. Positioning of the rotating die assembly within the
dissolution vessel for intrinsic dissolution testing. Extracted from
Chapter 1087 (Intrinsic dissolution-dissolution testing procedures for
rotating disk and stationary disk) of the USP [11].

The hydrodynamics in the compendial apparatuses represent an added

source of variability in in vitro dissolution testing [13-15].

1.2.1. Hydrodynamics in the dissolution apparatuses 2 and 4

The hydrodynamic conditions that a tablet is exposed to vary greatly
between the FTA and the paddle apparatus, as reviewed by Todaro et al.
[16].

1.2.1.1. USP apparatus 2

The fluid flow in the paddle apparatus has been characterized by
computational fluid dynamics (CFD) and the data validated with
experimental visualization techniques. In CFD models, the geometry of the
apparatus is defined — and, if included in the model, the geometry of the
dosage form is defined as well —, and the boundary conditions are set. A
mesh acting as a numerical grid is applied to the fluid body in order to
discretise the complex geometry into well-defined cells where the partial

differential equations governing fluid flow can be solved by the software.
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CFD has been used in a wide range of applications in the pharmaceutical
manufacturing process beyond dissolution such as tabletting, die filling,

granulation, drying, and disintegration [17].

The dominant velocity component in the paddle apparatus is tangential [16,
18] with two recirculation loops existing below and above the impeller [19].
Above the impeller, fluid is ejected from the impeller upwards next to the
wall and back down midway between the wall and the blade [20]. Below the
impeller, fluid is pushed downwards next to the wall and back up in the
centre of the vessel. There is a dead zone of very low fluid velocity
underneath the impeller down to the vessel bottom [19]. This is usually
where a tablet is located [14], but, as the tablet is dropped at the beginning
of the test it can land in different positions along the vessel bottom or change
location during the test [19]. Tablet location will result in different dissolution
rates, because of exposure to different velocity fields and shear rates along
the vessel bottom [19, 21, 22]. CFD simulations were used to interpret
centred versus off-centred tablet dissolution by D’Arcy et al. [21] who found
that the dissolution rate was increased when tablets were moved 13 mm
from the centre of the base. Bai et al. [22] also found a correlation between
the CFD predicted strain rates in the base of the vessel and the faster
dissolution of off-centred disintegrating and non-disintegrating tablets
compared to centred tablets. Centred tablets are exposed to the very low
fluid flow that occurs under the blade and their dissolution rate is slower.
Off-centred tablets are exposed to higher maximum fluid velocities and
present faster dissolution profile, due to thinner boundary layers associated
with higher local velocities promoting a faster mass transport [19, 21, 22].
Therefore, tablet displacement from the centre can result in a failed quality
control (QC) test according to the USP or the Food and Drug Administration
(FDA) acceptance criteria.

Minor geometrical variations can alter the typical flow field observed in the
dissolution vessel [23]. Bai et al. [15], Johansson et al. [24] and, more
recently, Perivilli et al. [25] concluded that the symmetricity of the blade in
the vessel had a more significant impact than factors which do not alter
vessel symmetry such as clearance, that is the distance between the end

of the blade and the bottom of the vessel. When the blade is off-centred, the
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low velocity region is disrupted, resulting in a more robust dissolution
environment [16, 26]. Wang et al. [27] modified the standard USP apparatus
2 so that the impeller was 8 mm off-centre demonstrating faster dissolution
rates. Moreover, the resultant dissolution profiles proved to be independent
of tablet location, contrary to the compendial apparatus. Similarly, in the
PEAK vessel, the low shear rate zone at the bottom of the vessel is replaced
by an inverted cone, which is surrounded by a ring of high shear rates that
the tablet will be exposed to, such that the dissolution rate is expected to
increase [26] even though the recirculation loops and shear rate distribution

in the fluid are similar to the standard configuration.

Another alteration of symmetry in the vessel is the presence of a probe to
automate the sampling process, which can alter the hydrodynamics leading

to higher dissolution rates [28].

Finally, changing the agitation speed could also affect the hydrodynamics
and the dissolution rate of tablets. Increasing the agitation speed changes
the magnitude of the shear rate but does not improve shear homogeneity
[19, 29]. In the region underneath the blade, the velocity profile remains very
low independently of the rotation speed. In this area, coning can occur,
which is the accumulation of particles near the bottom vessel due to
insufficient agitation. Coning can be reduced by increasing the agitation
speed because the increase in tangential velocity can cause the particles to
move to regions of the vessel where the axial and radial velocities are high
enough to lift them [26, 30]. Mathematical equations can be used to predict
the minimum rotation speed needed to avoid the coning phenomena for

different types of particles [31, 32].

Concern on whether good mixing is achieved in the USP apparatus 2 has
also been reported in literature. Stamatopoulos et al. [33] showed poor
mixing as viscosity was increased in the mini-paddle apparatus, a
miniaturized version of the conventional USP 2 paddle apparatus that
requires a smaller volume (100 ml) and permits the use of a smaller drug
mass. The two recirculation loops and the region of low velocity under the
blade observed in the conventional paddle apparatus are also present in the
mini-paddle apparatus. The poorer mixing as viscosity increases could be

due to a change from turbulent to laminar flow pattern [34] or to the presence
9



of the two recirculation loops that could generate mixing problems when

viscous medium is used [13].

1.2.1.2. USP apparatus 4

Lower Reynolds numbers [35, 36] and lower maximum fluid velocities [37]
are found in the FTA compared to the paddle apparatus when operating at
standard conditions. Due to the semi-sinusoidal flow profile, fluid velocity is
time dependent. There is a discharge phase in which the fluid is introduced

into the cell and a suction phase where the inflow velocity is zero.

The flow profile in the FTA has been characterized by visualization
techniques such as Magnetic Resonance Imaging (MRI) [38] or Particle
Image Velocimetry (PIV) [39]. Hydrodynamics have been studied as a
function of flow rate, cell size, pump type, presence of glass beads and
location and orientation of a tablet. More uniform conditions were found at

lower flow rates with the bigger cell size (22.6 mm).

In the 12 mm cell, axial local velocities increase uniformly through the cell
during the discharge phase but are zero close to the wall. During the suction
phase, the axial velocities are close to zero and there is re-circulation at the
higher flow rates. The flow field is homogeneous when operating at 4 or 8

ml min-t, but heterogeneous at 16 ml min-t [37].

In the 22.6 mm cell, flow velocities are lower and less variable than in the
12 mm cell due to a larger cross-sectional area for the fluid to flow through.
When operating at low flow rates (<8 ml min't), the velocities are negative
during the suction phase, indicating downward flow. This is thought to be
due to natural convection arising from temperature gradients between the
warmer wall and the cooler centre of the cell [40], but CFD simulations have
shown the occurrence of flow reversal without any temperature variation
[41]. Flow reversal can also arise from natural convection due to a relative
increase in medium density around a tablet surface as the tablet dissolves,

particularly for a rapidly dissolving substance [41, 42].

When operating with no glass beads, an uncommon configuration, a
relatively uniform and symmetric velocity distribution is predicted above the
ruby bead during the discharge phase, but the velocity profile is non-uniform

and asymmetric during the suction phase [43]. When operating with glass
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beads, the flow is more periodic but not completely homogeneous and flow
reversal is seen during the suction phase because the fluid is moving

against an adverse pressure gradient [44].

Differently oriented tablets are exposed to different hydrodynamics, and this
can influence the release rate. In Shiko et al. [45] they used a new MRI
technique to visualize the three-dimensional flow field around a dissolving
tablet. It proved to be heterogeneous, leading to a non-symmetric erosion
of a tablet. The faces exposed to a higher velocity showed higher erosion
rate, showing the importance of local hydrodynamics in dissolution.
Horizontally placed tablets experience higher local axial velocities because
of a lower cross-sectional area available for the fluid to flow compared to

vertically oriented tablets [38].

Despite the effects of apparatuses’ hydrodynamics on dissolution not being
fully characterized, compendial apparatuses are used for a variety of

applications, which range from QC to biopredictive dissolution testing.

1.3. Applications of in vitro dissolution testing

Dissolution tests are applied during preformulation studies, to characterise
an API; during formulation development to select appropriate dosage forms
and excipients; and in QC to check batch-to-batch consistency, similarity to
the original trial batch and effects of product storage [46]. The FDA has set
procedures on how to carry out dissolution tests, standard conditions and
acceptance criteria [47]. Compendial media as defined by the FDA are

typically used for QC purposes.

Although most commonly applied to solid oral dosage forms, it is important
to note that dissolution test procedures have been described in the literature
for many types of dosage forms, as reviewed by Brown et al. [48]. Examples
in the literature include an in vitro dissolution test developed for lozenges
formulations [49, 50] and an in vitro test based on the flow-through cell or
reciprocating holder equipped with dialysis membranes in different positions

for oily suspensions of paracetamol and prednisolone [51].

Dissolution testing has evolved into applications with a more bio-predictive,

patient-centric goal [52]. To understand the relevance of in vitro dissolution
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testing in the bio-predictive field, the definitions of bioavailability and

bioequivalence must be clarified.

Bioavailability is the proportion of administered dose of the drug that
reaches the systemic circulation unchanged and is available to produce its
desired effect. Bioavailability studies are usually performed by measuring
the concentration of the drug in the blood after administration of the drug
following a non-intravenous dose and an intravenous dose, where the drug

is administered directly into the systemic circulation [53].

Bioequivalence (BE) studies are clinical tests designed to compare the
performance between two or more drug products [54]. Two medicinal
products containing the same active substance are considered
bioequivalent if their bioavailability rate and extent after administration in the
same molar dose and similar experimental conditions lie within acceptable
predefined limits [54, 55]. These limits are set to ensure in vivo safety and
efficacy. For that, pharmacokinetic (PK) parameters obtained in a clinical
study under fasting conditions are compared: the area under the curve
(AUC) and the maximum plasma concentration (Cmax). AUC is related to the
total amount of drug absorbed into the systemic circulation. Cmax is the
maximum concentration of drug in plasma reached after the administration
of a single dose [56] . For these parameters the 90% confidence interval
(Cl) for the ratio of the test and reference products should be contained
within the acceptance interval of 80 -125% [55].

Apart from demonstrating BE through human studies, BE could potentially
be predicted in silico reducing the number of clinical trials [57, 58]. As input
to said in silico models, in vitro biopredictive dissolution data is needed as
it is expected to increase the likelihood of a successful prediction when

compared to dissolution data obtained with compendial media [59].

Dissolution tests can be used to eliminate the need to carry out a BE study
for certain drugs through the acquisition of a biowaiver, if the similarity
between the reference and test products in terms of bioavailability is
sufficiently demonstrated [55]. A biowaiver is a regulatory process that
enables the approval of the test drug based on in vitro data which replaces

a human BE study [60]. Biowaivers reduce the number of clinical studies,
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time and costs of development. Biowaivers can be granted for different
strength products, provided BE has been demonstrated for the highest
strength product or based on the Biopharmaceutics Classification System
(BCS) [55].

The BCS is a tool which can help the biowaiver granting process for certain

drugs based on their permeability and solubility profile.

1.3.1. Biopharmaceutics classification system (BCS)

BCS is a tool to identify the rate-limiting step in intestinal absorption of the
API, on the basis of their agueous solubility and intestinal permeability
(Table 1.1) with the aim of improving the efficiency of the drug development

process [61].

Table 1.1. Biopharmaceutics Classification System [62].

Class | Class Il
High solubility Low solubility
High permeability High permeability
Class llI Class IV
High solubility Low solubility
Low permeability Low permeability

BCS classification was originally developed by Amidon et al. [62] as a
means to correlate in vitro dissolution, solubility and permeability with in vivo
bioavailability. The originally proposed BCS was refined by narrowing the
required solubility pH range from 1.0-7.5 to 1.0-6.8, incorporating
biorelevant media in solubility determinations to account for bile salt effects
and lowering the high permeability requirement from 90% to 85% absorbed
[63]. Further refinements to the BCS yielded the Developability
Classification System (DCS) [64], that was then updated to the Refined DCS
(rDCS) [65]. The rDCS categorizes drugs based on factors that will influence
their absorption like their upper small intestinal solubility rather than gastric
solubility (except for weak bases), solubility in biorelevant media instead of

compendial USP buffers and dissolution specifications in terms of a
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maximum particle size distribution (PSD) above which dissolution becomes

the rate-limiting step to oral absorption.

Tsume et al. [66] proposed a simple extension of the BCS classes to include
sub-specification of acid (a), base (b) and neutral (c) for classes Il and IV as
a step towards developing more in vivo predictive dissolution (IPD). Another
development to the BCS was the Biopharmaceutics Drug Disposition
Classification System (BDDCS) by Wu and Benet which considers
metabolism as a surrogate of permeability due to the difficulties in
determining the latter [67, 68]. They propose using the rate of metabolism
rather than absorption to classify drugs into class I, as if >90% of the
administered dose is metabolized, it implies that the drug has been

absorbed.

The BCS has been adopted by the FDA in guidelines for biowaiver granting.
According to the FDA [54], a drug substance is considered highly soluble
when the highest strength is soluble in <250 ml of aqueous media within the
pH range of 1 - 6.8 at 37 £ 1°C. A drug substance is considered highly
permeable when the systemic bioavailability or the extent of absorption in
humans is 285% of an administered dose using a mass balance
determination or in relation to an intravenous reference dose. An immediate
release (IR) drug product is considered rapidly dissolving when a mean of
285% of the labelled amount of the drug dissolves within 30 min or very
rapidly dissolving when a mean of 285% of the labelled amount of the drug
dissolves within 15 min, using USP Apparatus 1 at 100 rpm or Apparatus 2
at 50 rpm in a volume of 500 ml (or 900 ml when appropriately justified) in
each of the following media: (1) 0.1 N HCI or Simulated Gastric Fluid (SGF)
USP without enzymes; (2) a pH 4.5 buffer; and (3) a pH 6.8 buffer or
Simulated Intestinal Fluid (SIF) USP without enzymes [47].

Biowaivers can be granted for class | and class Ill drugs in IR solid oral
dosage forms that exhibit rapid or very rapid in vitro dissolution using the
recommended test methods [54, 63]. Class Il drugs, for which dissolution is
the rate-limiting step, represent 30% of marketed drugs and 60-70% of the
new chemical entities [69], therefore it would be desirable to extend
biowaiver applications to this class of drugs, as discussed by Loisios-

Konstantinidis et al. [70], considering that formulation strategies can
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overcome the challenge of poor solubility associated with class Il drugs, as

reviewed recently by Soliman et al. [71].

Ibuprofen was used as a sample drug in this work. It is a weakly acid drug
belonging to class Il according to the BCS classification [72], with high
permeability and pH-dependent solubility, low at pH 1.2 (0.038 mg ml [72])
and 4.5 and high at pH 6.8 (3.37 mg ml? [72]). However, according to the
DCS classification, ibuprofen is a class | drug due to its high solubility in the
intestine, which is its main site of absorption [64] and it could potentially be
granted a biowaiver, as proposed by Potthast et al. [72]. Due to its weakly
acidic nature, ibuprofen was selected as a good drug candidate with which
to study the effects of solubility, fluid velocity and fluid density on in vitro

drug dissolution.

In order to determine solubility, permeability and dissolution, biorelevant
media can be used to overcome some of the limitations associated with
compendial media such as the lack of bile salts, and the deviations in buffer
capacity, osmolality and surface tension compared to gastrointestinal (Gl)
fluids [73].

1.3.2. Biorelevant media

Biorelevant media attempt to resemble the physicochemical properties of
Gl fluids as closely as possible, but they should also be reproducible,
economical and easy to analyse [74]. They are used (a) to understand how
a drug product will release a drug in vivo (b) to help select formulation and
dosing conditions (c) to predict formulation and food effects on dissolution
(d) to help optimize dosing conditions in PK studies (e) to assess the BE of
post-approval formulation changes (f) to increase the likelihood of
successful in vitro-in vivo correlations (IVIVC) compared to compendial
media and (g) to understand the effect of solubilization on amorphous solid

dispersion formulations [75, 76].

1.3.2.1. History and composition of biorelevant media

The fact that biorelevant media could increase the accuracy of oral

absorption predictions with in vitro dissolution tests was proposed in 1998,

when media composition for both gastric and intestinal environments in fed

and fasted states were proposed [77]. Since their initial proposition, these
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media have been revised and updated and snapshot media to represent a
time frame after meal ingestion has been suggested [75, 76, 78-81]. The
composition and properties of fasted and fed state gastric media (FaSSGF
and FeSSGF) and fasted and fed state intestinal media (FaSSIF and
FeSSIF) are summarized in Table 1.2. Markopoulos et al. [82] classified
these dissolution media into four levels of increasing complexity, guiding the
selection of media depending on API and formulation characteristics: Level
0 are aqueous solutions which pH is adjusted to represent one section of
the GIT; in Level | media both pH and buffer capacity are adjusted to reflect
physiological values; Level Il media includes bile salts and digestion
products; Level Il media includes enzymes, viscosity effects and luminal

hydrodynamics.

Media to simulate fasted and fed state colonic fluids (FaSSCoF and
FeSSCoF) which could more closely predict the solubility of poorly soluble
compounds in the colon than plain buffers have also been developed and
are shown in Table 1.3 [83].

FaSSIF and FeSSIF were tested with BCS class | and Il drugs [77, 78]. Their
potential to predict in vivo PK profiles compared to compendial media as
well as in vivo formulation and food effects was assessed with orally
administered poorly-soluble lipophilic drugs belonging to BCS class Il [84,
85]. In some cases, biorelevant media were demonstrated to perform better
than compendial media. For example, the prediction of the in vivo
performance of a low aqueous solubility drug in the fasted state was
enhanced with the use of biorelevant media [86]. Medium proposed by
Jantratid et al. [87] but with the inclusion of digestive enzymes was tested
by Diakidou et al. [88] for fed state gastric solubility prediction. Milk digested
with pepsin and lipase could predict the fed state solubility of ketoconazole
and dipyridamole after 60 min of meal intake, highlighting the importance of
biorelevant media and digestion simulation for predicting fed solubility.
Dissolution of ibuprofen minitablets in diluted human gastric fluid (HGF) was
shown to be similar to dissolution in FaSSGF in recent work presented by
Rivera et al. [89].

Mann et al. [90] and Butler et al. [91] concluded that there is high

interlaboratory reproducibility when performing dissolution tests in
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biorelevant media in the paddle apparatus both in single medium and dual
media, that is simulating stomach to intestine transfer. Reppas et al. [92]
also found good comparability across different laboratories when predicting
food effects using biorelevant media with two modified release (MR)
products in the USP apparatus 3 and the USP apparatus 4.

Despite the advances and successful applications of biorelevant media,
some parameters need further consideration. Viscosity is currently only
considered as part of Level Il biorelevant media for the fed state based on
the complexity levels proposed by Markopoulos et al. [82]. The current work
aimed to explore whether the incorporation of viscosity enhancing agents
(VEAS) to represent the slightly increased viscosity of the fasted state
compared to agueous buffers would affect in vitro dissolution results and

bioavailability predictions.
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Table 1.2. Composition and properties of fasted and fed state

simulated gastric and intestinal fluids [81].

Composition FaSSGF | FeSSGF | FaSSIF-V2 | FeSSIF-V2
Sodium taurocholate
0.08 - 3 10
(mM)

Lecithin (mM) 0.02 - 0.2 2
Pepsin (mg ml?) 0.1 - - -
Hydrochloric acid

25.1 - - -
(mM)
Glacial acetic acid
- 17.1 - -
(mM)
Sodium acetate (mM) - 29.8 - -
Milk/Buffer - 1:1 - -
Maleic acid (mM) - - 19.12 55.02
Glycerol monooleate 5
(mM)
Sodium oleate (mM) - - - 0.8
Sodium hydroxide
- - 34.80 81.65
(mM)
Sodium chloride
34.2 237.0 68.62 125
(mM)
Properties
pH 1.6 5.0 6.5 5.8
Osmolality 120.7+
400 180+10 39010
(mOsm kg?) 2.5
Buffer capacity
- 25 10+2 25+2
(mmol LY/ApH)
Surface tension
42.6 52.3+0.3 54.3 40.5+0.2
(mN m1)
Recommended
300 500 200 1000

volumes (ml)
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Table 1.3. Composition and properties of fasted and fed state

simulated colonic fluids [83].

Composition FaSSCoF FeSSCoF
Buffer species Tris/Maleates Tris/Maleates
Proteins (mg ml?) 3 3
Carbohydrates (mg ml?) 0 14
Bile salts (uM) 150 600
Long chain fatty acids (uM) 100 200
Phosphatidyl choline (uM) 300 500
Properties
pH 7.8 6.0
Osmolality (mOsm kg1) 196 207
Buffer capacity
(mmol LYApH) 16/26 15/14
Surface tension (mN m?) 51.4 50.4

Another application of in vitro dissolution testing is the establishment of in

vitro-in vivo correlations (IVIVC).

1.3.3. In vitro-in vivo correlations (IVIVC)

IVIVCs are predictive mathematical models which define the relationship
between an in vitro property, usually dissolution rate, and an in vivo
response or absorption profile [93]. Level A is a linear point-to-point
correlation between the in vitro dissolution profile and the in vivo response
such as plasma drug concentration or amount of drug absorbed. Level B
compares two summary statistical data points e.g. the mean in vitro
dissolution time versus mean in vivo dissolution time. Level C is a single
point relationship between an in vitro parameter e.g. time to 50% dissolution
with an in vivo PK parameter (Cmax, Tmax, AUC). Even though level A is
considered the gold standard, a survey in 2017 found that for IR products,

level C correlations were more common than level A [94].

Some surveys conclude that IVIVCs are mostly used to set dissolution

specifications, gather mechanistic understanding and to develop extended
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release (ER) formulations [94, 95]. Even though IVIVC development,
evaluation and application is presented in a regulatory FDA document [60]
and the establishment of IVIVCs is encouraged from a regulatory
perspective [96], the rate of success of applications containing IVIVCs is
only 40%. Identified areas of improvement included the quality of clinical
data (e.g. in vivo data has to come from human fasted studies preferably,
rather than animal data or fed state human data), the complexity of the
dissolution method (compendial in vitro setups are normally not able to
capture Gl conditions and there can be issues with accessibility to more
sophisticated dissolution apparatuses); deficiency of time and resources;
uncertainty around regulatory acceptance or inability to meet regulatory
thresholds and appropriate selection and generation of formulations for
development and validation (at least three formulations with different

release rates are necessary) [94-96].

Many examples can be found in the literature where IVIVCs were
established for different drugs, including ibuprofen. In a recent paper
published by Camara-Martinez et al. [97], a level A IVIVC was developed
for IR ibuprofen tablets by reducing the buffer molarity in in vitro dissolution
testing to represent the reduced buffering capacity in the GIT. In another
recent example, an IVIVC was developed for two other ibuprofen
formulations (fast release and liquid gel) by combining in vitro release and
dissolution data using the non-compendial tiny-TIM method ! with a PK
model [98]. The tiny-TIM dissolution testing device is described in section

“1.5. Biorelevant dissolution devices and setups”.

In vitro dissolution testing also has a role in the trend towards implementing

quality by design (QbD) in the pharmaceutical industry.

1.3.4. Quality by design in the pharmaceutical industry

The traditional approach to pharmaceutical product development has been
the design and manufacture of a product upon which end-point testing is
carried out. In this manner, it is assessed whether the product meets the set
regulatory criteria, such as that defined by the FDA [47]. These criteria are

usually strict and rigid, and there is a possibility of batches not meeting them

! Information on the tiny-TIM setup can be found in www.thetimcompany.com
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because of slight variabilities in the manufacturing process that are poorly
understood and require extensive investigation. The concept of
pharmaceutical quality was implemented in 2004 as the suitability for
therapeutic use and the absence of risks associated with unexpected
contamination [99]. The aim of QbD studies is to obtain a product by
predefining the final quality characteristics or clinical outcome that it has to
meet and gaining a complete understanding of the process and potential
sources of variability [100]. QbD emphasises the establishment of a
relationship between critical quality attributes (CQAS), critical material
attributes (CMAs) and critical process parameters (CPPs) [100, 101]. CQAs
refer to the properties of output material whereas CMAs refer to the
properties of input material to a defined unit operation such as particle size,
dissolution or polymorphic forms. CPPs are manufacturing process
parameters that influence the resulting product significantly such as roller

force in granulation or compaction pressure in tabletting [102].

QbD can serve to identify a safe space, which is a specification region within
which composition and manufacturing variations will not make a significant
difference to the in vivo bioavailability even though some variation in
dissolution performance may occur [58]. Mathematical modelling can
support the implementation of QbD in the pharmaceutical industry through
safe space design, as reviewed recently by Destro and Barolo [103].
Physiologically based pharmacokinetic modelling (PBPK) can predict the
effect of changes in CQAs, CMAs and CPPs on in vivo pharmacokinetics
[101].

The biopharmaceutics risk assessment roadmap (BioRAM) is an integration
of pharmaceutics and QbD [104]. The aim of BioRAM is also to optimise
and guide drug development by defining the intended therapeutic outcome
to ensure maximal health benefit to the patients [105]. It identifies the drug
product attributes and process parameters that are critical to achieving the
in vivo drug performance, for example, polymorphic transitions, particle size
or humidity levels [106]. BioRAM advantages include the detection of
manufacturing issues before major clinical trials are carried out as well as

improving the efficiency of the drug development process [105].
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In vitro dissolution testing for bio-predictive purposes can capture the
features of the GIT to some extent, but there are still some gaps that have

to be considered, which are reviewed in the next section.

1.4. Limitations of in vitro dissolution testing

1.4.1. Buffer capacity

The buffer capacity is the ability of a buffer system to resist the effect of acid
and base additions without pH changes. Measured physiological buffer

capacities are presented in Table 1.4.

The use of USP 50 mM phosphate buffer, with a buffering capacity of 29
mmol LY/ApH, has been questioned as the main buffering species in the
intestine is bicarbonate, which has a 5 to 12 times lower buffering capacity.
Even the USP SIF (18.4 mmol L-Y/ApH) and FaSSIF (12 mmol L"Y/ApH) have
higher buffering capacities than the fasted intestinal fluid [107].

The lower buffering capacity of bicarbonate buffer implies that it is not as
effective as phosphate buffer at counteracting the reduction of the surface
pH that occurs as an acidic drug dissolves, therefore the difference between
bulk pH and surface pH is larger in vivo than in vitro, which might lead to the
overprediction of the dissolution rate of weak acids [108, 109]. In a recent
publication, Camara-Martinez et al. found no differences in ibuprofen
release from two tablet formulations when investigating BE in the commonly
used 50 mM phosphate buffer and attributed it to the high buffer molarity of
the buffer driving the surface pH closer to the bulk pH resulting in low

discriminatory power of the test [97].

Lower buffered media and bicarbonate buffer have been proposed to be
used in in vitro testing to make it more biorelevant [110-113], although,
bicarbonate buffer is not used routinely due to the need to sparge CO: to
maintain the pH, with the subsequent formation of bubbles that can alter
hydrodynamics and the volatility of the gas [113, 114]. However, a surrogate
concentration of phosphate buffer has been determined in order to match
the dissolution of ionizable drugs in bicarbonate buffer and ranges from 1-
25 mM, depending on the drug solubility and pKa [113, 115]. It was

observed that the lower buffer capacity biorelevant medium was more
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discriminating of the dissolution of enteric coated pellets in the FTA.
However, a recent report by Matsui et al. [116] described an observed over-
discrimination in some cases when lower buffer capacity media was used,
predicting bio-inequivalence even for a drug where BE had been observed
in vivo. Even though this is acknowledged, the focus of the current work was
not to explore the effect of buffer molarity on dissolution and therefore the
most up to date recommendations from USP were followed for media

preparation [117].

Table 1.4. Measured physiological characteristics of Gl fluids. Values
extracted from [118-121].

Stomach Duodenum Colon
Fasted Fed Fasted Fed Fasted Fed
Buffer
capacity
7-18 14-28 | 5.4+0.1 | 18+0.8 21.4 37.7
(mmol
L-Y/ApH)
1.4-
pH range »1 4.3-54 | 5.8-6.5 | 6.0-6.7 - -
pH median 1.7 5.0 6.1 6.3 7.8 6.0
Surface
_ 41.9-
tension 30-31 34.3 26.4 47.9 39.2
457
(mN m1)
Osmolality
140 559 189 372 81+102 | 224+125
(mOsm kg?)
Bile salt
concentration - - 3.52 8.91 - -
(mM)
1.4.2. Gl pH

Measured pH values are presented in Table 1.4. The fluid in most GIT
regions has a variable pH of up to 2 pH units, which is hard to replicate in in
vitro dissolution, plus a time-dependent variability, especially in the fed

state, where gastric pH levels are restored to fasted state acidic values after
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2-4.5 hours [120]. In vitro dissolution conditions of pH are usually static and
can only represent one location within the GIT, but this can be partly
overcome with transfer models, discussed in section 1.5. “Biorelevant

dissolution devices and setups”.

1.4.3. Surface tension

Surface tension of the medium has an effect on drug dissolution kinetics
[122]. The measured surface tension in the GIT fluids is presented in Table
1.4. Surface tension in the colon is lower than water, higher than in the upper
small intestine and decreases from fasted to fed state [121]. Surface tension

is normally not measured or adjusted in in vitro dissolution testing.

1.4.4. Media osmolality

Osmolality affects fluid secretion and volume in the luminal tract thus
altering drug dissolution and absorption of low-permeability drugs as
exemplified in the recent work by Funai et al. [123]. Measured osmolality of
GIT fluids is presented in Table 1.4. The values of duodenal osmolarity in
fasted and fed state closely resemble those in V2 FaSSIF and FeSSIF (180
mOsm kgt and 390 mOsm kg?) [119].

1.4.5. Solubilization

Solubilization is the incorporation of an insoluble or partly soluble substance
in an aqueous solution with the use of surface-active agents like surfactants
[124].

Bile salts are present in both the fasted and fed state, but in higher
concentrations in the latter, up to two to four times higher in the duodenum
(Table 1.4) though with a qualitatively similar composition in both states
[118]. This can lead to the solubility in fed state being higher than in fasted
state for poorly water-soluble drugs, which was recently investigated in vitro
with the sample drugs griseofulvin, ketoconazole and ibuprofen by Jamil
and Polli [125].

The mechanism by which bile salts influence dissolution can be different
even for the same drug families [126]. It can be mediated through increased
wetting and exposed surface area or an increased solubilization via

micelles. However, an increase in solubility mediated by bile salts does not
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necessarily have to be reflected in a proportional increase in dissolution rate
and absorption, as dissolution could be delayed because the diffusivity of
the larger drug micelles is lower than that of the drug itself and absorption

could be reduced due to bile salt micelles trapping the drug [127, 128].

1.4.6. Lack of an absorptive component in in vitro dissolution testing

Drug precipitation rates tend to be faster and dissolution rates slower in vitro
than in vivo. One factor involved in this phenomenon is the absence of an
absorptive sink in in vitro dissolution testing which can remove dissolved
drug molecules as dissolution occurs [129]. Attempts to replicate absorption
in in vitro dissolution testing are discussed in section “1.5. Biorelevant

dissolution devices and setups”.

1.4.7. Food effects

Co-administration of a drug with a meal can increase or decrease the drug
oral absorption affecting its efficacy and safety profile [130]. Food ingestion
can delay gastric emptying, increase fluid volume and acid secretion,
increase bile salt concentration, increase splanchnic blood flow, vary
metabolic enzyme activity, alter Gl pH and alter hydrodynamics including

viscosity [131].

Food effects can be explored with biorelevant media [132]. It is valuable to
be able to predict in vivo food effects during the formulation development
stages in advance of clinical studies [133]. For now, a clinical food effect is
the only method accepted by regulatory authorities to demonstrate the
impact of food on absorption, but several methodologies including in vitro,
in silico or preclinical animal studies are being refined for the prediction of
food effects, as presented in a recent review by Vinarov et al. [134].

A food effect for ibuprofen, the model drug in this work, was observed in
vivo as the Cmax for three ibuprofen formulations was consistently lower and
appeared later when the dose was administered following a standardized
breakfast likely due to larger gastric emptying time (GET) and an elevation
of viscosity [135]. Koenigsknecht et al. [136] also observed that ibuprofen
gastric levels were higher in the fed state due to a higher stomach pH after
a meal, and the detection of ibuprofen in the intestine was delayed resulting
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in lower plasma concentrations, suggesting that slow gastric emptying and

transit dominated the appearance of ibuprofen in plasma.

1.4.8. Hydrodynamics

Hydrodynamic conditions are variable along the GIT, with different fluid
volumes, flow profiles and agitation patterns [137].

1.4.8.1. Media volume

Berthelsen et al. [138] emphasised the importance of simulating a small
biorelevant volume in in vitro dissolution testing and in silico for the
prediction of in vivo absorption of a BCS class Il drug. The volume of fluids
in the fasted stomach is usually only in the order of 30-50 ml, which, with
the contribution of 250 ml of co-administered fluid can get to a volume of
around 300 ml, which is easier to achieve in vitro with the USP 4 or mini-
paddle apparatus than with the USP 2 apparatus [87]. After administration
of the FDA standard meal, the gastric volume increases, therefore, to
simulate the fed stomach in vitro a volume of 500 ml would be more suitable
[87]. Even without a meal, increasing the volume of administered water can

increase the bioavailability of certain drugs [139].

Fluid in the small intestine is present in pockets separated by dry areas filled
with gas, therefore dosage forms can be only partially exposed or not
exposed at all to the fluid [140]. This situation is hard to replicate in
compendial dissolution apparatuses where the dosage form is constantly
exposed to the dissolution medium, although there have been some
attempts with the reciprocating cylinder dissolution apparatus, recently
presented by Wollmer and Klein [141], and the Stress Test device [142].

1.4.8.2. Motility patterns
The migrating motor complex (MMC) is the characteristic motility pattern of
the fasted state, which starts in the stomach and travels along the small
intestine. It consists of three cyclic phases. Phase | is a quiescent phase of
around 60 min where few or no contractions are detected. In phase Il
contractions of increasing frequency and intensity are recorded over 20 to
30 min and in phase Ill intense contractions take place for 5 to 10 min [143].
Contractions in phase Il are the only ones strong enough to relax and open
the pylorus to a diameter large enough to allow the transfer of materials
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such as non-digestible solids or dosage forms from the stomach into the
intestine [143, 144].

It has been shown how, for ibuprofen, the time to phase Ill contractions after
dose administration in vivo is a major determinant of its systemic exposure
due to these contractions determining GET and transporting ibuprofen from
the stomach (where there is negligible absorption) to the intestine [145]. In
fact, Paixao et al. [146] found that gastric pH and motility events could
explain 63% of the Cmax variability among individuals after the administration

of an ibuprofen tablet.

In the fed state, MMC is stopped and both segmenting and propagating
contractions which mix the luminal contents and push them further through
the GIT are observed [143]. Peristalsis is the movement of the contents
towards the next section of the GIT. In the stomach the peristaltic
contractions start in the antrum and move towards the pylorus at a speed of
0.5-5.5 mm s, with a mean of 2.7 mm s [147]. Peristaltic waves in the

small intestine move at a velocity of 5-20 mm s [148].

The fluid flows in both fed and fasted states are presented in Table 1.5. The
values are lower than those normally used in the USP 4 apparatus, but flow
rate values do not represent linear velocity as the cross-sectional area of

fluid flow is not taken into account.

Table 1.5. Mean fluid flows (ml min-t) from aspirates from healthy

human volunteers extracted from [149].

Fasted Fed
Jejunum 0.73+0.11 3.00+0.67
lleum 0.33+0.09 2.35+0.28
Terminal ileum 0.43+0.06 2.09+0.16

1.4.8.3. Pressures
Pressures experienced by the dosage form differ between prandial states
[150]. Solid oral dosage forms can be exposed to pressures up to 250-300

mm Hg due to peristaltic activity during gastric emptying and intensive
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contractions during phase 1l of the MMC [144], which correspond to periods

of peak velocities up to 0.5 m s [143].

These phases of high pressure can negatively affect MR dosage forms
which are intended to deliver the drug to later areas of the GIT or to release
the drug in a slowed and controlled manner, if the dosage form does not
possess the sufficient mechanical stability to withstand such high pressures
[143]. The high pressures might cause dose dumping which is the
unintended loss of the MR characteristics of a dosage form and a
subsequent sharp drug release and increase in absorption within a short
period of time [150].

The lack of peristalsis in in vitro dissolution setups, which generates in vivo
hydrodynamic and shear stresses, was found to be a major drawback in
replicating tablet disintegration in vitro [151]. Attempts to simulate
biorelevant pressure events are discussed in section “1.5. Biorelevant

dissolution devices and setups”.

1.4.8.4. Residence times

The SmartPill (SmartPill® Corporation, Buffalo, NY, USA) is a cylindrical
capsule ingested by a volunteer which contains pressure, pH and
temperature sensors and calculates the residence times in each

compartment of the GIT based on pH changes.

Residence times of a dosage form in each region of the GIT can be
considered to different degrees of accuracy in in vitro dissolution testing.
For the fasted state, gastric emptying depends on when the drug is ingested
in relation to the motility cycle that is operative at the moment of ingestion
(see section “1.4.8.2. Motility patterns”), but is thought to occur within one
hour [152].

Residence time in the stomach is generally larger in fed than fasted state
[150] but it is dependent on (a) the caloric content of the meal, with 2 kcal
emptied per minute [153] (b) the meal composition and size, (c) the fat
content, as the higher the fat content the more gastric emptying will be
delayed, (d) the size and density of the particles or dosage form, as larger
dosage forms have longer transit times and (e) whether a drug is dissolved

or not, as small particles will travel faster through the GIT than the solid
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dosage form [143, 150, 152]. Gastric emptying might be more clinically
relevant for enabling formulations, weak bases, highly soluble and
permeable drugs which are absorbed from the intestine and not the

stomach, and enteric coated products.

Small intestine transit time is less dependent on formulation size and food
intake and it is around 3-4 h for both states [143, 152]. Generally, drug
absorption occurs in the small intestine due to its high permeability and

surface area.

Transit in the colon can vary from hours to days [143, 152], and its low
surface area results in lower drug absorption than in the small intestine for

many drugs.

Studies have successfully replicated in vivo drug transit times with some in
vitro and in silico models [154]. Generally, models consider infinite time for
drug absorption, as they assume first-order kinetics of drug concentration
change. To challenge the assumption of infinite absorption time, Macheras
et al. [155, 156] recently developed an absorption model which considers a
total transit time in the stomach and small intestine of 4.86 h, and this was

defined as the time limit for absorption.

1.4.8.5. Viscosity

Viscosity in the fed state is much higher than in the fasted state. For
example, the mean viscosity of the Gl fluids in the fed versus fasted state
at 100 s was elevated 80-800 fold in the stomach and at least 100 fold in
the intestine for 3-4 h after a meal [157]. Even in the fasted state, the
viscosity of the HGF has been measured to be higher than that of SIF
(0.817+0.012 mPa.s [158]) and water (0.700 mPa.s), due to the presence
of protein, mucus and lipids, and it is in the range of 1.7-9.3 mPa.s at a
shear rate of 50 s [3].

Even a slight increase in the viscosity of the medium can affect drug
dissolution rate and release from formulations. A lower intrinsic dissolution
rate (IDR) of cinnarizine in aspirated HGF versus FaSSGF, whose viscosity
is similar to that of water, was observed recently by Pedersen et al. [159].
Other examples include the delay in the dissolution of drug released from

crushed tablets and suspensions in the presence of thickening agents,
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which resulted in a medium viscosity of 1.1 to 1.7 mPa.s, in the paddle
apparatus [160, 161] and the two-fold increase in tablet disintegration times
with just a small increase in viscosity from 0.817 to 1.062 mPa.s (apple

juice) or 3.367 mPa.s (orange juice) [158].

Extensive research has focused on predicting the effect of food on drug
absorption in vitro, in vivo and in silico [131, 162-165]. Although the effect
of food and consequent increase of viscosity on oral absorption has been
computationally investigated [163-165] there has been less focus on the

mechanistic effect of increasing medium viscosity on drug dissolution rate
[2].

An increase in viscosity could decrease the dissolution rate through (a) a
reduction in drug diffusivity, which is demonstrated in the Stokes-Einstein
equation (St-E, (1.1)) [166], and which directly impacts the dissolution rate,
as per the Nernst-Brunner equation (1.2) [167, 168] and (b) a reduction in
particle relative velocity. On the other hand, an increase in viscosity could
increase dispersal and suspension of particles resulting in a greater surface
area being exposed to the dissolution medium. The effect of an increase in
exposed surface area could partially mitigate against the reduction in
dissolution due to reduced diffusivity. Therefore, the magnitude of the
impact on dissolution of a moderate medium viscosity increase, such as that

relevant to the gastric fasting state, is difficult to predict.

kT (1.1)
B 6mpsR
dm _ DA(Cs — Cp) (1.2)
dat h

where in equation (1.1), D is the diffusion coefficient (m? s?), kg is the
Boltzmann constant (m? kg s K?), T is temperature (K), y is fluid viscosity
(Pa.s) and R is the hydrodynamic radius of the particle (m). In equation (1.2),

dm/dt is the dissolution rate (kg s?), A is the surface area of the particle
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(m?), Cs is solubility (kg m3), €, is bulk concentration (kg m=3) and h is the

agueous diffusion boundary layer thickness (m).

An increased viscosity can also reduce the relative velocity due to an
increase in drag force, that would in turn increase particle velocity.
Moreover, if the increase in viscosity is accompanied by an increase in fluid
density, not only the drag force, but also fluid acceleration and buoyancy
(the tendency of the particle to float) will increase, ultimately increasing

upward particle motion.

To overcome some of the limitations of compendial in vitro dissolution
testing, apart from biorelevant media, biorelevant dissolution devices and
setups have been explored in the literature.

1.5. Biorelevant dissolution devices and setups

Even though apparatuses 3 and 4 allow easy change of the medium
composition, volume and hydrodynamics compared to apparatus 2, which
is commonly used in QC [133], more sophisticated in vitro methods have

been developed to include in vivo upper GIT relevant hydrodynamics.

The lack of an absorptive component in in vitro dissolution can be partly
overcome with the use of biphasic models which contain an organic phase
to mimic partitioning into the intestinal membrane [169] or with
dissolution/permeation setups, such as that described by Kataoka et al.
[170]. Recent dissolution/permeation setups described in the literature
provide an absorptive sink with either cell based (biological) or cell-free
(artificial) membrane systems [171-174]. One example is the in vitro
dissolution absorption system (IDAS2) which contains a cell monolayer to
simulate permeation [175]. Dissolution/permeation systems have been
shown to improve predictability of in vivo data when compared to using only
dissolution data [176, 177].

Physio-grad® 2 was developed to overcome the limitation of a single pH

value through the whole in vitro test and it enables a biorelevant simulation

2 Information on the Physio-grad® setup can be found in https://physiolution.eu/grad/
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of pH gradients by continuous monitoring and adjustment of pH with liquid

and gaseous titrants [178].

Some reports conclude that the hydrodynamics in the paddle apparatus are
not in vivo representative, as the peak forces that a tablet is exposed to are
less aggressive in in vitro dissolution tests than in vivo and the peristaltic
contractions which generate shear stresses upon the tablet are not captured
in vitro [91]. Dissolution tools that are able to simulate peristalsis have been
proposed e.g. Dissolution Stress test device 3, introduced by Garbacz et al.
[142] or the further updated version, the Dynamic Open Flow-Through Test
Apparatus [179], which aims to examine the robustness of formulations
when exposed to biorelevant dynamic stresses and pressures.

Transfer models, as described by Kostewicz et al. [180], and later called
two-stage dissolution, change the medium composition during the course of
the test with two vessels representing the stomach and the intestine [181].
In the original transfer model, a peristaltic pump was used to transfer the
contents from the stomach to the intestine with first-order kinetics simulating
gastric emptying. However, two-stage dissolution tests can also be done by
adding the medium simulating the intestinal phase, or a concentrated
version of it, directly on top of the gastric medium (or vice versa), with the
limitation of not reflecting in vivo gastric emptying [181]. Two-stage
dissolution is particularly relevant in the case of a weakly basic drug, which
has the potential to supersaturate and precipitate when it is transferred from
the stomach into the intestine, due to the pH increase, for enabling
formulations which are intended to supersaturate in the GIT as a
mechanism of improving drug solubility or for MR dosage forms which are
intended to deliver the drug to further sections of the GIT or to slowly release
it along several sections of the GIT [143]. Some of the transfer models which

have been described in the literature are reviewed below.

The TNO intestinal model (TIM-1), is a multicompartmental, dynamic
system that uses biorelevant media, volumes, pH and hydrodynamics to
simulate the upper GIT [182]. It contains two hollow fibre ultrafiltration

modules for dissolved drug removal which account for the absorption in the

3 Information on the Stress Test device can be found in https://physiolution.eu/stress/
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GIT. TIM-1 can also be used to simulate food effects with increasing GETs
and bile salt concentrations. The disadvantages of TIM-1 include its
complexity and lower throughput compared to the standard apparatuses
[183]. Tiny-TIM was developed to circumvent the complexity of TIM-1. It
contains one, rather than three, intestinal compartments and has an
updated stomach compartment which better reflects the shape and dynamic

gastric conditions in humans [91].

In the artificial stomach-duodenum (ASD) [184] fluids flow from a stomach
chamber into a duodenum chamber, where measured drug concentration is
assumed to be proportional to the amount of drug absorbed. The
Gastrointestinal Simulator (GIS) was developed based on the ASD and
contains three chambers (stomach, duodenum and jejunum) in which the
fluid secretions, gastric and duodenal motilities and GETs can be controlled
[185].

The in vitro biorelevant gastrointestinal transfer (BioGIT) system simulates
drug transfer from the stomach to the upper small intestine with the
emptying of contents following first-order kinetics with a half-life of 15 min
[186]. Additionally, pH, osmolality, buffer capacity and bile salts
concentration can be controlled during the test. The BioGIT system was
recently shown to be useful to predict the effect of dose or formulation on

exposure in the fasted state for four different poorly soluble APIs [187].

The GastroDuo model simulates biorelevant pressures, peristalsis and
gastric emptying as well as pH and temperature [188]. Drug emptying from
the stomach as a solution or small particles can be quantified by dynamic
UV measurements. GastroDuo can distinguish between formulations and

aid formulation development, but it lacks an absorptive component.

In vitro fed state techniques have been developed, such as the Fed
Stomach Model (FSM) which attempts to simulate the complex physiology
in the fed state considering pressure events, dosage form movement, pH
variations and GETs [189]. Food effects can also be explored in vitro by a
simpler method in which the partitioning of the drug into a lipid-rich phase
representing the fed state is measured [190].

33



Some attempts at developing individualized in vitro tests which incorporate
variability in GI pH and transfer profiles on drug release has been made with

the aim of improving the prediction of in vivo efficacy and safety [191, 192].

Parallel to the development of biorelevant dissolution tests, which can help
ultimately predict drug bioavailability, the physical models underpinning
dissolution have been described in the literature and implemented in

dissolution simulation software.

1.6. History of mathematical dissolution models

Noyes and Whitney published the first ever dissolution study and proposed
the first model for transport-controlled dissolution (1.3) [193]. They proposed
that the rate at which a solid dissolves in its own solution (dC/dt; kg m3 s
1) is proportional to the difference between its saturated solubility (Cs; kg m-
3) and its concentration in that solution (C,; kg m=) multiplied by a
proportionality constant (kyy; s™).

dc

dar = kyw(Cs — Cp) (1.3)

Then, Nernst [167] and Brunner [168] proposed that a saturated solution
was formed around the solid particle and diffusion occurred from that layer
of saturated solution to the bulk solution through a stagnant layer called a
diffusion layer. The stagnant layer or aqueous diffusion boundary layer
(ADBL) is defined as an unstirred or slowly moving layer of fluid surrounding
the solid API particle within which the formation of a saturated solution in
the solid/liquid interface is spontaneous and the concentration of solute
decreases from saturation to bulk concentration due to solute diffusion
(Figure 1.6). The diffusion of drug molecules from the stagnant layer to the
bulk liquid determines the dissolution rate. The dissolution rate in the Nernst
and Brunner model is expressed as per equation (1.2) in section “1.4.8.5.

Viscosity”.
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Dissolved drug molecules

Figure 1.6. Diagrammatic representation of the dissolution of an API
in a fluid. Molecules pass from the solid surface of the API to form
part of the solution. Dissolved molecules diffuse from the areas of

maximum concentration (API's surface) to the areas of least

concentration (bulk medium) across a certain distance (x).

Considering agitation and diffusion in the dissolution apparatuses and
assuming sink conditions, three equations ((1.4) — (1.6)) were derived by
Hixson and Crowell [194], Niebergall [195] and Higuchi and Hiestand [196,
197] to describe particulate dissolution. Sink conditions can be defined as
the situation when the solubility is much larger than bulk concentration and
therefore bulk concentration can be considered negligible in the models
[198] .

4pm\1/3 pcg
k1/3t = M/01/3 - W1/3 k1/3t = (%) E (14)
1/2 1/2 3pm\1/2 pc 15
kypt= W, 2 —w kot = (—2 ) o (1.5)
2/3 2/3 apm\2/3 2D 16

Where W, is the particle weight at time 0, W is the particle weight at time t

and k are composite constants.

Hixson and Crowell addressed the fact that surface area changes with time

for the first time and derived the cube root law to link the rate of dissolution
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to concentration, agitation and surface area (1.4) [194]. They stated that the
cube root of the solid mass decreases linearly with time, which holds given
the assumption that dissolution rate is proportional to the surface area of
spherical particles. No assumptions are mentioned in their work in relation

to the existence of a boundary layer.

Niebergall et al. [195] observed that the dissolution data for size fractions of
three compounds were not well described by the cube root law proposed by
Hixson and Crowell under an agitation of 500 rpm. They hypothesised it
could be due to the cube root law not considering the dependency of the
boundary layer thickness on patrticle size. They proposed a semiempirical
expression in which the square-root of the solid mass decreases linearly
with time, assuming that the boundary layer thickness is proportional to the

square root of the mean volume diameter i.e. h is not constant (1.5).

Higuchi and Hiestand derived a two-thirds root expression which states that
the solid mass to the power of two-thirds decreases linearly with time,
assuming a constant boundary layer thickness which size is comparable or
greater than the particle radius (1.6) [196, 197].

Each of these equations gives adequate fits to a set of dissolution data.
These three models did not account for particle shape, as they assumed

spherical particles, nor aggregation.

Wang and Flanagan [199] described a semiempirical equation to capture
the dissolution rate of a spherical particle taking the curvature of the particle
into account, which depended on the relationship between particle size and
boundary layer thickness (h), which was assumed to be constant.

Hintz and Johnson [200] modelled the dissolution of polydisperse particles
from a rotating disk using the Ranz-Marshall correlation to estimate h as a
function of particle size and relative velocity. They derived a critical particle
radius of 30 um, below which the boundary layer thickness equalled particle
radius and above which the boundary layer thickness was constant. The
critical value was derived from rotating disk dissolution but correlated well
with particulate dissolution profiles. De Almeida et al. [201] estimated h to
be 22 um for ibuprofen particles in suspension using the Coulter counter
techniqgue. In recent work, Andersson et al. [202] established a theoretical
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relationship between the dependence of the hydrodynamic boundary layer
with particle radius and fluid velocity which can be applied under different
conditions to understand the mass transfer process during dissolution.
Combining dissolution experiments in an aqueous flow medium with CFD
simulations, they calculated the hydrodynamic boundary layer for particles
of different initial particle sizes (18.8 to 52.3 um) in four different fluid
velocities (46-103 mm s1), finding a relationship between the hydrodynamic

boundary layer thickness (h; m), particle radius (r,; m) and fluid velocity (Ug;
m s) of the form h o« 7,3/5U;~%/°. This relationship was suggested on the

basis of CFD simulations for particles of a radius ranging from 5 — 40 pm in

a medium with fluid velocities ranging from 10 to 100 m s,

Johnson et al. [203] applied the models presented by Wang and Flanagan
and Hintz and Johnson but implemented particle size fractions. h was
estimated from empirical data. This model assumes that the difference
between particle density and fluid density is very small, and so all particles
are expected to be suspended. This assumption differs from the model
presented in the current work, in which it is important to determine particle
movement, which depends on the relative velocity between the fluid and the

particle.

Sugano et al. [204] applied the fluid dynamics theory to calculate the
thickness of the hydrodynamic boundary layer. The mass transfer
coefficient was calculated based on dimensionless numbers (Reynolds
(Re), Schimdt (Sc) and Sherwood (Sh)) that describe particle and fluid
properties through the Ranz-Marshall correlation. The Ranz-Marshall
correlation was originally derived to describe evaporation rates of pure liquid
droplets, and then used to describe the mass transfer from solid spheres
under forced convection [205-207]. The computational model presented in
this work is also based on the Ranz-Marshall correlation which is described

in section “1.6.1. API dissolution simulation in SIMDISSO™”,

Wang et al. [208] challenged some of the general assumptions made in the
classical simulation models that may not be physically correct, the first one
being the constant boundary layer thickness. They developed an exact

analytical solution describing dissolution, the finite-domain model (FDM).
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They further developed the model to include the simulation of the dissolution
of polydisperse particles [209]. Another assumption made by the classical
simulation models and challenged by these authors is the presence of sink
conditions through the so-called confinement effect. Confinement is the
increase in bulk concentration because particles are inside a limited
physical container or vessel during in vitro dissolution, and this will affect
the dissolution rate. Confinement can be negligible when bulk concentration
is very small compared to solubility. This can happen if the volume available
for dissolution is very large. If it is not, bulk concentration is not negligible
with respect to solubility and should be considered. Agata et al. developed
a mathematical model for predicting dissolution of spherical particles under
non-sink conditions and applied it to predict the minimum diameter
necessary to achieve BE [210]. In the current work, confinement effects
were explored computationally by defining a limited volume surrounding the
particle, which is available for that particle to dissolve in, before recirculating

to the rest of the medium, in both the FTA and paddle apparatuses.

In a recent publication, Pepin et al. [211] developed mechanistic in vitro USP
2 models that account for dose effect, volume, solubility and micelle size as
well as hydrodynamics (paddle rotation speed and medium viscosity) and
coning due to both API and excipients, which were validated with in vitro
dissolution profiles of 18 drugs. The models assumed that wetting is

instantaneous, and all the surface is available for dissolution at time zero.

Apart from particulate dissolution in which particles are assumed to be
individual spheres, models have been built for other release mechanisms,
e.g., diffusion through a polymer layer. Caccavo et al. [212] developed a
mechanistic mathematical model that was able to describe single pellet
behaviour in terms of hydration, drug dissolution, diffusion, release and
particle size. The pellets were composed of an inert core, the drug and a
polymer layer. This model was extrapolated to mono- and polydisperse

ensembles of pellets.

1.6.1. API dissolution simulation in SIMDISSO™
SIMDISSO™ is based on the fluid dynamics theory [204], which considers

not only particle-related parameters but also hydrodynamic parameters
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such as fluid velocity and viscosity. The software calculates a mass transfer
coefficient through the Ranz-Marshall correlation [205, 206] and associates
it with solubility and drug surface area to predict the dissolution rate at any

moment in time.

The dissolution of a spherical particle can be described by the Nernst-
Brunner equation (1.2). In the simulation model presented in this work, the
boundary layer thickness (h) and the diffusion coefficient (D) in the Nernst-
Brunner equation (1.2) are encompassed as part of the mass transfer
coefficient (k, ms?) (k = D/h).

1.6.1.1. Dissolution rate calculation

To obtain the dissolution rate of a single spherical particle for each time step
(dm/dt), the mass transfer coefficient (k) has to be estimated. This can be
done by calculating the Reynolds number (Re), Schmidt number (Sc) and

Sherwood number (Sh) for a particle with equations (1.7) — (1.11).

re < |Ur = Upldp (1.7)
Vs
= L8)
sc = 2 (1.9)
Sh =2+ 0.6Re'/25c1/3 (1.10)
Sh = % (1.12)

Where Uy is fluid velocity (m s), U, is particle velocity (m s), d,, is particle
diameter (m), v is kinematic viscosity (m? s*), and py is fluid density (kg m-
3). The Ranz-Marshall correlation in equation (1.10) is valid for spheres
within a 0 < Re < 300 range [213]. The Re, Sc and Sh numbers are
dimensionless parameters used to describe diffusion and convection in the
dissolution process [214]. Re in equation (1.7) is the ratio of momentum
forces to viscous forces in a fluid in which the particle is moving, Sc in

equation (1.9) is the ratio of kinematic viscosity to APl molecular diffusion
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and Sh in equation (1.11) is the ratio of mass diffusion to molecular diffusion
of the API[35].

Once Sh is known, k can be extracted and with that the change in particle
diameter from equation (1.12). Using particle number, particle density (p,)
(kg m3), and change in diameter with time, the total mass dissolved can be
estimated over each time step and this will result in the generation of a
dissolution profile in which percentage dissolved is plotted against time. The
equations are solved with Matlab R2022a (MathWorks, Natick

Massachusetts, USA) using the solver odel5s.

d(dy)  —2k(Cs — Cp)

1.12
- » (112)

(Us — U,) in equation (1.7) refers to the relative velocity which is the
difference between fluid and particle velocity. When particle motion is
disabled in the code, U, is set to zero and the particles are exposed to the
full fluid velocity Us. When particle motion is enabled, the particle velocity is
calculated for each time step as the integral of their acceleration, i.e., the
sum of the forces acting over the particle divided by the apparent mass of
the particle (m,, kg) [1]. Inthese conditions, the mass transfer is determined
by the relative velocity (Ur — Up) instead of the full fluid velocity U;. The
equations used to calculate those forces, except for the Basset history
integral which is considered negligible, and the apparent particle mass are
described in equations (1.13) to (1.18) where m, is the apparent particle
mass, F is force (N), g is gravitational acceleration (m s?) and b is the drag
coefficient (N s m). The apparent particle mass contains a contribution of

the mass of the fluid that is surrounding the particle [213].

dU.

My d_tp = Farag t Fouoyancy + Ffiuid acceleration + Fpasset (1.13)
1 1 1

my = pp gy + 5 ppemdy (1.14)

Farag = b(Uy = Up) (1.15)
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1
Fouoy = — (pp — pf)gndgg (1.16)

3 1 du
Ffluidacc = Epf gﬂdg d_tf (1.17)
b = 3mpsd, (1 + 0.15Re%%87) (1.18)

As mentioned in section “1.2.1. Hydrodynamics in the dissolution
apparatuses”, the dominant velocity component in the paddle apparatus is
tangential [16, 18] and therefore gravity has to be turned off, as
SIMDISSO™ is a reduced-order model that can represent only one
dimension. Therefore, in the paddle apparatus there is one tangential
velocity value input in the simulation (Figure 1.7). However, it could be
useful to enable gravity in the paddle apparatus in combination with axial
fluid velocities to study particle motion and whether sedimentation or floating
of the particles occurs in the region of the vessel where opposing axial
velocities encounter. Having these motion simulations aids when choosing
to enable or disable particle motion. In the FTA, fluid flow is in the axial
direction (Figure 1.7) and it can be constant or pulsating. As the fluid flow
is in the axial direction, the gravitational force and density and buoyance
effects are included in the simulation. The pulsating nature of the flow is
shown in Figure 1.8.
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Figure 1.7. Vectorial representation of velocities (m s) in the paddle
apparatus and the FTA. Tangential velocity is the main velocity
component in the paddle apparatus. In the FTA, areas of negative
fluid velocity in the experimental cell setup are not accounted for in
the diagram as the input fluid velocity is either positive or zero in the
simulations, but negative (downward) particle velocity in the cell can
be simulated [215].

velocity, mm/s

0 0.5 1 1.5 2 2.5 3 3.5
time, s

Figure 1.8. Simulated pulsing flow profile in FTA in a 12 mm diameter
cell at 16 ml min-tfrom SIMDISSO™,
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In terms of particle diameter (d,), an average experimentally obtained
particle size can be used in SIMDISSO™, however, it is also possible to
define different particle size bins to capture a PSD, which is expected to
increase the accuracy of the prediction [200, 204]. When a PSD is used,
each particle size bin dissolves at a rate based on its surface area and
mass, but against a concentration gradient in which the total drug dissolved
is calculated with a contribution from every bin. Any potential interactions
between particles in the experimental setup are not currently considered in
the simulations. As the particles dissolve, a new particle size is calculated
for each time step, which will impact surface area and particle velocity,
ultimately affecting the mass transfer rate at the next timestep.

Apart from the dissolution profile, other outputs from the simulation can be
obtained as a function of time and they include forces acting on the particle,
particle and fluid velocities, particle diameter change and concentration in

the reservoir, in the cell and near the patrticle.

1.6.1.2. Bulk concentration calculation

One of the features of SIMDISSO™ is that it can capture the main relevant
hydrodynamic effects of the in vitro system used. Though it operates in a
similar manner for both the paddle apparatus and the FTA, there are
substantial differences in the definition of bulk volume and concentration

accounting for the particular configuration of each of the apparatuses.

In the FTA, the simulation allows three options to define bulk concentration:
cell, reservoir and near-particle volume (NPV) (Figure 1.9). If the system is
defined as a closed system, which was the selected option for this work, the
medium recirculates from the cell into the reservoir and from the reservoir
into the cell. If a NPV option is enabled, media flows directly from the
reservoir into the NPV and then the mass released flows back into the cell,
which is assumed to be ideally mixed. Finally, the new cell concentration is

the inlet to the reservoir concentration in the next timestep.

For the paddle apparatus, only two options are available for bulk
concentration calculation, whole vessel or NPV, with recirculation between

them when the latter is enabled.
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Figure 1.9. Schematic representation of the calculation of the
dissolution rate for each timestep in SIMDISSO™ with an insight into
how bulk concentration is calculated in each apparatus. Cc — cell
concentration (kg m3), Cr —reservoir concentration (kg m=), Cy —
vessel concentration (kg m=3), Vi = NPV (m?3), Vp — particle volume
(m3), Np — number of particles. Figure adapted from D’Arcy et al.
[216].

1.6.1.3. Near-particle volume (NPV) approach in SIMDISSO™

The assumption that the particles have the whole volume of medium
instantly available for dissolution can be reasonable in the paddle
apparatus, but it may overpredict the dissolution rate in the FTA especially
at low flow rates. In the paddle apparatus, unless poor mixing is detected, it
is reasonable to consider a homogeneous distribution of drug particles in
the dissolution medium and therefore using vessel volume as bulk volume
would result in an accurate dissolution profile [217]. Nevertheless, as
discussed earlier, there can be some regions of low velocity in the bottom
of the vessel [19, 29] or some particular situations where the mixing is poor,
for example, when highly viscous media is used [34], that could point to the
need for redefining bulk volume as a more local volume to the particle when
aiming for a more accurate simulated dissolution profile. In the FTA, this
need is exacerbated as different concentrations are likely to be found
between both cell and reservoir [16, 37], regardless of the mixing profile,
due in part to the possibility for the operator to select different flow rates,

pulse frequencies, pump settings, cell sizes and configurations and tablet
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orientation. In this apparatus, having the whole reservoir, or even whole cell
volume available may overestimate the dissolution rate. Providing a more
local volume around the particle can render the simulated dissolution profile
more accurate as the drug initially dissolves in a limited volume due to the
low local fluid velocity regions and the zero velocity periods of the pulse.
Even without considering this local volume, the difference in cell and

reservoir concentrations is simulated in SIMDISSO™,

The possibility of choosing a local volume for dissolution was developed and
implemented in SIMDISSO™ for both apparatuses. The radial size of this
local volume, called near-particle volume (NPV), is defined as a multiple of
the particle radius as can be seen in Figure 1.10. In this work one particle
radius was selected and compared to using cell volume as the relevant bulk
volume for calculating the concentration gradient driving dissolution. In this
manner, it is possible to determine which experimental conditions are most

influenced by the alternative bulk volume option definition.
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Figure 1.10. lllustration of spherical API particle with radius r, (m),
NPV, with radius extending a distance of one particle radius from the
particle surface into the dissolution medium, aqueous diffusion
boundary layer and dissolution medium surrounding each particle in

the dissolution media. Figure extracted from [218].

By looking at the models describing dissolution, one can identify which are

the most relevant parameters affecting dissolution.

1.6.2. Key parameters affecting dissolution

1.6.2.1. Solubility and precipitation

The solubility of a substance is the amount of it that has passed into solution
when equilibrium between the solution and the excess undissolved
substance is achieved [219] . Solubility defines the concentration gradient
which drives dissolution. Dissolution is also driven by the distance over
which this concentration gradient occurs, which is influenced by

hydrodynamics [73].

When the concentration of drug molecules in solution exceeds its aqueous
solubility, it is said to generate a supersaturated solution. This solution is
thermodynamically unstable and will revert to the situation of saturation,
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leading to the precipitation of the excess drug out of solution through the
nucleation and growth mechanism. Nucleation is the formation of a small
mass onto which the solid can grow, and growth is the addition of solute to
said nucleation site [220]. Precipitation and absorption are competing
processes in the GIT [221].

Due to the decrease in aqueous solubility with pH increase, weakly basic
drugs supersaturate and can precipitate when transferred from the stomach
to the intestine [221]. The rate of precipitation is not only dependent on the
intrinsic characteristics of the drug itself, but also on the hydrodynamic
conditions [222].

Carlert et al. [223] studied precipitation of a basic BCS class Il drug in vitro
with two simple two-step methods and found that the very rapid in vitro
precipitation was not observed in vivo, concluding that simple in vitro

methods overpredict precipitation in vivo.

1.6.2.2. Drug diffusivity

The diffusion coefficient of the solute in the dissolution medium is affected
by the viscosity of the dissolution medium, the temperature and the
molecular size of the diffusing molecules , as described in the St-E equation
(1.1) [166].

As discussed in section “1.4.5. Solubilization”, recent work has shown the
diffusivity of the larger drug micelles to be lower than that of the drug itself

which could slow dissolution [125, 127].

1.6.2.3. Surface area and particle morphology

The surface area of the API directly influences the dissolution rate,
according to the Nernst-Brunner equation (1.2). More particles of a smaller
size will present a larger total surface area than the same number of
particles of a larger size, therefore the overall dissolution rate will be faster
for smaller particles. However, micronization can lead to aggregation of the
particles and less surface area being exposed to the dissolution medium
[73] due to the attraction forces between molecules in particles being

stronger than between drug molecules and water.
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Reducing particle diameter during dissolution will also result in a reduction
of the Reynolds number, and therefore the mass transfer coefficient will
decrease and so will the dissolution rate. As patrticle size decreases during
dissolution, forces acting over the particle will change, altering the relative
velocity and increasing the likelihood of particles being suspended and

flowing with the fluid, which would, in turn, alter the dissolution rate [2].

Particle morphology is important as it dictates the area available for
dissolution. Particle morphology is assumed to be spherical in many
models, but this is not necessarily the case in vitro or in vivo. In the work
recently presented by Abrami et al. [224, 225], the dissolution of
polydisperse particles with three different shapes was simulated.

1.6.2.4. Fluid and particle velocity

Changes in relative velocity between fluid and particle will affect dissolution
[215]. Theoretically, if the Ranz-Marshall correlation in equation (1.10) is
applied to describe particle dissolution, an increase in fluid velocity would
result in an elevation of the Reynolds number in equation (1.7), and the
Sherwood number in equation (1.10), which would increase the mass
transfer coefficient in equation (1.11) and the dissolution rate, as per the
Nernst-Brunner equation (1.2). Moreover, an increase of fluid velocity which
improves particle dispersal could enhance the surface area exposed directly
increasing the dissolution rate. However, it is likely that the increase in fluid
velocity will be accompanied by an increase in particle velocity, depending
on particle and fluid density, and therefore the outcome will be more
complex and difficult to predict, as it will depend on the relative velocity
between fluid and particle in equation (1.7). The exploration of how particle
motion affects in vitro and in silico dissolution was one of the aims of the

present work.

1.6.2.5. Bulk concentration and available volume

Increasing bulk concentration decreases the dissolution rate and it is
influenced by the volume available for dissolution, as a larger volume will
result in a lower bulk concentration, and by the removal of drug molecules

through absorption [208].
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Bulk concentration can be considered uniform throughout the dissolution
volume, or, in sink conditions, it can be considered negligible compared to
solubility. In this work, an approach to simulate a non-uniform bulk

concentration, the NPV approach was investigated.

1.6.3. Advantages of mechanistic in vitro dissolution simulations

Mechanistic dissolution simulations can help select the optimal conditions
in which to run in vitro tests, reducing time, costs and waste associated with

experimental testing [226-228].

Mechanistic models can help formulation scientists to simulate and better
understand the effect of varying experimental conditions or CPPs or CMAs

on the in vitro dissolution profile or drug behaviour [229].

Finally, they can enhance the confidence in physiologically based
pharmacokinetic models’ predictions by inputting key parameters for
dissolution into them [227, 229]. These models are reviewed in the next

section.

1.7. Invivo absorption modelling: PBPK and PBBM

Physiologically based pharmacokinetic modelling (PBPK) is a
computational tool which links physiological and physicochemical factors to
predict the in vivo pharmacokinetics (PK) of a dosage form [101]. When
applied specifically to the dissolution and absorption processes, the term
physiologically based biopharmaceutics modelling (PBBM) is commonly
used [230]. Both the FDA [101] and the European Medicines Agency (EMA)

[231] have issued guidance on how to best use PBPK models.

The concept of PBPK modelling was introduced by Teorell in 1937 [232]
with the construction of a five compartment PK model based on
physiological parameters. Many commercial software packages have been
developed since to predict drug Gl absorption, such as GastroPlus® 4,
SimCyp™ PBPK Simulator ® and PK-Sim® 6 [71].

4 https://www.simulations-plus.com/
5 https://www.certara.com/software/simcyp-pbpk/
6 https://www.open-systems-pharmacology.org/
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GastroPlus® was used in the current work to predict the PK profiles of orally
administered IR ibuprofen tablets. It is based on the advanced
compartmental absorption and transit model (ACAT) [233] which predicts
the rate and extent of dissolution and absorption in the Gl tract by
numerically integrating the differential equations describing the processes a
drug undergoes in the human body (release, dissolution, precipitation,
degradation, absorption, inflow and outflow). It divides the Gl tract into nine
compartments with a predefined physiology in terms of pH, volume, length,
radius, transit times, bile salt concentration, pore size, surface area and
absorption scale factor (ASF). The drug can be found as unreleased,
undissolved or dissolved form in each simulated compartment, with drug
absorption and flow through the GIT occurring simultaneously and the
transit of the drug between compartments following first-order kinetics. The
ACAT model considers the possibility of absorption from the stomach and/or
colon and not only the intestine, the possibility of metabolism and
degradation in the gut and the possibility of efflux into the gut due to
transporters and concentration gradients instead of unidirectional transport

from the gut to the systemic circulation.

Coupling in vitro dissolution data with PBPK models can serve to improve
the prediction of human PK profiles and to confirm that the in vitro conditions
used are biopredictive. Examples in the literature have explored several
aspects, including the relevance of the in vitro buffering capacity, the drug
surface pH, the drug particle size and the presence of surfactants for the
prediction of in vivo drug dissolution and absorption [70, 234, 235].

Dissolution kinetics can be described via the Nernst-Brunner equation, the
Wang-Flanagan model or the Z-factor. The Takano Z-factor is a lumped
dissolution parameter which combines diffusion coefficient (D, m? s™),
particle density (p,, kg m=), diffusion layer thickness (h, m) and drug particle
radius (r,, m) as per equation (1.19) and it is estimated by fitting equation
(1.20) to experimental dissolution profiles [236]. In equation (1.20), m, is
the mass dissolved (kg), m, is the mass undissolved (kg) at time O or time
t, C; is the concentration in the lumen (kg m?3) and C, is as defined in

equation (1.1).
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GastroPlus® allows the simulation of absorption from a controlled release
(CR) formulation as well as an IR formulation. For a CR formulation,
dissolution data can be either input as tabulated data or fitted to a Weibull
function of the form (1.21) where max is the maximum amount of drug

dissolved, f; is the fraction factor, t;,, is the lag time to the dissolution onset,

b, is the shape factor and a, is the time scale factor.

by
—\t—t
% Dose released = max <1 — fiexp [(a—la‘g)]) (1.21)
1

These biopredictive tools are used by the pharmaceutical industry to guide
drug development decisions [237] reducing the number of clinical trials
during the initial stages of drug development, to justify the specifications for
the product CQA, to support dissolution method specifications and to
support post-approval changes on composition, dissolution specification,
manufacturing site or manufacturing process [183]. In fact, from 2008 to
2018, 24 new drug applications to the FDA included PBPK modelling for

biopharmaceutics assessment, as recently reviewed by Wu et al. [238].

However, there are current limitations to the implementation of PBPK, as
presented in Table 1.6 [239-241].
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Table 1.6. Current limitations of PBPK modelling.

e Selection of input parameters
input data e Adoption of appropriate assumptions
e Lack of understanding of in vivo influence of
formulation excipients
e Model optimization and verification should be
Madel supported by comparing the model outputs
efinement (Cmax, Tmax and AUC) to the same PK
parameters from available clinical trials that had
not been used for model development
e Lack of complete information on general
abundance of enzymes and the regional and
PK data inter-individual variability in their expression
e Lack of data on intestinal transporters and first-
pass metabolism
Other e Uncertainty around regulatory support

The rapid growth of these computational tools has led to current use being
finely tuned on a case-by-case basis. Attempts have been made to
standardise their use. The oral biopharmaceutics tools project (OrBiTo) was
a collaborative attempt between academia, industry and research
organizations launched in 2012 to (a) establish a database of API data of
all BCS classes [242], (b) review and refine simulated Gl media reflecting
Gl composition (c) develop and optimize biorelevant in vitro tools for the
prediction of in vivo behaviour of solid oral dosage forms [91] (d) further
characterize in vivo Gl fluids and understand drug behaviour in them (e)
optimize the existing in silico biopharmaceutics tools and develop novel
ones to improve the accuracy of bioavailability predictions and (f) identify

areas of improvement in the prediction of oral absorption.

The performance of three available PBPK software packages was
evaluated by comparing observed and simulated PK profiles using more
than forty APIs from the OrBiTo database including IR, prolonged or delayed

release and intravenous formulations [243]. Average performance was
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relatively consistent between software packages. Predictive performance
declined from intravenous formulations to oral solution to IR tablet indicating
a higher level of error associated with complexity of the delivery system and
biopharmaceutics inputs. This was a large-scale simulation exercise and a
first step to evaluating modelling strengths and weaknesses. Model
refinement was not allowed due to the blinding of in vivo data to modellers,
which has a negative impact on prediction accuracy. Areas where prediction
accuracy was lower or with potential for improvement were identified. For
example, the absorption of only 10% of the acidic drugs and 25% of the
basic drugs studied was within two-fold of the observed data [244, 245],
suggesting there is room for improvement of the prediction of acidic drugs’

oral absorption.

PBPK has been applied to different fields of study, summarised in Table
1.7.
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Table 1.7. Recent applications of PBPK modelling.

Application

References

Drug-drug interactions

Segregur et al. [234, 246, 247];
Kesisoglou et al. [248].

Food effects

Andreas et al. [249].

To stablish IVIVCs

Luo et al. [250].

To set dissolution specifications
and design a dissolution safe

space

Paraiso et al. [251]; Mohamed et
al. [252].

To predict PK parameters and
bioavailability after oral

administration

O Dwyer et al. [253].

For dosing recommendations

Tatipalli et al. [254].

To compare formulations

Komasaka et al. [255].

Kambayashi et al. [256]; Laisney

Virtual BE (VBE) studies
et al. [257].

To study particle size impact and .
' Pepin et al. [258].
design a PSD safe space

To study drug supersaturation and Hens et al. [259]; Jakubiak et al.

precipitation [260].

To study which Gl variables are
key determinants for in vivo Hens et al. [261].

behaviour

As the model drug in this work was ibuprofen, the following two models are
presented which predicted in vivo ibuprofen systemic and GIT
concentrations after administration of an 800 mg IR tablet. PBBM was used
by Bermejo et al. [262] to predict the systemic concentration of ibuprofen
highlighting the importance of including dynamic luminal pH values and
motility patterns. Yu et al. [263] predicted in vivo dissolution profiles of
ibuprofen in the GIT of healthy subjects and compared them to measured
in vivo GIT concentrations. They used a dynamic fluid compartment
absorption and transport model to simulate Gl volumes and GI fluid

transport based on MRI data [264]. The model predicted minimal dissolution
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in the stomach (2%), slightly higher in the duodenum (6.3%) and primarily

dissolution in the jejunum (63%) and ileum (25%).

PBPK has not only been used to predict absorption of oral dosage forms in
the form of IR tablets, but also to predict absorption from enteric coated
tablets [265], oral suspensions [109] and other formulations, such as
amorphous solid dispersions [266, 267], liposomal formulations [268, 269]
and nano-sized formulations [270] and, more recently, to predict absorption
from MR dosage forms [271, 272].

PBPK has recently been applied to other routes of administration apart from
the oral route, like dermal products [273-275], pulmonary products [276] and
parenteral formulations [268, 269] and has been used in different
subpopulations such as pregnancy [277], elderly [278], paediatric [279, 280]
and diseased states [281, 282], with the later incorporating Gl parameters
specific to the patient population, such as in the prediction of the in vivo

performance of levodopa in Parkinson’s disease patients [141].

PBPK was used in this work to predict the pharmacokinetics of ibuprofen IR
tablets in conditions of increasing viscosity relevant to the fasted state
versus the viscosity of compendial media by inputting in vitro dissolution
profile results and comparing the simulated PK profiles to data from

published clinical trials.
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Introduction summary

Drug dissolution in the gastrointestinal tract is a crucial step to ensure a drug
will reach its site of action at a certain concentration to produce its desired
effect. In vitro dissolution tests can act as surrogates for studying drug

dissolution behaviour prior to carrying out animal and human studies.

Even though dissolution testing has been used for decades, there are still
some of areas of development which include discrepancies between the in
vivo and in vitro buffer capacity, solubilization capacity and hydrodynamics
(media volume, motility patterns, fluid velocities and fluid viscosity). Some
of these, such as the lack of bile salts and the deviations in buffer capacity
have been partly corrected with the introduction of biorelevant media and
redesigned apparatuses. However, there are some factors which are
relatively less focused on, such as fluid velocity and viscosity effects. The
current work aimed to explore to what extent the incorporation of viscosity
enhancing agents to represent the fasted state and the use different fluid
velocity profiles would affect the in vitro dissolution of a weakly acidic drug

in the flow-through apparatus and the paddle apparatus.

Dissolution profiles can be obtained through in vitro testing, but also with
computational simulations which mechanistically account for factors such
as solubility, diffusivity, surface area, fluid and particle velocity and bulk
concentration. Simulating in vitro dissolution can help select which
conditions to carry out dissolution tests in and provide information on which
factors are most relevant to the in vitro dissolution of a certain drug.
Dissolution models based on transport-controlled dissolution have been
developed through the years, starting from the Noyes and Whitney model
which was refined by Nernst and Brunner to include the diffusion coefficient,
surface area and the boundary layer thickness. The in silico model
presented in this work, SIMDISSO™ is based on the fluid dynamics theory
and the Ranz-Marshall correlation which calculates a mass transfer
coefficient based on solubility and drug surface area. Bulk concentration
effects were explored computationally in this work by defining a limited
volume surrounding the particle which is available for that particle to
dissolve into, before recirculating to the rest of the medium, and validated

in vitro in both the flow-through and paddle apparatuses.
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Dissolution profiles obtained through both in vitro testing and computational
simulations can be input into pharmacokinetic models to predict in vivo
pharmacokinetics after oral administration of a drug. These models predict
drug concentrations in the gastrointestinal tract by dividing it into several
compartments. GastroPlus® was used in this work to predict the
pharmacokinetics of ibuprofen immediate release tablets by inputting in vitro
dissolution profiles in conditions of small increases of viscosity relevant to
the fasted state and comparing the simulated absorption profiles to those
obtained in published clinical trials.

Aims and objectives

The objectives of the current work were:

1. To assess the predictive ability of a computational dissolution
simulation code, SIMDISSO™, when defining a local volume
available for a particle to dissolve, versus the whole cell or vessel
volume in the flow-through apparatus or the paddle apparatus.

2. To evaluate the effect of moderately increasing viscosity on the
intrinsic dissolution rate of ibuprofen.

3. To assess the interplay of viscosity, fluid flow and particle motion on
ibuprofen particulate and tablet dissolution in vitro and in silico.

4. To assess the effects of medium viscosity on particle motion with
SIMDISSO™ particle motion simulations.

5. To explore the effects of small yet biorelevant increases in viscosity
on the simulated pharmacokinetic profile of ibuprofen by inputting in
vitro dissolution data into GastroPlus® and comparing the simulated

profiles to published clinical trials.
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Chapter 2. Materials and methods

The materials and methods section presented here was extracted from the

following papers:

Navas-Bachiller, M., Persoons, T., D'Arcy, D.M. (2022). Exploring
bulk volume, particle size and particle motion definitions to increase
the predictive ability of in vitro dissolution simulations. Eur J Pharm
Sci, 174, 106185. https://doi.org/10.1016/].ejps.2022.106185.

Navas-Bachiller, M., Persoons, T., D'Arcy, D.M. (2023). In vitro

and in silico methods to investigate the effect of moderately
increasing medium viscosity and density on ibuprofen dissolution
rate. Eur J Pharm Biopharm, 193, 74-88.
https://doi.org/10.1016/j.e|pb.2023.10.018
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2.1. Materials

Materials

Ibuprofen powder, 298%
Ibuprofen tablets (Nurofen® 200 mg)

Phosphate potassium monobasic,
ACS reagent, 299.0%

Hydrochloric acid (HCI), ACS reagent,
Ph. Eur., 37%

Sodium hydroxide, ACS reagent,
pellets, 98%

Polysorbate 20

Hydroxypropyl methylcellulose
(HPMC), H9262, viscosity 80-120 cP,
2% in H20 (20°C) (lit.)

Trifluoroacetic acid (TFA)

HPLC grade, 299.0%

Acetonitrile (ACN), HPLC grade,
299.9%

Sucrose for API dissolution studies,
food grade

Sucrose for tablet dissolution studies,
laboratory grade

VCaps® Plus Hypromellose empty
capsules, size 3

GF/D glass microfiber filters, 25 mm
diameter

0.45 pm Polytetrafluoroethylene
(PTFE) filters

HPLC screw vials, 1.5 ml, 9 mm

Source

Glentham Life Sciences Ltd
Reckitt Benckiser Healthcare

Fisher Scientific

Fisher Scientific

Thermo Scientific

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

GEM

Scientific Laboratory Supplies

Lonza™

GE Healthcare Life Sciences

Whatman™

Fisher Scientific

Fisher Scientific
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2.2. Equipment

Viscometer
Shaking water bath

UV-Vis spectrophotometer

Optical microscope

Particle size analyser

Degasser for surface area analysis
Surface area analyser

Dissolution testing

Dissolution testing

Sample quantification

Sample quantification

Sample quantification

AND Vibro Viscometer SV-10,
A&D Company
Precision Reciprocal Shaking
Bath Model 25
PharmaSpec 1700, Shimadzu

Olympus BX53 optical
microscope, Mason
Technologies
Mastersizer 3000, Malvern
Analytics

SmartPrep degasser,
Micromeritics

Gemini VI analyser,
Micromeritics

Agilent 708-DS paddle
apparatus

SOTAX CE7 smart FTA

Alliance high pressure liquid
chromatography (HPLC),
Waters

250 x 4.6 mm BDS Hypersil™
C18 column, Thermoscientific
Waters 2996 photodiode array

detector
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2.3. Experimental methods

All experimental measurements were carried out in triplicate unless
otherwise stated and presented as the mean value = standard deviation
(SD).

2.3.1. Media preparation

2.3.1.1.  pH 6.8 phosphate buffer (high solubility medium)

0.05 M phosphate buffer pH 6.80 £ 0.05 was prepared and degassed
according to the USP [117]. 6.8 g of potassium phosphate monobasic and
112 ml of a 0.2 M NaOH solution per litre were mixed and the volume was

made up with Millipore Elix 3 deionised water.

2.3.1.2. 0.1 M HCI (low solubility medium)
0.1 M HCI was prepared by diluting 8.3 ml of 37% HCI per litre of Millipore
Elix 3 deionised water.

2.3.1.3.  Addition of surfactant

As the SIMDISSO™ simulation is based on the behaviour of individual
particles rather than aggregates, Tween 20 was used as a surfactant at a
concentration lower than its critical micelle concentration (CMC), 0.06 mg
ml2, to ensure particle dispersal without a significant effect on ibuprofen
solubility. 0.003% w/v Tween 20 was present in the media unless otherwise

indicated.

2.3.1.4.  Media containing viscosity enhancing agents (VEA)

In Chapters 4 and 5, the effects of slightly increasing medium viscosity on
the dissolution rate of ibuprofen API (Chapter 4) and ibuprofen tablets
(Chapter 5) were investigated.

Either (a) 25% w/v sucrose (Level 2) (b) 59% w/v sucrose (Level 3) (c) 0.3%
w/v HPMC (Level 2) or (d) 1.05% w/v HPMC (Level 3) solutions were
prepared in pH 6.8 phosphate buffer or 0.1 M HCI.

Sucrose was added directly to the buffer components at room temperature
before making up to the final volume while HPMC was added to 1/3 of the

total volume of buffer at 90°C. The remaining volume was made up with cold
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Millipore Elix 3 deionized water and the solution was allowed to cool under

constant stirring.

The viscosity of the solutions was measured at 37°C using an AND Vibro
Viscometer SV-10.

2.3.2. Solubility study

120 mg and 30 mg of ibuprofen APl were added to 10 ml of 0.05 M
phosphate buffer pH 6.8 or 10 ml of 0.1 M HCI, respectively, with and without
25% wl/v sucrose, 59% w/v sucrose, 0.3% w/v HPMC or 1.05% w/v HPMC
and solubility was measured following the shake flask method [283] (n = 3).
The solutions were placed in a shaking water bath at 37°C and 100 rpm.
Samples were withdrawn at 1, 5, 24 and 48 hours, filtered through a 0.45
pm PTFE filter and analysed at 222 nm in a UV-Vis spectrophotometer.
Results are presented in Chapters 3 (media with no VEA) and 4 (media with
VEA).

The solubility in pH 6.8 phosphate buffer and 0.1 M HCI without 0.003% wi/v
Tween 20 was also measured to determine the effect of the surfactant on

the solubility of ibuprofen API.

Two-sided t-tests were carried out in Minitab® Statistical Software (© 2022
Minitab, LLC) to determine whether there was a statistically significant
difference between the solubilities of the dissolution media with and without
surfactant and VEAs. A confidence level of 95% was selected.

2.3.3. Density study

Density studies were carried out following the method described by D’Arcy
and Persoons [1] (n = 3). A density bottle filled with deionised water at 37°C
was weighed. Using the known density of water at 37°C (0.993 g cm™3), the
volume of liquid that filled the bottle was calculated. Subsequently, the bottle
was filled with 0.1 M HCI or pH 6.8 phosphate buffer, with and without 25%
w/v sucrose, 59% wi/v sucrose, 0.3% w/v HPMC or 1.05% w/v HPMC and
the weight was determined, with the density then calculated based on the
known weight and volume of the bottle. Results are presented in Chapter 4.
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2.3.4. Viscosity versus concentration plots

The dynamic viscosity of a range of sucrose and HPMC solutions was
measured at 37°C using an AND Vibro viscometer SV-10 (n = 3). The
apparatus was calibrated with Millipore Elix 3 deionized water at 37°C,
whose viscosity was 0.7 mPa.s. Sucrose and HPMC were dissolved in pH
6.8 phosphate buffer to give final concentrations of 10, 15, 20, 25, 35, 45,
55 and 60% w/v and 0.3, 0.4, 0.5, 0.6, 0.8, 1 and 1.2% w/v, respectively.
Solutions with the concentrations of interest were also prepared in 0.1 M
HCI to verify that there were no statistically significant differences between
viscosity values in both media. Results are presented in Chapter 4.

2.3.5. Optical microscopy

Ibuprofen powder was visualized under an Olympus BX53 optical

microscope with a 20x magnification. Results are presented in Chapter 3.

2.3.6. Particle size analysis

Ibuprofen particle size determination (n=3) was carried out using a
Mastersizer 3000 in wet mode with the Hydro MV accessory and a
measurement time of 10 s. A saturated solution of ibuprofen in pH 6.8
phosphate buffer was used as the dispersant. The refraction index of the
particle was 1.52 and the absorption index was 0.010. d50, or the median
particle size (MPS), was used as input to the simulations. It is defined as
the size in microns below which 50% of the total volume of the particles lies
and above which 50% of the total volume of the patrticles lies. Using the size
(um) versus the percentage volume of particles data extracted from the
Mastersizer software (Mastersizer 3000 v3.62), five bins corresponding to
20% of the total volume of particles each were generated. The median size
in each of the five bin was calculated in Microsoft Excel. The median sizes
for each bin were used as inputs in SIMDISSO™ representing a particle
size distribution (PSD). To allocate bins for PSD in SIMDISSO™, 20% of
the total simulated mass was allocated to each median size. Results are

presented in Chapter 3.

2.3.7. Surface area analysis

Samples (n=2) were degassed at 50°C overnight under nitrogen gas flow
using a SmartPrep degasser. Subsequently, specific surface area was
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measured in a Gemini VI analyser following the Brunauer-Emmett-Teller
(BET) method by determining the amount of nitrogen adsorbed to the
ibuprofen crystals’ surface at the relative pressures of 0.05, 0.1, 0.15, 0.2,

0.25 and 0.3. Results are presented in Chapter 3.

2.3.8. Dissolution tests

Dissolution tests were carried out in an Agilent 708-DS paddle apparatus
(USP apparatus 2) and a SOTAX CE7 smart FTA (USP apparatus 4) at
37°C (n = 3). Samples were replaced with fresh medium at 37°C after each
sampling point in both apparatuses.

2.3.8.1.  Dissolution tests in the flow-through apparatus

The ibuprofen API powder mass (5 mg or 50 mg) or ibuprofen tablet was
placed on top of the glass beads which filled the conical section of the cell.
Each glass bead was 1 mm in diameter and 2.8 mg. The mass of glass
beads used was 0.947 g for the 12 mm diameter cell and 6.128 g for the
22.6 mm diameter cell. A GF/D glass microfiber filter with nominal particle
retention size of 2.7 ym was placed on top of the cell to retain undissolved

particles.

2.3.8.1.1. Ibuprofen active pharmaceutical ingredient

Two average linear fluid velocities were achieved by combining a flow rate
of 16 ml min't and a cell diameter of 12 mm (2.35 mm s; high velocity) or
a flow rate of 8 ml min't and a cell diameter of 22.6 mm (0.33 mm s%; low

velocity) in a closed system. The reservoir volume was 200 ml.

Media used included pH 6.8 phosphate buffer and 0.1 M HCI with or without
25% wi/v sucrose, 59% wi/v sucrose (pH 6.8 phosphate buffer only due to
analytical instability of 59% wi/v sucrose in 0.1 M HCI), 0.3% w/v HPMC or
1.05% w/v HPMC.

2 ml samples were taken at 2, 4, 8, 15, 30, 45, 60, 90 and 120 min for pH
6.8 phosphate buffer and 10, 20, 40, 60, 90, 150, 210 and 270 min for 0.1
M HCI.

Results are presented in Chapters 3 (dissolution tests in media with no VEA)

and 4 (dissolution tests in media with VEA).
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2.3.8.1.2. Ibuprofen tablets

Two average linear fluid velocities were achieved by combining a flow rate
of 16 ml min't and a cell diameter of 12 mm (2.35 mm s1; high velocity) or
a flow rate of 16 ml mint and a cell diameter of 22.6 mm (0.66 mm s; low

velocity) in a closed system. The reservoir volume was 500 ml.

Either (a) pH 6.8 phosphate buffer with no VEA (PB), (b) pH 6.8 phosphate
buffer with 59% wi/v sucrose (PB-S) or (c) pH 6.8 phosphate buffer with
1.05% w/v HPMC (PB-H) was used as the dissolution medium. Tests were
only carried out in high solubility media (PB) and not in low solubility media
(0.1 M HCI) due to most of the dissolution and absorption of ibuprofen

occurring in the intestine in vivo.

2 ml samples were taken at spaced timepoints up to 90 min (PB, high
velocity), 120 min (PB-H, high velocity), 180 min (PB and PB-H, low velocity)
and 420 min (PB-S, both velocities). Samples were filtered through 0.45 pum
PTFE filters into HPLC vials. Results are presented in Chapter 5.

2.3.8.2.  Dissolution tests in the paddle apparatus

3 mg (for 0.1 M HCI) or 50 mg (for pH 6.8 phosphate buffer) of ibuprofen
were placed inside a Vcaps® HPMC capsule size 3 and a sinker and added
to 500 ml of dissolution medium (pH 6.8 phosphate buffer or 0.1 M HCI, with
or without 0.3% w/v HPMC or 1.05% w/v HPMC). Time zero was set as the
time when the first capsule was observed to rupture. 3 ml samples were
taken at 2, 4, 6, 8, 10, 15, 30, 45 and 60 min for pH 6.8 phosphate buffer
and at 10, 20, 40, 60, 90, 120, 180, 240 and 300 min for 0.1 M HCI. Samples

were filtered using 0.45 um PTFE filters and the first millilitre was discarded.

Results are presented in Chapters 3 (dissolution tests in media with no VEA)

and 4 (dissolution tests in media with VEA).

2.3.8.3.  Intrinsic dissolution

100 mg compacts were prepared inside the rotating cylinder by applying 3
tonnes pressure for 1 min (Perkin EImer hydraulic press). Tests were carried
out in the Agilent 708-DS apparatus at 50 rpm in 500 ml of pH 6.8 phosphate
buffer with or without 25% w/v sucrose, 59% w/v sucrose, 0.3% w/v HPMC
or 1.05% w/v HPMC, achieving three viscosity levels (0.7 mPa.s, level 1,

1.3-1.4 mPa.s, level 2; 4.5-5.5 mPa.s, level 3). 3 ml samples were taken at
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2,4,6, 8,10, 20, 30, 45, 60, 90, 120 min and filtered through 0.45 ym PTFE

filters. The resulting intrinsic dissolution profiles are presented in Chapter 4.

2.3.8.4.  Analysis of the samples

2.3.84.1. Ibuprofen active pharmaceutical ingredient

All samples were analysed by UV-Vis spectrophotometry at 222 nm for <5
mg tests or 264 nm for >5 mg tests, due to the higher sensitivity at 222 nm
and reduced need for dilution at 264 nm. The calibration curves used to
determine the concentration of ibuprofen are presented in Appendix 1.

2.3.84.2. Ibuprofen tablets

The quantification method for ibuprofen from the dissolution tests of IR
ibuprofen tablets was adapted from Stocker et al. [284]. An Alliance HPLC
and a 250 x 4.6 mm BDS Hypersil™ C18 column with 5 um particle size
were used. The mobile phase was a 70:30 v/v ACN:water with 0.1% v/v TFA
acid mixture pumped at a flow rate of 1 ml min-t. The injection volume was
10 pL, the run time was 10 min and the retention time was 5.4 min. Detection
was carried out with a Waters 2996 photodiode array detector at 220 nm.
The calibration curves used to determine the concentration of ibuprofen are
presented in Appendix 1. The limit of detection (LOD) and limit of
quantification (LOQ) was 10.37 pug mlt and 15.01 pug ml* (PB), 15.01 pg ml-
Land 45.49 pg mlt (PB-H), 11.90 pug ml* and 30.04 pug ml (PB-S).

2.3.8.5.  Diffusion coefficient calculation

Diffusion coefficients for each viscosity level and VEA were calculated
through (a) the St-E equation (1.1), introduced in Chapter 1 and reproduced
below, and (b) the Levich equation (2.1) [285], which correlates the
dissolution rate from a rotating disk with angular velocity, from intrinsic

dissolution data.

D= kgT (1.1)
I ~ 1.9D?3vy 161/ 2y 2C (2.1)
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| is total flow of matter from the disk surface (kg st), which is determined
from each intrinsic dissolution profile, w is angular velocity (rad s?), r, is the

disk radius (m), v is kinematic viscosity (m?s™) and Cj is solubility (kg m™).

A reference experimental diffusion coefficient value extracted from literature
(0.80 x 10° m? s1) [286] was used to compare the calculated D value from
the Levich equation for pH 6.8 phosphate buffer with no VEA, to ascertain
the accuracy of the method. The Levich-calculated D values were used as

inputs for the increased-viscosity media simulations.

2.3.9. Dissolution tests characterization

2.3.9.1.  Dissolution metrics extracted from dissolution profiles

The time to 85% dissolution in pH 6.8 phosphate buffer (t85) and 50%
dissolution in pH 6.8 phosphate buffer and 0.1 M HCI (t50) was extracted
from each experimental profile (n=3). t85 and t50 were visually extracted
from Microsoft Excel plots of in vitro dissolution for the results presented in
Chapter 3.

In Chapter 4, t85, t50 and the dissolution rate constant (kg;s, S*) in pH 6.8
phosphate buffer and t50 in 0.1 M HCI were extracted with the curve fitting
tool in MATLAB by fitting the data to equation (2.2) in pH 6.8 phosphate
buffer and equation (2.3) in 0.1 M HCI for each replicate (where average b
<1.0 for each system tested). In equations (2.2) and (2.3), Y;,4x represents

the maximum percentage dissolved, t is time and a and b are constants.

Two different equations were used to characterise the dissolution profiles
within the ranges observed and to estimate a percentage dissolved at a
particular time point within that observed range. As the dissolution in 0.1 M
HCI had not reached a plateau in 270 min, the application of equation (2.2)
was limited to pH 6.8 phosphate buffer only. Y,,,., in pH 6.8 phosphate buffer
was calculated from the observed plateau of the in vitro dissolution data as
the average percentage dissolved from when variation between two

consecutive timepoints at the plateau was less than 5%.
F(£) = Ypax(1 — e kaisst) (2.2)

f(t) = at? (2.3)
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2.3.9.2.  Characterization of tablet dissolution profiles through Reynolds number
calculation
Equations (1.7) and (1.8), introduced in Chapter 1 and reproduced below,
were used to calculate the Reynolds number in each of the six experimental
conditions. U, in equation (1.7) was 0 mm s and d,, was tablet diameter,
which was 0.011 m for all experiments. The Reynolds number was
calculated for the tablet dissolution tests and not for the ibuprofen API
dissolution tests, as it was used to analyse a potential correlation with the
predicted Cmax and Tmax values for ibuprofen IR tablets. The calculated

Reynolds numbers are presented in Chapter 5.

Us—U,|d
Re = U~ Uoldy (1.7)
Vy
i
vy =— 1.
Ay (1.8)
2.3.10. Statistical analysis of viscosity, velocity and solubility

effects on dissolution metrics for ibuprofen

To study the statistical effect of medium viscosity, fluid velocity and drug
solubility on the dissolution rate constant (kg ;), t50 and t85 of ibuprofen
API, eight factorial design analyses were run in Minitab® Statistical Software
(© 2022 Minitab, LLC). Factors and levels are described in Table 2.1, based
on three replicates per dissolution test. Results were considered statistically
significant when p-value <0.05. Results from the statistical analysis are

presented in Chapter 4.
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Table 2.1. Factors, levels, dissolution metric and significant results (p-value <0.05) for each factorial design. High

solubility = pH 6.8 phosphate buffer, low solubility = 0.1 M HCI. * denotes interaction. Sol (solubility), vel (velocity), visc

(viscosity).
Rotation speed
Test - (rpm) or Viscosity _ Significant
Apparatus Solubility VEA Metric
ID Average vel. (mPa.s) result
(mm s)
Sol
0.33 mm s™, Level 1, Level
1 FTA High, low Sucrose, HPMC t50 Visc
2.35 mm s 2
Sol*Visc
0.33 mm s, Level 1, Level
2 FTA Low Sucrose, HPMC t50 Visc
2.35 mm s 2
Visc
0.33 mm s™, Level 1, Level
3 FTA High Sucrose, HPMC t85 VEA
2.35 mm s 2, Level 3
VEA*Visc
. 0.33 mm s™, Level 1, Level Visc
4 FTA High Sucrose, HPMC kaiss
2.35mm s 2, Level 3 VEA
Sol
_ 50 rpm, Level 1, Level Vel
5 Paddle High, low HPMC t50
100 rpm 2, Level 3 Sol*Vel
Sol*Visc
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Visc

Vel*Visc
Vel
50 rpm, Level 1, Level
Paddle Low HPMC t50 Visc
100 rpm 2, Level 3
Vel*Visc
50 rpm, Level 1, Level
Paddle High HPMC t85 Vel
100 rpm 2, Level 3
. 50 rpm, Level 1, Level
Paddle High HPMC kaiss Vel
100 rpm 2, Level 3
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2.4. SIMDISSO™ simulations

2.4.1. Input parameters for the flow-through apparatus dissolution

simulations in SIMIDISSO™

The baseline simulation to assess the predictive ability of three simulation options
in SIMDISSO™ was run with the cell volume, the experimentally determined
median particle size (MPS: 160 um) and particle motion enabled. Simulations
were assessed for improved predictability by (1) using an NPV instead of the cell
volume (2) inputting a PSD instead of a MPS (PSD, 5 bins: 12.7 ym, 81.2 um,
135.5 ym, 240 um, 551 ym) and (3) disabling particle motion.

Simulations were run in MATLAB 7 for 5 mg of spherical ibuprofen particles in a
simulated flow through cell (closed loop) in high solubility (pH 6.8 phosphate
buffer) or low solubility (0.1 M HCI) medium with a fluid viscosity of 0.7 mPa.s
(level 1 viscosity) and two fluid velocities in a pulsating flow field: a cell diameter
of 12 mm, flow rate of 16 ml min', (average linear velocity of 2.35 mm s1; high
velocity) and a cell diameter of 22.6 mm, flow rate of 8 ml min (average linear
velocity of 0.33 mm s1; low velocity). The three simulation options (NPV, PSD
and particle motion) were also assessed with a mass of 50 mg of ibuprofen in
high solubility medium (pH 6.8 phosphate buffer) in level 1 viscosity. Simulation

parameters are presented in Table 2.2.

7 MATLAB software information can be found at https://uk.mathworks.com/
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Table 2.2. Simulation parameters in SIMDISSO™ for ibuprofen API in

agueous buffers.

Diffusion coefficient (m?s™) 8.00 x 1010
Fluid viscosity (mPa.s) 0.7
Gravitational acceleration (m s?) 9.81
Pumping mode Pulsating
Pump frequency (Hz) 2
Particle shape Spherical
Particle density (g cm3) 1.018
0.1 M HCI Phosphate buffer
Solubility (kg cm™3) 0.064 3.5
Fluid density (g cm3) 1.006 1.009

Simulation time was adapted to reflect the in vitro dissolution tests in each
medium and time steps were 0.004 s. The results of these simulations are

presented in Chapter 3.

2.4.1.1.  Simulations in increased viscosity medium

To study the effect of viscosity on simulated particulate dissolution, simulations
were run for 5 mg of ibuprofen particles in a high fluid velocity scenario (2.35 mm
s1) and a low fluid velocity scenario (0.33 mm s'') and high solubility (pH 6.8
phosphate buffer) and low solubility (0.1 M HCI) media with different values of
viscosity: 0.7 mPa.s (level 1), 1.3 mPa.s (level 2 sucrose), 1.4 mPa.s (level 2
HPMC), 4.5 (level 3 sucrose) and 5.5 mPa.s (level 3 HPMC), corresponding to
the HPMC and sucrose concentrations presented in the section “2.3.1.4. Media
containing viscosity enhancing agents (VEA)”. Simulations were not run in level
3 sucrose in 0.1 M HCl since the dissolution experiments in level 3 sucrose in the

FTA were not included in the study due to analytical instabilities.

The cell volume and a PSD were used, and particle motion was enabled. In these
simulations, the code was updated so that a spatial limitation for particle motion
in the vertical direction corresponding to the height of the flow-through cell was
included. So, particle motion in the vertical direction is restricted and this is
incorporated in the relative velocity calculations. Therefore, the effect of enabling

or disabling particle motion did not have to be explored.
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The solubility, fluid density and diffusion coefficient inputs for each medium
viscosity based on experimental data are presented in Table 2.3. Solubility and
density values were updated from the simulations presented in Chapter 3 to
reflect measured in vitro solubilities and densities in different viscosity media.

Results of these simulations are presented in Chapter 4.

Inputs related to fluid velocities and volumes are presented in Table 2.4. The
reservoir volume was adjusted so that a total volume of 200 ml including cell and
reservoir was generated. A cell height of 66.8 mm was selected for the small cell
to reflect the total cell volume, including the tapered upper section, the cell height
of the larger cell was 30 mm. It does not include the conical section containing
the glass beads, nor regions in the upper cell where the diameter changes, as a
constant diameter is required to calculate the instantaneous linear velocity in the

cell and the relative particle velocity.

The particle density input was refined from 1.018 g cm=3to0 1.1047 g cm= to reflect
the true density of ibuprofen particles measured by helium pycnometry in D’Arcy

and Persoons [1].
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Table 2.3. Experimentally determined inputs to SIMDISSO™ dissolution simulation code. uy, fluid viscosity (mPa.s), D,

diffusion coefficient (m?s™), C,, solubility (kg m=), py, fluid density (g cm3).

Media Uy D Cs Pr
0.7 (Level 1) 8.00 x 1010 2.79 0.999
1.4 (Level 2 HPMC) 5.44 x 1010 2.97 1.004

High solubility (pH 6.8
5.5 (Level 3 HPMC) 1.81 x 1010 3.46 1.005
phosphate buffer)
1.3 (Level 2 sucrose) 4.33 x 1010 3.26 1.091
4.5 (Level 3 sucrose) 1.53 x 1010 2.24 1.219
0.7 (Level 1) 8.00 x 1010 0.063 0.994
-10

Low solubility (0.1 M 1.4 (Level 2 HPMC) 5.44 x 10 0.047 1.000
HCI) 5.5 (Level 3 HPMC) 1.81 x 10710 0.044 0.997

1.3 (Level 2 sucrose) 4.33 x 1010 0.059 1.088




Table 2.4. Inputs to SIMDISSO™ dissolution simulation code related to flow rate, FR (ml min-1), cell diameter (mm), cell

height (mm) and reservoir volume, V,. (ml). For the simulations presented in Chapter 3, reservoir volume was 200 ml.

FR Cell diameter Cell height |78
8 22.6 30 188
16 12 66.8 192.4
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2.4.2. Particle motion simulations in SIMIDISSO™

10-second simulations were run to interpret the initial effect of disabling or
enabling particle motion in a closed system flow through cell in 0.1 M HCI with no
VEA. Two average linear fluid velocities were used: 0.33 mm st and 2.35 mm s
1, to match the experimental flow rates and cell diameters, a mass of 5 mg, an
MPS of 160 um, a reservoir volume of 200 ml, a solubility of 0.064 mg ml%, a fluid
density of 1.006 g cm3, a particle density of 1.018 g cm3, a diffusion coefficient
of 8 x 101 m? s and a fluid density of 0.7 mPa.s in a pulsating fluid flow with a
pump frequency of 2 Hz were used as inputs to the simulations. Particle motion
and gravity (9.81 m s?) were enabled. The resulting simulations are presented in
Chapter 3. The presented simulations were those obtained when inputting
solubility data from the 0.1 M HCI medium, but the same results were obtained
for the pH 6.8 phosphate buffer medium, due to an almost equal density, same
fluid velocity, same particle properties and minimal dissolution over 10 seconds.

In Chapter 4, the effect of increasing viscosity on simulated particle motion was
assessed by running two sets of simulations: (1) 1200 s-simulations for a PSD in
4 scenarios: (a) low velocity — level 1 viscosity, (b) low velocity — level 3 viscosity
(5.5 mPa.s), (c) high velocity — level 1 viscosity and (d) high velocity — level 3
viscosity (5.5 mPa.s) and (2) up to 360 s-simulations for a MPS for the five values
of viscosity in the two fluid velocity environments. All other inputs were as
described in Table 2.3 and Table 2.4.

2.4.3. Statistical assessment of the predictive ability of the particle size

distribution versus median particle size approach

For the profiles exploring the effect of PSD on the simulated dissolution of
ibuprofen in level 1 viscosity (pH 6.8 phosphate buffer or 0.1 M HCI with no VEA)
at two average linear fluid velocities (0.33 mm s* or 2.35 mm s7?), the
experimental dissolution profiles were compared to the simulated MPS and PSD
profiles for each time point by calculating the percentage predictive error (PE%)
from equation (2.4) and the root mean square error (RMSE) from equation (2.5)
to illustrate predictability over the whole profile. Results are presented in Chapter
3.
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|Simulated value — Experimental value|
PEY% = , * 100 (2.4)
Experimental value

n
1
RMSE = EZ(Simulated value — Experimental value)? (2.5)
i=1

2.4.4. Input parameters for the paddle apparatus dissolution simulations in

SIMIDISSO™

Inputs to the simulations in the paddle apparatus are shown in Table 2.5. The
fluid pumping mode was set to steady as there is no pulsating option for the
paddle apparatus, particle motion was enabled and gravity disabled as tangential
velocity is the main velocity component in the paddle apparatus [16, 18]. Fluid
velocity data were extracted from the literature [14, 30] to be equivalent to a
rotational speed of 50 rpm or 100 rpm. Simulations in the paddle apparatus were
only run for viscosity level 1 (pH 6.8 phosphate buffer or 0.1 M HCI with no VEAS)

and are presented in Chapter 3.
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Table 2.5. Experimentally determined (*) and literature extracted (1) inputs to SIMDISSO™ dissolution simulation code for

the paddle apparatus. p,, particle density (g cm3), D, diffusion coefficient (m?s-1), Wy, fluid viscosity (mPa.s), V.., reservoir

volume (ml), my, mass (9), d,, particle diameter (mm), U,, particle velocity (m s1), Uy, fluid velocity (m s, Cp, bulk

concentration Cg, solubility (kg m), pg, fluid density (g cm3), simulation time (min) and timesteps (s).

Constant inputs

Variable inputs

mg 0.003 0.050
T Pp 1.018 dp 0.160 PSD
Size bins 1 5
0 U, Enabled
T D 8x10
Ur 0.0766 (50 rpm) 0.1476 (100 rpm)
Particle shape Spherical
C, calc NPV Cell
T s 0.7 Medium properties and solubility
Pumping mode Steady pH 6.8 phosphate buffer 0.1 M HCI
Cs 3.5 0.064
/8 500
Pr 1.009 1.006
Simulation time 200 300
Gravity Disabled
Time steps 0.004 0.004
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2.5. GastroPlus® simulations

In Chapter 5, the bioavailability of ibuprofen IR tablets as predicted with
GastroPlus® is presented. The dissolution profiles in different viscosity media
obtained as described in section “2.3.8.1. Dissolution tests in the apparatus”
were used as inputs to the oral model developed in GastroPlus®. In order to
develop an intravenous model and validate the oral model, in vivo studies from

literature were used.

2.5.1. In vivo studies

Literature data from one clinical trial was used to develop an intravenous model
in order to obtain the distribution and elimination parameters to input in the oral
model. The study was a double-blind, randomized, crossover trial in which 12
healthy subjects (25% female) aged 18 to 65 years received either an intravenous
injection of 800 mg of ibuprofen infused over 5 to 7 min together with an oral
placebo or an oral dose of 800 mg of ibuprofen together with an intravenous
placebo [287]. The mean subject weight was 76.9£12.4 kg and the mean subject
height was 177.9+6.8 cm. The plasma concentration versus time after the
intravenous dose of ibuprofen was digitalized with WebPlotDigitalizer® version

4.6 software to develop the disposition model.

Literature data from two clinical trials where ibuprofen IR tablets were
administered orally were used to validate the PK oral model. Both clinical trials
were open label, randomized, crossover studies comparing the absorption of
different ibuprofen formulations to standard ibuprofen acid tablets. In both trials,
two 200 mg standard ibuprofen tablets (Nurofen®) were administered after an
overnight fast.

The study by Legg et al. [288] (in vivo data set A) enrolled 35 healthy adult
subjects (48.6% female) between 18 and 45 years of age with a mean body
weight of 71.9 kg and a mean height of 173.1 cm.

The study by Dewland et al. [289] (in vivo data set B) enrolled 22 healthy male
and female volunteers between 18 and 50 years of age with a mean body mass
index (BMI) of 24.1 kg m2. The mean body weight was not reported, and it could

not be calculated from BMI due to the height not being reported either. Therefore,
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the mean body weight used for all oral model simulations was 71.9 kg, as
presented in the clinical trial by Legg et al. [288], which was similar to the weight

in the intravenous data set.

The PK profiles obtained after the administration of two Nurofen® tablets in the
fasted state in both clinical trials were digitalized with WebPlotDigitalizer® to

extract plasma concentration versus time data and validate the oral model.

The study by Dewland et al. [289] presented plots of the PK parameters Cmax,
Tmax, AUCo-tand AUCo-~ obtained for each of the 22 individuals. These plots were
digitalized to extract the full range of measured PK parameters as a
representation of inter-subject variability in order to assess the extent of under or
overprediction of PK parameters when inputting the dissolution profiles obtained

in the PB-S medium into the GastroPlus® oral model.

2.5.2. Pharmacokinetic model development and verification

GastroPlus® was used as the modelling platform to predict the PK profile of
ibuprofen IR tablets.

2.5.2.1. Intravenous model

Disposition parameters (clearance (Cl, ml mint), volume of distribution (Vc, ml kg
D), half-life (T2, h), and the transfer rate constants (Ki h'')) were extracted by
fitting published clinical data from the intravenous study carried out by Pavliv et
al. [287] described in section “2.5.1. In vivo studies” to a one-, two- and three-

compartment model in PKPIlus.

2.5.2.2. Oral model

The input parameters that are common to all simulations are presented in Table
2.6. Ibuprofen molecular weight and log P were extracted from Cristofoletti et al.
[290]. Particle radius was extracted from the work by Cristofoletti et al. [235]
where an effective PSD was estimated by modelling the in vitro dissolution profile
of 200 mg of ibuprofen in phosphate buffer at pH 6.7. Particle density
corresponded to the true density of ibuprofen particles measured by helium
pycnometry [1]. The mean precipitation time was left as the default value provided
in the software. The diffusion coefficient was extracted from the work by Healy

and Corrigan [286] where it was calculated from the in vitro dissolution of
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ibuprofen particles in phosphate buffer at pH 7.35. The effective permeability for
ibuprofen (Pe; cm s) was extracted from Cristofoletti et al. [290] where it was
back-calculated from the observed absorption rate constant (ka) of 7.0 h't after
the administration of an oral dose of ibuprofen tablets to 15 subjects by Wagner
et al. [291]. The fraction unbound to proteins was measured in vitro in healthy
plasma by Aarons et al. [292] and the blood/plasma ratio was measured by
Obach et al. [293] by incubating the drug in whole blood at ambient temperature
for 45 min.

The initial drug dose was 400 mg, corresponding to two 200 mg Nurofen® tablets.
250 ml was used as the dosing volume representing a standard glass of water.
Dosage form was selected as controlled release undissolved (CRU) dispersed,
which simulates the release of undissolved particles from a tablet, with the
unreleased material and drug in solution moving through the simulated GI

compartments.

The solubility versus pH profile (Table 2.7) was obtained from the ibuprofen
monograph published by Potthast et al. [72] and was fitted to the built-in pKa-
based solubility model to estimate the pKa (4.3) and the solubility factor (SF)
(89.5).

An ACAT model was used to simulate absorption. Gut physiology values in each
of the nine virtual compartments remained as the default values provided for a
healthy fasted human subject. The default human fasted ASF model used was
Opt logD Model SA/V 6.1.

Single simulations were carried out using a compartmental PK model in
GastroPlus®. The in vitro dissolution data from the six dissolution tests of
ibuprofen IR tablets carried out under two fluid velocity conditions (2.35 mm s
and 0.66 mm s*) and in three media (PB, PB-H, PB-S), as described in section
“2.3.8.1. Dissolution tests in the flow-through apparatus”, were used as inputs.
Simulation time was 16 h. The predicted plasma concentration versus time

profiles are presented in Chapter 5.

The relationship between the resulting simulated PK parameters Cmax and Tmax

and the Reynolds numbers calculated from the in vitro dissolution studies as
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described in section “2.3.9.2. Characterization of tablet dissolution profiles

through Reynolds number calculation” was investigated in Chapter 5.

Table 2.6. Inputs used in GastroPlus®.

Input Value Units Ref
Molecular formula Ci3H1802
Molecular weight 206.29 g mol?
log P 3.23 [72]
Particle radius 220 pHm [290]
Particle density 1.1047 g mlt [1]
Mean precipitation time 900 S
Diffusion coefficient 0.8 x 10° cm? st [286]
Per 17x10™ cms’ [22310 ]’
Blood/Plasma ratio 0.55 [293]
Fraction unbound to proteins, f 1 % [292]

Table 2.7. Solubility versus pH data extracted from Potthast et al. [72].

pH Solubility (mg ml?)
1 0.038
3 0.043

4.5 0.084

5.5 0.685

6.8 3.37

7.4 3.44

2.5.2.3. In vitro dissolution profiles modelling

The in vitro dissolution profiles for ibuprofen tablets were modelled with the Z-

factor model described in equation 1.20, introduced in Chapter 1, or a single
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Weibull function as described in equation 1.21, introduced in Chapter 1. Fittings
were carried out directly in GastroPlus® 9.8.3 (Simulations Plus, Lancaster, CA,
USA), in order to obtain inputs for the PK model after oral administration of
ibuprofen.

The experimental dissolution profiles modelled were those carried out as
described in the subsection “Ibuprofen tablets” of “2.3.8.1. Dissolution tests in the
apparatus”, that is, in two fluid velocity scenarios (0.66 mm s* or 2.35 mm s)
and three viscosity media (PB, PB-H or PB-S). They were fitted to the Z-factor
model as obtained from the in vitro tests and modified to reduce the lag time. To
do so, the profile in PB-high velocity, where the first concentration was measured
after 10 min, was selected as the reference. In the rest of the profiles, the first
point where ibuprofen was detected at a concentration higher than 5 mg ml* was
set to 10 min and the difference between the real time of the first observation and

10 was subtracted from the subsequent timepoints.

2.5.2.4. In vitro dissolution data inputs

After assessing the model fits to the experimental data, two dissolution data input
methods were explored. Firstly, the tabulated data points of percent release
versus time from the experimental profiles were directly input into the model, so
that the actual amount of drug available for dissolution is determined by
interpolation during the simulation. Secondly, the dissolution profiles were fitted
to the Weibull function and the Weibull parameters were used as inputs for the

PK simulation model after oral administration of ibuprofen tablets.

2.5.3. Intravenous and oral model verification

The fitting of the one-, two- and three-compartment models to the intravenous
data presented in the study by Pavliv et al. [287] was statistically assessed with
the parameters R?, Schwarz Criterion (SC) and Akaike Information Criterion (AIC)

reported in GastroPlus®.

Two statistical analyses were performed in Microsoft Excel (Microsoft
Corporation) for the intravenous model: the average fold error (AFE) (equation
(2.6)) and absolute average fold error (AAFE) (equation (2.7)).
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1
AFE = 10n

i (2.7)

predictedl-)
log( observed;

1
AAFE = 10n

In equations (2.6) and (2.7), n is the number of sampling points and i is the
sampling point index. For an acceptable prediction, AAFE should be smaller than
2 and AFE should be close to 1, with AAFE <1 indicating underprediction and
AAFE >1 indicating overprediction.

The simulated oral PK profiles and PK parameters obtained with both dissolution
profile input methods were compared to data from the two clinical trials described
in section “2.5.1. In vivo studies” where ibuprofen was administered orally [288,
289].

The fold error (FE) (equation (2.8)) was used to compare the predicted Cmax and
T2 for the intravenous model and Cmax, Tmax and AUC for the oral model to the
observed data from the clinical studies presented in section “2.5.1. In vivo

studies”. A FE close to 1 indicates an accurate prediction.

predicted Crgy, Tinax, AUC or Ty (2.8)
~ observed Cpay, Tmax, AUC 01 Ty 15

2.5.4. Virtual bioequivalence studies (VBE)

VBE simulations were performed in GastroPlus® for a sample size of n = 25
healthy fasted adults in one trial. 400 mg of ibuprofen in tablet form were
administered with 250 ml of fluids. Dosage form was selected as CRU. The six
dissolution profiles for ibuprofen IR tablets obtained with two fluid velocities and
three media were input into the model. The dissolution data was directly used as
tabulated data. The default coefficients of variation (%CV) for inter-subject

variability of the physiological parameters provided in the GastroPlus® database
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were applied for each parameter. Simulation time was 16 h. Results from the VBE

studies are presented in Chapter 5.

2.5.5. Parameter sensitivity analysis (PSA)

A PSA was performed for the Weibull-related parameter shape factor, particle
radius and diffusion coefficient. For the latter two, the dissolution data was input
as tabulated data. One PSA was done for each of the six in vitro dissolution
profiles obtained as described in the subsection “Ibuprofen tablets” of “2.3.8.1.
Dissolution tests in the apparatus”. The range studied for each parameter is
presented in Table 2.8. Ten logarithmic spaced values were automatically
selected for each variable. The effect of each parameter on the predicted Cmax

and Tmax for ibuprofen IR tablets is presented in Chapter 5.

Table 2.8. Parameters varied in PSA simulations.

Parameter Lower bound Upper Bound
Weibull shape factor 1.32 12.80
Particle radius (um) 22 2200
Diffusion coefficient x 10> (cm? s1) 0.1 1
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Chapter 3. Exploring bulk volume, particle size and
particle motion definitions to increase the
predictive ability of in vitro dissolution simulations.

Results, discussion and conclusions presented in the current chapter have been
published in the following paper: Navas-Bachiller, M., Persoons, T., D'Arcy, D.M.
(2022). Exploring bulk volume, particle size and particle motion definitions to
increase the predictive ability of in vitro dissolution simulations. Eur J Pharm Sci,
174, 106185. https://doi.org/10.1016/].e]ps.2022.106185.

3.1. Introduction

Many mechanistic simulation models have been developed since the proposal of
theoretical equations to describe dissolution [199, 200, 203, 214]. Models like the
one presented by Sugano et al. [214] and the one presented in the current work
consider hydrodynamics in the dissolution apparatuses as a crucial factor for an
accurate simulation of drug dissolution. Other models have discussed the
influence of bulk volume and bulk concentration definition on dissolution

simulation [208].

Dissolution models have to achieve a compromise between the accuracy of the
simulation and the computational costs. In this work, dissolution simulations were
conducted using a reduced-order model based on the Ranz-Marshall correlation
for mass transfer from spherical particles in an in-house non-commercial
dissolution software, SIMDISSO™. The theoretical basis for SIMDISSO™ is
outlined in section “1.6.1. API dissolution simulation in SIMDISSO™”. The
definition of the relevant volume for dissolution, particle size and particle motion
in simulation approaches were explored when simulating the dissolution of
ibuprofen API. The simulated profiles were compared to in vitro dissolution in the
FTA and paddle apparatus in conditions of varying fluid velocities, drug mass and
drug solubilities to identify which simulation approaches could better capture the

dissolution rate of ibuprofen and in which conditions.

The definition of a local volume to simulate dynamic bulk concentration, the NPV
was explored as an illustration of the relevance of local hydrodynamics for

dissolution, which might be different from the hydrodynamics in the whole flow
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through cell or paddle apparatus vessel at any moment in time due to low local
fluid velocity regions. For example, in the paddle apparatus, there can be regions
of low velocity in the bottom of the vessel [19, 29]. In the FTA, velocity patterns
are homogeneous and depend on flow rate, cell size and differences in fluid
density and velocity [38, 41, 45].

The impact of using a PSD versus a MPS was explored in this work as the former
is generally expected to be more representative of the in vitro situation based on

the common polydispersity of the pharmaceutical powders [203, 204], .

The definition of particle motion was considered relevant as particles can be
sedimented or suspended in vitro at any moment in time depending on the
interplay between particle and fluid density and fluid velocity. Particle motion for
a moving particle in the FTA is pulsing due to the pulsing flow of the fluid, but
more complex velocity patterns have been found [1]. When particle motion is
disabled in the code, particles are exposed to fluid velocity, and when particle
motion is enabled, particles are exposed to the relative velocity between fluid and
particle. Enabling particle motion in two fluid velocity scenarios in the FTA and

the implications for drug dissolution were computationally explored.

The aim of this work was to assess the predictive ability of SIMDISSO™ when
(1) using the NPV, which extends from the particle surface to a distance of one
particle radius, versus the FTA cell volume or the paddle apparatus vessel
volume as the relevant instantaneous volume for the dissolution of two drug
loadings in a closed system, (2) assessing the effect of inputting a PSD instead
of an MPS and (3) exploring the effect of enabling or disabling particle motion, in
two media and with two fluid velocity conditions. The applicability of the model
was investigated by means of extracting the predicted time to 85% or 50%
dissolution and comparing it to the experimental time in each of the three

simulated scenarios.
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3.2. Results

3.2.1. Solubility study

The solubility study was carried out as described in section “2.3.2. Solubility

study”.

The solubility of ibuprofen in pH 6.8 phosphate buffer with and without 0.003%
w/v Tween 20 (CMC = 0.06 mg mlt), was 3.5+0.5 mg mlt and 4.1+0.3 mg ml?,
respectively, after 48 hours of incubation. The pH values of the saturated
solutions were 6.05 and 6.10, respectively, which is in accordance with the
surface pH of ibuprofen in phosphate buffer reported in the literature [112]. The
solubility values with and without surfactant were not statistically significantly
different, therefore the value of 3.5 mg ml! was used in the simulations of
dissolution in pH 6.8 phosphate buffer with 0.003% w/v Tween 20. Solubility in
0.1 M HCI with and without 0.003% w/v Tween 20, was 0.063+0.016 mg ml* and
0.066 +0.012 mg ml%, respectively, after 24 hours of incubation, which was in
agreement with intrinsic solubility values presented in the literature [113, 294].
Therefore, the calculated value of 0.064 mg mlt from equation (3.1) [286] was

used as input for the simulation.

Solubility (mg ml~1) = 0.064 (1 + 10PH~%39) (3.1)

3.2.2. Particle size analysis

The experimental d50 value measured as per section “2.3.6. Particle size
analysis” was 160£0.197 um. The patrticle sizes of the each of the PSD bins were
12.7 ym, 81.2 pm, 135.5 um, 240 pm and 551 pm.

3.2.3. Dissolution tests in flow-through apparatus (FTA)

Dissolution tests were carried out as described in section “2.3.8.1. Dissolution
tests in the flow-through apparatus” and the simulated profiles were obtained in
SIMIDISSO™ as per section “2.4.1. Input parameters for the flow-through

apparatus dissolution simulations in SIMDISSO™”,
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3.2.3.1.  Cell volume versus near-particle volume (NPV)

The experimental and simulated dissolution profiles of 5 mg of ibuprofen at two
average fluid velocities, 2.35 mm st and 0.33 mm s, in pH 6.8 phosphate buffer
and 0.1 M HCI were compared (Figure 3.1). Simulated results were obtained

using an MPS and enabled particle motion and either the cell volume or the NPV.

The experimental dissolution rate of 5 mg of ibuprofen in pH 6.8 phosphate buffer
would be considered rapid (85% within 30 min) by the FDA guidance for BCS
class | or Ill drugs in the paddle apparatus at 50 rpm [47], which was expected
due to the high solubility of ibuprofen at pH 6.8. In 0.1 M HCI, after 270 min, only
73% of the ibuprofen was dissolved in the high fluid velocity test and 57% in the
low fluid velocity test, due to the low solubility of ibuprofen in 0.1 M HCI and the
lack of sink conditions, which were defined as the situation when the solubility

value triplicates the maximum bulk concentration value.

The experimental dissolution rates decreased in a lower fluid velocity
environment in both media. In pH 6.8 phosphate buffer, the NPV and cell options
predicted very rapid dissolution, however use of the NPV suggested velocity
effects on dissolution which were not apparent in the simulation using the cell
option as the bulk volume. Furthermore, the NPV option was better at predicting
t85 than the cell volume option, in both velocities (Table 3.1). In 0.1 M HCI, the
NPV underpredicted the dissolution rate in both fluid velocities and did not
increase the t50 predictive ability. The underprediction from all simulations in 0.1
M HCI (Figure 3.1) could be attributed to the assumption of sphericity by the
model, whereas the majority of the particles are needle-shaped, as shown by
optical microscopy (Figure 3.2). However, while the calculated surface area for
the 5 mg sample using the MPS (1.80 cm?) was lower than the BET measured
surface area (5.30 cm?+0.24), the calculated surface area using the PSD (6.15
cm?) compared well with the BET measured area (5.30 cm?+0.24). Therefore, the
underestimation of surface area resulting from the assumption of spherical

particles is likely to have a minor impact in the current work.

The effect of fluid velocity on dissolution rate is due to the local medium being
more concentrated in each timestep because of a reduced mass transport rate

away from the dissolving surface affecting the local concentration gradient and
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slowing down the dissolution process. An effect of the flow rate on dissolution
rates has been described before [1], possibly due to a better dispersal of the
particles as the flow rate increases as well as the effect on local concentration
gradients.

Therefore, an NPV seemed more accurate in predicting dissolution in high
solubility than low solubility conditions, although other simulation parameters,
such as particle size and particle motion definition can affect the accuracy of the

prediction, as will be discussed.
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Figure 3.1. Mean experimental (exp) dissolution profiles (xSD) of 5 mg of

160 um median diameter ibuprofen particles in 200 ml of (a) pH 6.8
phosphate buffer or (b) 0.1 M HCI, with 0.003% w/v Tween 20 at 37°C in the
FTA at two average linear fluid velocities: 2.35 mm s (white circles) and

0.33 mm s (black circles) (n = 3). Simulated (sim) profiles were obtained

with an MPS and particle motion enabled and either cell volume (solid
lines) or a NPV (dashed lines) for 2.35 mm s (black) and 0.33 mm s

(blue).
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Figure 3.2. Ibuprofen crystals visualized under Olympus BX53 optical

microscope with a magnification of x20.
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Table 3.1. t85 or t50 (min) in the FTA with a constant 200 ml reservoir volume and gravity enabled. Some of the simulations

in the low solubility environment (0.1 M HCI + 0.003% Tween 20, represented by a solubility of 0.064 mg ml?) did not reach
50% dissolved in 300 min.

Variables t85 in the FTA
Test Solubility Mass Velocity Bulk Particle Particle . .
i 3 ; . Simulated Experimental
ID (mg ml?) (mg) (mm s™) volume size (um) motion
1 3.5 5 2.35 Cell MPS On 9.99
2 3.5 5 2.35 NPV MPS On 12.55
16.92+5.51
3 3.5 5 2.35 NPV PSD On 18.03
4 3.5 5 2.35 NPV PSD Off 16.11
5 3.5 5 0.33 Cell MPS On 10.09
6 3.5 5 0.33 NPV MPS On 22.13
22.43+4.36
7 3.5 5 0.33 NPV PSD On 22.34
8 3.5 5 0.33 NPV PSD Off 30.53
9 3.5 50 2.35 Cell MPS On 10.98
40.89+1.38
10 3.5 50 2.35 NPV MPS On 16.05
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11 35 50 2.35 NPV PSD On 19.98
12 35 50 2.35 NPV PSD Off 18.23
13 35 50 0.33 Cell MPS On 11.53
14 35 50 0.33 NPV MPS On 37.19

69.65+7.01
15 35 50 0.33 NPV PSD On 30.58
16 35 50 0.33 NPV PSD Off 38.30

t50 in the FTA

17 0.064 5 2.35 Cell MPS On 282.68
18 0.064 5 2.35 NPV MPS On >300

131.01+16.85
19 0.064 5 2.35 NPV PSD On 223.42
20 0.064 5 2.35 NPV PSD Off 174.50
21 0.064 5 0.33 Cell MPS On 284.30
22 0.064 5 0.33 NPV MPS On >300 10.35+44.84
23 0.064 5 0.33 NPV PSD On >300
24 0.064 5 0.33 NPV PSD Off >300
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3.2.3.2.  Particle size distribution (PSD) versus median particle size (MPS)

The simulations were run with an NPV, particle motion enabled and either an
MPS or a PSD (Figure 3.3). Although the shape of the 5 mg dissolution profile in
pH 6.8 phosphate buffer resembled the experimental results more closely than
when an MPS was used in both velocities (Figure 3.3), the PE% and RMSE were
larger for the simulations using a PSD (Figure 3.4a). This is due to the fast
simulated dissolution at early timepoints from the contribution of the small
particles (12.7 um) and the slower simulated dissolution at later timepoints due

to the contribution of the larger particles (551 pm).

Moreover, there was a particularly high PE% for early timepoints when a PSD
was used in the pH 6.8 phosphate buffer medium, especially in the lower velocity
flow field. This could be due to the hydrophobic nature of the ibuprofen particles
making them prone to aggregation and therefore behaving as bigger particles at
the beginning of the test, even though a small amount of surfactant was used to
promote dispersal. An aggregation effect could be considered more likely in the
low velocity flow field. Therefore, a PSD could be more useful for drugs not as
prone to aggregation as ibuprofen. However, it was as accurate as an MPS when
predicting t85 in the low velocity environment and even more accurate than an
MPS in high fluid velocity (Table 3.1).

In the low solubility media, 0.1 M HCI, a PSD increased the prediction accuracy,
reducing the RMSE and PE% to a similar extent in both velocities (Figure 3.3b
and Figure 3.4b). It increased the ability of the simulation to predict the t50 in a
high fluid velocity environment, even though the observed time was still exceeded

by approximately 92 min (Table 3.1).

Overall, PSD improved the predictive accuracy in the low solubility environment,

but a notable underprediction was still observed.
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Figure 3.3. Mean experimental (exp) dissolution profiles (xSD) of 5 mg of
160 um median diameter ibuprofen particles in 200 ml of (a) pH 6.8
phosphate buffer or (b) 0.1 M HCI, with 0.003% w/v Tween 20 at 37°C in the
FTA at two average linear fluid velocities: 2.35 mm s (white circles) and
0.33 mm s (black circles) (n = 3). Simulated (sim) profiles were obtained
with a NPV and particle motion enabled and either an MPS (solid lines) or
a PSD (dashed lines) for 2.35 mm s (black) and 0.33 mm s (blue).
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Figure 3.4. PE% versus time profiles and RMSE values of 5 mg of 160 um
median diameter ibuprofen particles in 200 ml of (a) pH 6.8 phosphate
buffer or (b) 0.1 M HCI with 0.003% w/v Tween 20 at 37°C in the FTA at two
average linear fluid velocities, 2.35 mm s (black) or 0.33 mm st (blue).
Simulated results were obtained with a NPV, particle motion enabled and
either a MPS (solid lines) or a PSD (dashed lines).

3.2.3.3.  Particle motion enabled versus disabled
Preliminary particle motion simulations were run as described in “2.4.2 Particle

motion simulations in SIMDISSO™” and the results are shown in Figure 3.5.

Both velocities present a semi-sinusoidal profile due to the pulsating flow with
which the media enters the dissolution cell. Fluid velocities fluctuated between
zero and positive values, as defined by the velocity input in the code, with two
pulses per second. Particle velocity fluctuated between positive and negative
values, which represent upward flow and downward flow, respectively, but the
magnitude of the positive values was larger, suggesting particles would move to
the top of the cell and be held there at initial stages of dissolution until small
enough to move with the fluid. Therefore, these results suggest that particle
motion should be disabled, at least during the first instances of dissolution. In light

of these results, simulations were run with disabled particle motion in both media.
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Figure 3.5. Particle motion simulations for 5 mg of 160 um diameter
ibuprofen particles in 200 ml of 0.1 M HCI at 37°C in the FTA with (a) a flow
rate of 16 ml min-t and a cell diameter of 12 mm or (b) a flow rate of 8 ml

mint and a cell diameter of 22.6 mm.

In the case of pH 6.8 phosphate buffer, the results were similar when disabling
and enabling particle motion (Figure 3.6), and within or very close to the error
bars for the 5 mg profile, therefore the usefulness of disabling particle motion was

not proven in that particular situation (Figure 3.6a).

With respect to the predictive ability of the simulation in pH 6.8 phosphate buffer,
it gave an accurate prediction of t85 in a high fluid velocity media, but so did the
options with particle motion enabled and an NPV, and in the low fluid velocity

situation it predicted a larger t85 than observed (Table 3.1).

In the case of 0.1 M HCI, disabling particle motion in a high fluid velocity situation
led to the most accurate prediction of the four options and the closest t50 to the
observed, but it resulted in an almost superimposable profile as that generated
when particle motion was enabled in the case of a low fluid velocity (Figure 3.6b).
This is because the difference between maximum initial relative velocity (0.225
mm s1) and maximum initial fluid velocity (1.033 mm s1) was very small in the
low fluid velocity scenario, therefore the velocity that the particle is exposed to is
similar when particle motion is enabled or disabled. In the case of a higher fluid
velocity, when the particle is exposed to fluid velocity only (maximum 7.398 mm
s1) — that is, when particle motion is disabled — this is of a notably larger

magnitude than the relative velocity it is exposed to when particle motion is
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enabled (0.235 mm s™) (Figure 3.5), leading to a faster dissolution rate in the

former case.

Therefore, disabling particle motion only slightly increased the predictive ability in

the low solubility-high velocity conditions simulated in the current work.
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Figure 3.6. Mean experimental (exp) dissolution profiles (xSD) of 5 mg of
160 um median diameter ibuprofen particles in 200 ml of (a) pH 6.8
phosphate buffer or (b) 0.1 M HCI, with 0.003% w/v Tween 20 at 37°C in the
FTA at two average linear fluid velocities: 2.35 mm s (white circles) and
0.33 mm s (black circles) (n = 3). Simulated (sim) profiles were obtained
with a PSD, NPV and particle motion enabled (solid lines) or disabled
(dashed lines) for 2.35 mm s (black) and 0.33 mm s (blue).
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3.2.3.4.  Predictive ability of the simulation with different drug loadings

All simulation options predicted the dissolution of 5 mg of ibuprofen in pH 6.8
phosphate buffer in the FTA at both velocities reasonably well whereas there was
a large overprediction for a mass of 50 mg (Figure 3.7), especially for the high
velocity environment (Figure 3.7a). Even inputting a PSD, with and without
particle motion enabled, did not improve the predictions for a mass of 50 mg,
compared to inputting an MPS.

Furthermore, all predicted t85 values were lower than the experimental times
obtained (Table 3.1). This overprediction of the dissolution rate was previously
observed with a mass of 10 mg in the FTA when clumping was suspected [1].
The lower predicted t85 values in the current work could be due to visible
clumping which was observed to occur in the experimental test, which reduces
the surface area exposed to the medium and therefore the dissolution rate. This
IS not captured by the simulation, which assumes individual spherical particles
that do not interact. To ensure particle dispersal. A small amount of surfactant
was used in the medium, namely 0.003% w/v Tween 20. This was successful in
dispersing the particles without affecting solubility to a great extent when a small
mass of ibuprofen was used, but clumping was still visible for the bigger mass of
50 mg. Furthermore, the time to wet the particles at the beginning of the test,
resulting in a reduced initial effective surface area for dissolution, may be
influencing the overprediction. Wetting issues have been observed previously in
the dissolution of ibuprofen API [111]. Therefore, the effect of mass is important

in terms of inputting an accurate particle size in the simulation.

In addition to clumping, the saturation with a higher mass can affect the local
instantaneous concentration. When using the whole cell volume option in the
simulation, combined with an MPS and enabled particle motion, no difference in
dissolution rate was predicted between both masses in pH 6.8 phosphate buffer
at both velocities. This can be attributed to a very low bulk concentration in the
whole reservoir volume of 200 ml entering the cell volume and affecting cell
concentration. When an NPV was input in the simulations instead, and the rest
of the inputs were maintained, the simulations predicted a difference in the
dissolution rate of the two masses in pH 6.8 phosphate buffer, and this difference

was larger for a low fluid velocity. This was due to a smaller instantaneous volume
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available for the particles to dissolve, and therefore a reduction in the magnitude

of the gradient driving dissolution.

When working under sink conditions, as defined by reservoir volume
concentration, this observed difference in dissolution between masses is not
expected as bulk concentration is assumed to be negligible, however this
assumption may be too simplistic for dissolution conditions with low fluid velocity,
where the amount of drug transported from the cell into the reservoir is smaller
per timestep. Therefore, the fluid local to the dissolving particle might become
more concentrated and theoretical sink conditions may not be occurring at all

instances in practice.

Overall, even though there was an overprediction in simulated dissolution rates,
the relative difference between dissolution rates in each flow field, for a mass of
50 mg, was somewhat captured by the NPV-PSD simulations (70% experimental
difference versus 55% simulated difference).
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Figure 3.7. Mean experimental (exp) dissolution profiles (£SD) of 5 mg
(white circles) and 50 mg (black circles) of 160 um diameter ibuprofen

particles in 200 ml of pH 6.8 phosphate buffer with 0.003% w/v Tween 20 at

37°C in the FTA at two average linear fluid velocities of (a) 2.35 mm s and
(b) 0.33 mm s (n = 3). Simulated (sim) profiles were obtained for 5 mg
(dashed lines) and 50 mg (solid lines) with an MPS, particle motion
enabled and cell volume (black); an MPS, particle motion enabled and

NPV (blue); a PSD, particle motion enabled and NPV (green); a PSD,

particle motion disabled and NPV (red).
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3.2.4. Dissolution tests in the paddle apparatus

Four tests in the paddle apparatus are presented in Figure 3.8: 50 mg in pH 6.8
phosphate buffer at (1) 100 rpm and (2) 50 rpm and 3 mg in 0.1 M HCl at (3) 100
rom and (4) 50 rpm. The dissolution profiles were obtained as described in

section “2.3.8.2. Dissolution tests in the paddle apparatus”.

Again, dissolution in pH 6.8 phosphate buffer was rapid (85% within 30 min) and,
in contrast to the FTA, 100% dissolved was observed in the experimental 0.1 M
HCl test at 100 rpm due to the presence of sink conditions.

Simulated profiles in the paddle apparatus were obtained as described in section
“2.4.4. Input parameters for the paddle apparatus dissolution simulations in
SIMDISSO™”,

There was an experimental difference in the dissolution profiles between
operating at 50 and 100 rpm in both media that was not reflected in the simulated
profiles, where both profiles were superimposable (Figure 3.8). This can be due
to better dispersion at 100 rpm and observed sedimentation at 50 rpm which
would result in the particles being exposed to very different velocities in each
case. Dissolution in pH 6.8 phosphate buffer was incomplete after one hour, but
it was sufficient to determine t85. Furthermore, notable variability was observed,
especially at 50 rpm (Table 3.2). The observed sedimented undissolved material
at the 1 h time point is likely due to poor initial wetting and subsequent poor
dispersal of ibuprofen particles in the low velocity region at the centre of the
vessel base. Whereas it is also possible that the relatively high concentration of
buffer salts used resulted in the formation and precipitation of sodium or
potassium salts of ibuprofen during the dissolution test [111], similar undissolved
material was not noted in the FTA tests, suggesting an impact from system

hydrodynamics.

In both media, the PSD option seemed more accurate than a MPS from the
dissolution profiles in Figure 3.8. However, in terms of predictions, a MPS was
relatively accurate in predicting <30 min for t85 in pH 6.8 phosphate buffer at a
100 rpm (predicted 14 min versus experimental 8 min), and more accurate than
a PSD, due to the slow simulated dissolution of the bigger particles in later stages
of dissolution (Table 3.2).
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Neither an MPS nor a PSD were accurate in predicting the time dissolved at 50
rom probably because the sedimentation observed during the test was not
captured by the simulation, which incorporated only tangential velocity effects.
Furthermore, there was no difference in using the cell volume or an NPV for either
medium. This can be due to both the fluid velocity and the cross-sectional flow
area, which influence how NPV concentration changes over time, being of a

higher magnitude in the paddle apparatus simulations than in the FTA.

In 0.1 M HCI, a PSD simulation predicted a closer t50 when compared to an MPS
(Table 3.2), however both t50 predictions were of a much higher magnitude than
the experimental results, as can be observed by the underprediction in Figure
3.8.
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Figure 3.8. Mean experimental dissolution profiles (£SD) of 50 mg of 160
pm median diameter ibuprofen particles in 500 ml of pH 6.8 phosphate
buffer (PB) with 0.003% w/v Tween 20 (squares) and 3 mg in 500 ml 0.1 M
HCI with 0.003% w/v Tween 20 (circles) at 37°C in the paddle apparatus at
two agitation speeds: 50 rpm (white) and 100 rpm (black) (n = 3).
Simulated profiles were obtained with an MPS (blue) or a PSD (orange).
Simulated results were obtained using a velocity of 0.1746 m s,
representing 100 rpm or 0.0766 m s, representing 50 rpm (results were
superimposable) and cell volume or NPV (results were superimposable).

Particle motion was enabled in all simulations.
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Table 3.2. t85 or t50 (min) in the paddle apparatus with 500 ml reservoir volume and gravity disabled. Some of the

simulations in the low solubility environment (0.1 M HCI + 0.003% w/v Tween 20, represented by a solubility of 0.064 mg
ml1) did not reach 50% dissolved in 300 min.

Variables t85 in the paddle apparatus
Test Solub|I|_t1y Mass Velocity I_Dartlcle Part!cle NPV Vessel Experimental
ID (mg ml*) (mg) (rpm) size (um) motion volume
1 3.5 50 50 MPS On 14.30 14.05
28.14+16.74
2 3.5 50 50 PSD On 40.70 40.55
3 3.5 50 100 MPS On 14.16 14.05
8.04+6.70
4 3.5 50 100 PSD On 40.58 40.61
t50 in the paddle apparatus
5 0.064 3 50 MPS On - >300
77.8745.08
6 0.064 3 50 PSD On - 230.46
7 0.064 3 100 MPS On >300 >300
44.5915.48
8 0.064 3 100 PSD On - 230.46
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3.3. Discussion

The predictions were accurate for the rapid dissolution of a low mass of ibuprofen
in pH 6.8 phosphate buffer in the FTA, but there was a general underprediction
in 0.1 M HCI. This could be due to surface area effects leading to a faster
dissolution due to the discrepancy between the actual particle morphology and
the assumption of spherical particles in the simulation, however in the current
work the simulation using PSD suggested only a minor impact if any from the
assumption of sphericity on available surface area. Conversely there was an
overprediction of dissolution rate in a high mass system, likely influenced by
agglomerated particles observed in the dissolution cell. The observed needle-
shaped particle morphology is also likely to contribute to particle agglomeration

and caking to a greater extent than would be expected from spherical particles.

In considering dissolution according to the Nernst Brunner equation, flow rate will
affect dissolution rate as it will impact the ADBL thickness. In the presented
model, using the Ranz-Marshall correlation, the hydrodynamic effect is captured
by the Reynolds number, even without considering an NPV. However, defining

bulk concentration using NPV better captured the velocity effect.

An NPV volume in the current work was defined as a spherical volume
surrounding the particle, which extends a distance of 1 radius from the particle
surface. This NPV is a hypothetical situation of a bulk volume which is smaller
than the reservoir (or vessel) volume, but how this volume is defined can vary.
Any multiple of radii can be input but one was chosen as the smallest NPV
thickness that can reasonably be explored as, in a static fluid, due to the
asymptotic molecular diffusion effect, the Sherwood number has been
demonstrated to equal 2, meaning that the ADBL thickness equals the particle
radius [214]. In a moving fluid, where a Re-dependent term is included, the ADBL
thickness will decrease although, due to the pulsing flow in the FTA, there can
still be periods of near static fluid. Therefore, the thickness of the ADBL will not
exceed the NPV thickness at any moment in time. An NPV extending one radius
from the particle surface is considered to be the minimum NPV which can be
explored if the dissolution medium has periods of static motion. The current work

represents an illustration of the effect of a reduced volume in dissolution
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simulations as sink conditions might be present globally but not locally, especially
in the FTA with a pulsing flow with periods of very low velocity. The results
presented indicate that the concept of a more dynamic bulk concentration
definition, influenced by both local and reservoir concentrations and transport
between both, is potentially useful, both in simulating dissolution in the FTA and
in considering the effect of flow rate, pulsation and cell size on experimental

results.

The use of a PSD increased the predictive ability of the simulations in a low
solubility medium, but it might not always be required, as was shown in the case
of a hydrophobic drug such as ibuprofen in a fast dissolution environment, pH 6.8
phosphate buffer, where use of an MPS could be considered sufficiently accurate
for many applications. The measured PSD might also not be representative of

the effective PSD in the dissolution medium.

Furthermore, it is important to characterize particle motion as, if the difference
between fluid velocity and relative velocity is large, as was the case in the high
fluid velocity in 0.1 M HCI, this can affect the accuracy of the prediction.
SIMDISSO™ takes particle motion into account but there is scope to better
explore the simulation of particle motion and local volume to optimally capture the

interplay between hydrodynamic effects and local concentration gradients.

Limitations and assumptions include the assumption of individually dissolving
spherical particles in the simulation code used for the current work. Therefore,
agglomeration of hydrophobic drugs or needle-shaped particles, which were
observed experimentally, are not taken into account, and the effect of non-
spherical particle morphology on surface area is not captured. The particle size
input also has a large influence on the simulated profiles, and particle size
measurement methodology and bin allocation will affect the predicted dissolution
rates. Finally, particle density, which can impact particle motion and thus the
simulated dissolution profiles, was not measured for the current work but
extracted from literature, as its effect in ibuprofen dissolution simulations was

previously investigated extensively [1].
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3.4. Conclusions

The implementation of an NPV available for the particle to dissolve in was
compared with the whole FTA cell volume or paddle vessel volume. The NPV
was useful to predict effects of velocity differences in a high solubility media in
the FTA, accounting for the reduction in the dissolution rate as velocity is reduced.
The simulation could capture two very different environments in terms of solubility
for the same drug: 0.1 M HCI, where ibuprofen is not very soluble (0.064 mg ml-
1), and pH 6.8 phosphate buffer, where ibuprofen is highly soluble (3.5 mg ml?),
even though it underpredicted the dissolution rate in low solubility conditions — in

both apparatuses -, especially when the NPV option was used.

In the light of these findings, it could be argued that the cell volume option more
accurately captured the experimental profiles in 0.1 M HCI in the FTA, however
the underprediction of the NPV option was reduced when other factors were
included in the simulation, namely a PSD and disabling particle motion.
Therefore, the advantage of cell over NPV cannot be ascertained without further
investigation of the confounding effects of other simulation inputs, including

effects of particle morphology on exposed surface area.

The PSD option served to increase the predictive ability of the simulations
especially in the low solubility medium. In the high solubility medium, the accuracy
of the prediction when a PSD was used suggests that in fast dissolution situations
use of an MPS could result in a sufficiently accurate simulation, reducing the
computational cost.

Whether to have particle motion enabled or disabled can be informed by
preliminary simulations which predict particle motion in the first ten seconds of
dissolution based on particle mass, particle density and fluid velocity and density.
Disabling particle motion was not advantageous in the high solubility medium, but
it increased the predictive ability in a high velocity-low solubility scenario pointing

towards the need for a good particle motion model in dissolution simulation.

Finally, the current work also presents the predictive ability of SIMDISSO™ as
applied to the paddle apparatus. The accuracy of the prediction was reasonable
for fast dissolution — high solubility medium, but it underpredicted the dissolution
rate in a low solubility situation. This underprediction was probably due to the
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relative velocity being too low when only tangential velocity was included, without
the impact of axial flow and gravitational effects. Consequently, the different
hydrodynamic environment for sedimented versus suspended particles is not
considered in the current simulations. This highlights the need to identify optimal

hydrodynamic inputs for situations where dissolution is slower.
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Chapter 4. In vitro and in silico methods to
investigate the effect of moderately increasing
medium viscosity and density on ibuprofen
dissolution rate.

Results, discussion and conclusions presented in the current chapter have been
published in the following paper: Navas-Bachiller, M., Persoons, T., D'Arcy, D.M.
(2023). In vitro and in silico methods to investigate the effect of moderately
increasing medium viscosity and density on ibuprofen dissolution rate.
Eur J Pharm Biopharm, 193, 74-88. https://doi.org/10.1016/|.ejpb.2023.10.018

4.1. Introduction

The viscosity of the human gastric fluid (HGF) in the fasted state was measured
to be higher than that of water (1.7-9.3 mPa.s versus 0.7 mPa.s) at a shear rate
of 50 s [3]. The intrinsic dissolution rate (IDR) of the drug cinnarizine in HGF
was lower than in FaSSGF, whose viscosity is that of water [159]. Other examples
in the literature showed a reduction of drug dissolution and tablet disintegration
following small increases of medium viscosity [158, 160, 161]. The viscosity effect
might be explained through a reduced drug diffusivity with increased viscosity, as
per the Stokes-Einstein (St-E) equation [166] (1.1) which directly impacts the drug
dissolution rate in the Nernst-Brunner equation [167, 168] (1.2) and/or through
effects on particle suspension and dispersal, as detailed in the Introduction

section “1.4.8.5. Viscosity”.

The current work studied the in vitro IDR and particulate dissolution rate of
ibuprofen in the FTA and paddle apparatus with varying levels of viscosity from
0.7 to 5.5 mPa.s and different fluid velocities in two solubility media with two
VEAs, HPMC and sucrose.

Three viscosity levels were explored in the work: 0.7 mPa.s (level 1), 1.3-1.4
mPa.s (level 2) and 4.5-5.5 mPa.s (level 3). 0.7 mPa.s was selected as the
viscosity of water, and aqueous buffers, at 37°C. A viscosity of 1.3-1.4 mPa.s was
considered as it represents the viscosity of milk [2, 295], which has been used to

simulate the gastric fed state [296] and it has been shown to delay water
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penetration and disintegration times of tablets by four to five times [297]. This
viscosity level is also relevant to parenteral formulations, as the viscosity of
plasma is 1.1-1.3 mPa.s [298]. A viscosity range of 4.4-5.5 mPa.s was selected
as the mid-range viscosity of the HGF in the fasted state [3].

The resulting experimental dissolution profiles were compared to simulated
dissolution profiles in SIMIDISSO™. In silico particle motion was also
investigated to understand the effect of increasing medium viscosity on particle
suspension and dispersal. A spatial limitation to particle motion was defined in
the FTA as the height of the flow-through cell so that once the particle reaches
the top or bottom of the cell, it cannot move further. Therefore, motion is restricted
in the vertical direction of the specified cell dimensions and the calculated relative
velocity value reflects this. There is no requirement to explore the effect of
enabling or disabling particle motion as explored in Chapter 3. Particle motion is
enabled but limited at the vertical boundaries of the cell. The output of particle
motion simulations is in the format of Figure 4.1, where the pulsing flow is

evident, and the particle vertical location changes with time.
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Figure 4.1. 15-second simulation of ibuprofen particle velocity, fluid
velocity and particle vertical location in the cell. Particle size: 160 um,
medium: pH 6.8 phosphate buffer, mass: 5 mg, cell diameter: 12 mm, flow

rate: 16 ml min-, viscosity: 1.4 mPa.s.
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The aims of this work were to assess the interplay of viscosity and fluid flow on
the dissolution rate of ibuprofen both in vitro and in silico, to assess the ability of
the in silico simulation to predict effects of viscosity on dissolution and to explore
the use of simulated particle motion in interpreting the effect of viscosity on

observed and simulated dissolution.

4.2. Results

4.2.1. Viscosity versus concentration plots

Results of the viscosity-concentration plots study which was carried out as
described in section “2.3.4 Viscosity versus concentration plots” are presented in
Figure 4.2. The viscosity of a 25% w/v sucrose solution was 1.41 mPa.s in pH
6.8 phosphate buffer and 1.30 mPa.s in 0.1 M HCI (level 2 viscosity). The
concentration of sucrose necessary for a density-adjusted viscosity of 4.5 mPa.s
was 59% w/v (level 3 viscosity). From the studies with HPMC, the concentrations
needed for viscosities of 1.4 mPa.s (level 2) and 5.5 mPa.s (level 3) were 0.3%

w/v and 1.05% w/v, respectively, in both media.
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Figure 4.2. Mean fluid viscosity (xSD) in mPa.s versus (a) sucrose or (b)
HPMC concentration in pH 6.8 phosphate buffer or 0.1 M HCI (n = 3).

4.2.2. Solubility study

Saturation solubility of ibuprofen measured as described in “2.3.2. Solubility
study” for each medium after 24 h is presented in Table 4.1. None of the solubility
values of media containing a VEA were statically significantly different from media
without VEA, however, even though not statistically significant, level 3 HPMC

seemed to marginally increase the solubility of ibuprofen.

113



4.2.3. Density studies

The fluid density of each medium measured as described in “2.3.3. Density study”
is presented in Table 4.1. Sucrose had a greater impact on density than HPMC
at the concentrations used. Each experimentally determined value of density and

solubility at 24 h was input in the simulations for each medium (Table 2.3).

Table 4.1. Fluid density (g mlt) and ibuprofen saturation solubility (mg ml-
1) after 24 hours of incubation at 37°C and 100 rpm in different media used
for dissolution testing (n=3).

pH 6.8 phosphate buffer 0.1 M HCI
Viscosity Fluid Solubility Fluid Solubility
level and VEA density 24h density 24h
Lev\?'ElA)(NO 0.999+0.001 | 2.79+0.31 |0.994+0.001 | 0.063%0.015
Level 2 1.091+0.002 | 3.2620.06 |1.088+0.002 | 0.059+0.002
Sucrose
Level 3 1.219+0.002 | 2.24+0.20 | 1.221+0.000 | 0.050+0.007
Sucrose
Level 2 HPMC | 1.004+0.000 | 2.97+0.10 | 1.000£0.000 | 0.047+0.002
Level 3 HPMC | 1.005+0.001 | 3.46+0.19 | 0.997+0.001 | 0.044+0.004

4.2 4. Intrinsic dissolution and diffusion coefficient

Intrinsic dissolution tests were carried out in media of increasing viscosity as

described in section “2.3.8.3. Intrinsic dissolution”.

Moderately increasing medium viscosity reduced the IDR of ibuprofen in pH 6.8
phosphate buffer with both VEAs (Figure 4.3). The two profiles for each level of
viscosity were comparable, although a slightly slower rate can be observed in the

level 3 medium when sucrose was used as VEA.

The reduction of the IDR can be explained through the St-E equation (1.1),
according to which an increase in viscosity results in a decrease in diffusion

coefficient, and the Nernst-Brunner equation (1.2), which correlates a reduced
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diffusion coefficient to a decrease in dissolution rate. The theoretical St-E D
values are presented in Table 4.2. The predicted | for dissolution, inputting the
calculated St-E D in the Levich equation, was lower than the observed | in intrinsic
dissolution tests, in particular for media with HPMC as VEA. Using the Levich
equation combined with the observed IDRs to calculate the D value enabled
incorporation of the slightly higher than expected D values, compared to those
predicted from equation (2.1) using the St-E D values from equation (1.1). The
Levich equation accurately predicted the D value in pH 6.8 phosphate buffer with
no VEA (0.80 x 10° m? s'1). Moreover, the Levich method predicted D values
comparable to those experimentally obtained for sucrose level 2 (0.58 x 10° m?
s (at 1.03 mPa.s) and 0.38 x 10° m? s! (at 1.66 mPa.s)) [285, 286]. Therefore,
calculating D values using the Levich equation combined with the intrinsic

dissolution data was used to estimate D for the simulations.

30
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Figure 4.3. Mean intrinsic dissolution profiles (xSD) and dissolution rates
(insets) from arotating disk of ibuprofen in 500 ml of media at 37°.C and
50 rpm. PB level 1: black; PB HPMC level 2: green; PB Sucrose level 2:

orange; PB HPMC level 3: red; PB Sucrose level 3: blue (n = 3).
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Table 4.2. Calculated D using the Levich equation with observed | and
calculated D using St-E (n=3). Reference literature value for PB (pH 6.8
phosphate buffer) level 1 D is 0.80 x 10° m?st[286]; observed (from
intrinsic dissolution studies) and predicted | (through inputting the
calculated St-E D in the Levich equation). Table adapted from Navas
Bachiller et al. [299].

D+SD from Levich .
_ _ St-E D | Observed | Predicted I
_ equation using .
Medium (m?s) I (mg with St-E D
observed | (m?s) _ _
x 10° min-t) (mg min)
x 10°
PB level 1 0.80+0.065 0.77 0.106 0.103
Sucrose level 2 0.43+0.013 0.42 0.074 0.073
Sucrose level 3 0.15+0.010 0.12 0.025 0.021
HPMC level 2 0.54+0.080 0.39 0.078 0.062
HPMC level 3 0.18+0.025 0.10 0.035 0.023

4.2.5. Observed and simulated dissolution in flow-through apparatus (FTA)

Dissolution tests were carried out as described in section “2.3.8.1. Dissolution
tests in the flow-through apparatus” and the simulated profiles were obtained in
SIMIDISSO™ as per section “2.4.1. Input parameters for the flow-through

apparatus dissolution simulations in SIMDISSO™",

4.2.5.1.  Sucrose

In 0.1 M HCI, increasing sucrose concentration resulted in a decrease in the
experimental dissolution rate in both fluid velocity environments (Figure 4.4al).
At early timepoints (<40 min) both an increase in viscosity and a decrease in
velocity resulted in a lower percentage dissolved (Figure 4.4a2). In pH 6.8
phosphate buffer, the reduction in dissolution with increasing viscosity was still

present but less clear due to the faster dissolution.

Simulated results overestimate the dissolution rate by up to 20-25% dissolved in
both pH 6.8 phosphate buffer and 0.1 M HCI, likely due to a simulated faster

dissolution of the smaller particles than occurs experimentally (Figure 4.4a2).
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This suggests that the smallest particles may not have behaved as individual
particles but may have aggregated. However, the t50 is well predicted, especially
in higher velocity conditions in both pH 6.8 phosphate buffer and 0.1 M HCI, and
t85 in pH 6.8 phosphate buffer is reasonably predicted in levels 1 and 2 of
viscosity in high fluid velocity (Table 4.3 and Table 4.4). In low velocity conditions,
the accuracy of the predictions was lower due to the effect of velocity not being
evident in the experimental dissolution tests (Table 4.3). In level 3 viscosity the
effect of viscosity was over-estimated by the simulations at later timepoints,
suggesting a more complex interplay between viscosity and velocity than that
simulated. Similarly, in 0.1 M HCI, the prediction of t50 in the high fluid velocity
environment was accurate (234 versus 237 min, level 2, sucrose (Table 4.4)),
however in low fluid velocity, the impact of reducing velocity was overestimated,

resulting in the simulated t50 not being achieved in 300 min.

4.2.5.2. HPMC

HPMC had a lesser effect on the dissolution rate than sucrose, as a reduction in
the experimental dissolution rate with increased viscosity was only observed in
the profiles in 0.1 M HCI (Figure 4.4b1-2), and only between level 1 and level 2
viscosity.

In pH 6.8 phosphate buffer, the simulations seem to underpredict the dissolution
rate, especially for level 3, leading to an overprediction of t85, but to a larger
extent in the low fluid velocity environment (100 min simulated time versus 17
min experimental time) (Figure 4.4b, Table 4.3). The t50 in HPMC was well
predicted overall in pH 6.8 phosphate buffer, apart from in the low velocity
environment in level 3 where t50 was also overestimated. There was no observed
difference in t50 between level 2 and 3 viscosity, whereas the simulated value
suggested a notable increase (5.16 versus 12.29 min (Table 4.4)). In 0.1 M HCI,
there is also an underprediction of dissolution as viscosity increases, leading to
simulated t50 values being over 300 min for level 2 and 3, except for level 2 in
the fast fluid velocity (249 min), which still overpredicts the experimental t50 (223
min) (Figure 4.4b, Table 4.4).

117



120 a 1 120 a2

235mms! 0.33 mms!
100 HCl Level 1 HCl Level 1
----- HCl Level 2 weseees HC| Level 2
[ PB Level 1 PB Level 1
3 I —PB Level 2 - = =PBlevel 2
3 L
ki ; -PB Level 3 -~ ~PBLevel 3
3 G
% st HCl Level 1 HCl Level 1
O HCl Level 2 O HClLevel 2
PB Level 1 PB Level 1
e PBlevel2 O PBlevel 2
e PBlevel3 PB Level 3
——85% dissolved - - -~ 50% dissolved
o 50 100 150 250 300
time (min)
235mms"! 0.33mms"!
HCl Level 1 HCI Level 1
----- HCl Level 2 weneses HCI Level 2
----- HCl Level 3 HCl Level 3
P8 Level 1 PB Level 1
'; PB Level 2 - = =PBLevel2
2 —— PB Level 3 ~ ~ PB Level 3
5
® HCI Level 1 HC Level 1
O HCl Level 2 O HCl Level 2
O HCl Level 3 HCI Level 3
P8 Level 1 PB Level 1
e PBlevel2 PB Level 2
® PBlevel3 PB Level 3

0 50 100 150 200 250 30 Y 10 20 30 4 50 ) 85% dissolved
time (min) time (min)

= === 50% dissolved

Figure 4.4. Mean experimental dissolution profiles (xSD) of 5 mg of
ibuprofen particles in 200 ml of pH 6.8 phosphate buffer (filled icons) or
0.1 M HCI (empty icons) with 0.003% w/v Tween 20 containing (a) sucrose
VEA or (b) HPMC VEA at 37°C in the FTA at two average linear fluid
velocities: 0.33 mm s (squares) and 2.35 mm s (circles) (n = 3).
Simulated profiles were generated for 2.35 mm s (solid lines —pH 6.8

phosphate buffer; thick dots —0.1 M HCI) and 0.33 mm s (dashed lines -

pH 6.8 phosphate buffer; thin dots —0.1 M HCI). Level 1: green,

level 2:

red, level 3: blue viscosity levels. Mean observed (xSD) and predicted

dissolution profiles at earlier timepoints (S50 min) are emphasised in

Figures a2 and b2.
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Table 4.3. Experimental (n=3) and simulated t85 and kg ;s (pH 6.8 phosphate buffer) in the FTA using a PSD.

t85 dissolution in the FTA

Variables (min)

Di1s_:(S)lL1’:iDon (Snc])slgutrqulllﬁg I\(/Ir;a]s)s (an r'r?CS'tX) VEA \(/:g;s'g (Ef?‘) Simulated | Experimental | kg5 (Min)
1 3.5 5 2.35 - Level1 | PSD 16.87 12.96+0.91 0.167+0.012
2 3.5 5 2.35 |Sucrose| Level2 | PSD 24.73 19.66+£3.55 | 0.092+0.017
3 3.5 5 2.35 |Sucrose| Level3 | PSD 101.19 34.72+11.08 | 0.059+0.022
4 3.5 5 2.35 HPMC | Level2 | PSD 23.17 11.78+1.67 0.143+0.014
5 3.5 5 2.35 HPMC | Level3 | PSD 51.83 16.80+3.54 | 0.106+0.023
6 3.5 5 0.33 - Level 1 | PSD 31.9 18.53+6.60 | 0.126+0.031
7 3.5 5 0.33 |[Sucrose| Level2 | PSD 44.75 17.161£5.68 0.117+0.036
8 3.5 5 0.33 |[Sucrose| Level 3 | PSD >120 37.88+12.99 | 0.053+0.012
9 3.5 5 0.33 HPMC | Level2 | PSD 43.25 16.98+2.90 | 0.108+0.019
10 3.5 5 0.33 HPMC | Level3 | PSD 99.78 17.27+3.09 | 0.106+0.019

119



Table 4.4. Experimental (n=3) and simulated t50 in pH 6.8 phosphate buffer and 0.1 M HCI in the FTA using a PSD.

Variables t50 dissolution in the FTA
(min)
Dissolu”t;on Test Solumlli_’?; (mg '}Anigi (\r/mc;t% VEA \(/r'ﬁg%sg PS (um) Simulated Experimental
1 35 5 2.35 - Level 1 PSD 2.44 4.41+0.28
2 3.5 5 2.35 Sucrose Level 2 PSD 3.81 7.4941.42
3 35 5 2.35 Sucrose Level 3 PSD 13.13 13.03+4.26
4 35 5 2.35 HPMC Level 2 PSD 3.31 4.58+0.56
5 3.5 5 2.35 HPMC Level 3 PSD 7.53 6.49+1.37
6 3.5 5 0.33 - Level 1 PSD 3.84 6.28+2.01
7 3.5 5 0.33 Sucrose Level 2 PSD 5.84 6.41+2.05
8 3.5 5 0.33 Sucrose Level 3 PSD 21.75 13.8714.23
9 3.5 5 0.33 HPMC Level 2 PSD 5.16 6.39+1.06
10 3.5 5 0.33 HPMC Level 3 PSD 12.29 6.50+£1.10
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11 0.064 2.35 - Level 1 PSD 120.34 139.47+12.27
12 0.064 2.35 Sucrose Level 2 PSD 234.08 237.27+20.66
13 0.064 2.35 HPMC Level 2 PSD 249.01 223.51+40.33
14 0.064 2.35 HPMC Level 3 PSD >300 233.04+24.91
15 0.064 0.33 - Level 1 PSD 196.89 158.04+26.39
16 0.064 0.33 Sucrose Level 2 PSD >300 221.99+15.01
17 0.064 0.33 HPMC Level 2 PSD >300 282.61+65.44
18 0.064 0.33 HPMC Level 3 PSD >300 217.20+28.09
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4.2.5.3.  Factors affecting dissolution in the flow-through apparatus

Pareto charts are presented as outputs of the statistical analysis of the experimental
dissolution data performed in section “2.3.10. Statistical analysis of viscosity, velocity
and solubility effects on dissolution metrics for ibuprofen” (Figure 4.5). The test ID and
significant results originally presented in Table 2.1 are represented in Table 4.5 for

clarity.

The effect of solubility was significant for t50, with the mean t50 reduced by 189 min
when solubility was increased from low (0.1 M HCI) to high (pH 6.8 phosphate buffer)
(Test 1).

The effect of viscosity was significant in both 0.1 M HCI, for t50 (Test 2), and pH 6.8
phosphate buffer, for t85 (Test 3), and kass (Test 4).

The interaction between viscosity and solubility was significant for t50, as increasing
viscosity extended t50 to a larger extent in 0.1 M HCI (by 93 min) than in pH 6.8
phosphate buffer (by 1 min) (Test 1).

Carrying out the statistical analysis within each solubility medium allowed
determination that the VEA used was significant only in pH 6.8 phosphate buffer, for
kass (Test 3) and t85 (Test 4), and not in 0.1 M HCI for t50 (Test 2), meaning that the
effect of increasing viscosity with HPMC or sucrose was statistically similar for t50 in
0.1 M HCI (104 min for HPMC and 80 min for sucrose), but only levels 1 and 2 of
viscosity were available for this analysis. Although the VEA used was not significant
for t50 in 0.1 M HCI, a different effect at early timepoints (€40 min) can be noted with
dissolution in HPMC being faster than in sucrose for level 2 viscosity (Figure 4.4a2-
b2).

The interaction between the VEA used and viscosity significantly affected
experimental t85 (Test 3) but not kass (Test 4) in pH 6.8 phosphate buffer. In fact, when
viscosity was increased from level 1 to level 2, t85 was increased by 3 min and Kuss
was decreased by 0.042 mint in sucrose-containing media, whereas in HPMC-
containing media, t85 decreased by 1 min and ka decreased by 0.021 mint. This
suggests that, for this level of viscosity in pH 6.8 phosphate buffer in the FTA, HPMC
has little impact on dissolution whereas sucrose delays it. When a further increase in
viscosity was studied (level 3), t85 increased by a further 18 min in sucrose-containing

media and 3 min in HPMC-containing media and kds decreased more in sucrose-
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containing media than in HPMC-containing media (0.038 min-*for sucrose and 0.019
min-tfor HPMC), indicating that this level of viscosity slows down dissolution for both

VEAs, albeit to a larger extent for sucrose.

The effect of fluid velocity was not significant in pH 6.8 phosphate buffer, for t85 (Test
3) and Kass (Test 4), nor 0.1 M HCI, for t50 (Test ID 2), although a trend was observed
in 0.1 M HCl in level 2 (sucrose VEA) at early time points (<40 min).

Overall, as expected, solubility significantly affected t50. The effect of increasing
viscosity was more impactful in 0.1 M HCI, as implied by the interaction with solubility.

The VEA used was only significant for pH 6.8 phosphate buffer, both for t85 and Kass.
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Figure 4.5. Pareto charts of the estimated effects (horizontal bars) of solubility,

viscosity, velocity and VEA and their interactions in the FTA on (a) Test ID 1:
t50, in pH 6.8 phosphate buffer and 0.1 M HCI, (b) Test ID 2: t50 in 0.1 M HCI, (c)
Test ID 3: t85 in pH 6.8 phosphate buffer and (d) Test ID 4: Kaiss in pH 6.8
phosphate buffer (n = 3). The effect was deemed significant when it overcame

the critical value for statistical significance (vertical line).
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Table 4.5. Factors, levels, dissolution metric and significant results (p-value <0.05) for each factorial design. High

solubility = pH 6.8 phosphate buffer, low solubility = 0.1 M HCI. * denotes interaction. Sol (solubility), vel (velocity), visc

(viscosity).
Test - Average vel. Viscosity Significant
Solubility VEA Metric

ID (mm s™) (mPa.s) result

Sol
Level 1,

1 High, low 0.33, 2.35 Sucrose, HPMC t50 Visc
Level 2

Sol*Visc

Level 1,

2 Low 0.33, 2.35 Sucrose, HPMC t50 Visc
Level 2

Visc

Level 1, Level
3 High 0.33, 2.35 Sucrose, HPMC t85 VEA
2, Level 3
VEA*Visc
_ Level 1, Level Visc
4 High 0.33, 2.35 Sucrose, HPMC kgiss
2, Level 3 VEA
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4.2.6. Particle motion simulations

The intrinsic dissolution results showed an effect from both VEAs in pH 6.8 phosphate
buffer, whereas HPMC did not show a large influence on the particulate dissolution
rate in pH 6.8 phosphate buffer in the FTA; therefore the difference in the effect of
VEA on dissolution rate observed in the FTA versus the intrinsic dissolution apparatus
must relate to the particles and their wettability and hydrodynamic effects on particle

motion.

Particle motion simulations were run as described in section “2.4.2. Particle motion
simulations in SIMDISSO™” and the results are presented in Figure 4.6 and Figure
4.7. Even though the two largest particle size bins were not lifted in 1200 s (Figure
4.6), they could experience some upward and downward motion at the base of the cell
during the course of a pulse. Increasing viscosity reduced the time it took for particles
from a simulated PSD to start lifting from the bottom and to reach the top of the cell in
both velocities (Figure 4.6). This was further demonstrated by the time that it took for
an individual (MPS) particle to reach the top of the cell (Figure 4.7), which was
reduced as viscosity increased in both velocities, but to a larger extent in the low
velocity environment. These results illustrate that increasing viscosity could impact the
dissolution rate by improving the dispersal of the drug mass and increasing the surface

area exposed to the medium.

In the high fluid velocity environment (Figure 4.7a), the average relative velocity of a
moving particle decreased with viscosity for both VEAs, however it took less than 120
s for the simulated particles to reach the top of the cell in the five scenarios simulated.
Therefore, as these simulations are based on MPS patrticles, any impact on dissolution
from velocities at the bottom of the cell is likely to be relevant for larger particle sizes
only. Due to the effect of density on buoyancy, level 3 sucrose simulated relative
velocity is negative, as the particle is moving upward faster than the fluid. In the low
fluid velocity environment (Figure 4.7b), relative velocity was also reduced as viscosity
was increased for sucrose, but for HPMC, for the time period simulated, a level 3
viscosity was necessary to lift the particles from the bottom, highlighting the

importance of fluid density and buoyancy on particle behaviour.
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Figure 4.6. 1200 s simulations of fluid velocity, particle velocity and particle
location (dashed black lines) for a PSD in a flow-through cell. (a) Low velocity-
level 1 viscosity (b) Low velocity-level 3 viscosity (5.5 mPa.s) (c) High velocity-

level 1 viscosity (d) High velocity-level 3 viscosity (5.5 mPa.s). Numbers
indicate the time when particles from a specific bin reached the top of the cell.
The pulses appear as thick blue and black bands at the bottom due to the time

being simulated and are not distinguishable as individual pulses.
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4.2.7. Dissolution in the paddle apparatus

Dissolution tests were carried out as described in section “2.3.8.2. Dissolution tests in
the paddle apparatus”. Only one VEA could be used, HPMC, as with sucrose, the
HPMC capsules containing the ibuprofen did not rupture within an hour.

In pH 6.8 phosphate buffer (Figure 4.8), the large error bars can be explained due to
variability in capsule rupture times, as even though the time for the first capsule to
rupture was set as time zero, not all capsules ruptured and released the ibuprofen at
the same time, and additionally the exit and dispersal from the capsule of the powder
occurred at variable times. As shown in Figure 4.8 (right), this variability was larger at
50 rpm, pointing to more variability in capsule rupture patterns in low velocity

environments.

All the average percentages dissolved at each timepoint were higher at 100 rpm than
50 rpm. Dissolution tests in level 2 viscosity showed a higher percentage dissolved at
each timepoint than in level 1 medium. Although this might be influenced by the large
variability, it supports the theory of HPMC increasing wettability of ibuprofen (and
potentially a marginal effect on solubility at higher HPMC concentrations).

In 0.1 M HCI (Figure 4.9), all average percentages dissolved per timepoint at 100 rpm
were larger than those at 50 rpm, after the two first timepoints, where variability can
be due to different capsule breaking times. At 100 rpm, it is difficult to observe an effect
from HPMC, as all profiles are very similar and almost superimposable after the first
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two timepoints. At 50 rpm, increasing the concentration of HPMC decreased the
dissolution rate, in particular for level 3.
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Figure 4.8. Mean experimental dissolution profiles (xSD) of 50 mg of ibuprofen
particles in 500 ml of pH 6.8 phosphate buffer or with 0.003% w/v Tween 20 at
37°C containing HPMC in the paddle apparatus at two rotational speeds: 50
rpm (squares) and 100 rpm (circles), with three replicates averaged (left) and
individual datapoints (right) for each level of viscosity, Level 1: green, level 2:
red, level 3: blue (n = 3).
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Figure 4.9. Mean experimental dissolution profiles (£SD) of 3 mg of ibuprofen

in 500 ml of 0.1 M HCI with 0.003% w/v Tween 20 at 37°C containing HPMC in

the paddle apparatus at two rotational speeds: 50 rpm (squares) and 100 rpm

(circles), for each level of viscosity, Level 1: green, level 2: red, level 3: blue (n
= 3).

4.2.7.1.  Factors affecting dissolution in the paddle apparatus

Pareto charts are presented as outputs of the statistical analysis of the experimental
dissolution data performed in section “2.3.10. Statistical analysis of viscosity, velocity
and solubility effects on dissolution metrics for ibuprofen” (Figure 4.10). The test ID
and significant results originally presented in Table 2.1 are represented in Table 4.6
for clarity.

As expected, the effect of solubility was significant for t50, with the mean time to 50%
dissolved reduced by 83 min when solubility was increased from low (0.1 M HCI) to
high (pH 6.8 phosphate buffer) (Test 5).

The effect of velocity was significant for t50 for both higher and lower solubility media,
pH 6.8 phosphate buffer and 0.1 M HCI, respectively (Test 5), and also for t85 (Test
7) and kuss(Test 8) in pH 6.8 phosphate buffer. Increasing agitation speed from 50 rpm
to 100 rpm reduced the mean t85 from 21 to 8 min and increased kassfrom 0.105 min-
1t0 0.312 min.
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The interaction between solubility and agitation speed was significant for t50, as
increasing the agitation speed reduced t50 to a larger extent in 0.1 M HCI (by 71 min)
than in pH 6.8 phosphate buffer (by 5 min) (Test 5), as was expected due to the slower
dissolution of ibuprofen in 0.1 M HCI.

Viscosity was significant for t50 in both media (Test 5). The interaction between
solubility and viscosity was significant for t50 in both media, as increasing viscosity
from level 1 to level 3 increased t50 to a larger extent in 0.1 M HCI (by 57 min) than in
pH 6.8 phosphate buffer, where increasing viscosity from level 1 to level 3 decreased
t50 (by only 1 min) (Test 5), which was in agreement with the low solubility of ibuprofen
in 0.1 M HCI.

Finally, the interaction between agitation speed and viscosity was significant for t50 in
both media, meaning that the effect of viscosity was larger in the low agitation

environment (Test 5).

While viscosity significantly affected t50 in both solubilities, carrying out separate
analysis for each medium showed that viscosity did not affect t85 (Test 7) nor kass(Test
8) in pH 6.8 phosphate buffer. The same occurred for the interaction between agitation
speed and viscosity, which was significant for t50 in both media, but it was not
significant for t85 nor kassin pH 6.8 phosphate buffer. This suggests that as dissolution
is almost complete at t85 in pH 6.8 phosphate buffer, it is more difficult to detect the

influence of any effect using this metric.

Overall, the effect of solubility was significant for t50, and the effects of velocity and
viscosity were larger in 0.1 M HCI than pH 6.8 phosphate buffer, as evidenced by their

interaction with solubility.
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Solubility
Velocity
Velocity
Solubility*Velocity
Viscosity

Solubility*Viscosity

Viscosity
Velocity*Viscosity

Velocity*Viscosity
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Standardized Effects Standardized Effects
c d
Velocity Velocity
Viscosity Velocity*Viscosity
Velocity*Viscosity Viscosity
0 0.5 1 15 2 2.5 3 35 4 0 0.5 1 1.5 2 25 3 35 4
Standardized Effects Standardized Effects

Figure 4.10. Pareto charts of the estimated effects (horizontal bars) of
solubility, viscosity and velocity and their interactions in the paddle apparatus
on (a) test ID 5: t50 in pH 6.8 phosphate buffer and 0.1 M HCI, (b) test ID 6: t50
in 0.1 M HCI, (c) test ID 7: t85 in pH 6.8 phosphate buffer and (d) test ID 8: Kasin

pH 6.8 phosphate buffer (n = 3). The effect was deemed significant when it

overcame the critical value for statistical significance (vertical line).
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Table 4.6. Factors, levels, dissolution metric and significant results (p-value <0.05) for each factorial design. High

solubility = pH 6.8 phosphate buffer, low solubility = 0.1 M HCI. * denotes interaction. Sol (solubility), vel (velocity), visc

(viscosity).

Rotation speed

Test ID Solubility (rom) Viscosity (mPa.s) VEA Metric Significant result
rpm
Sol
Vel
Level 1, Level 2, Sol*Vel
5 High, low 50, 100 HPMC t50
Level 3 Sol*Visc
Visc
Vel*Visc
Vel
Level 1, Level 2,
6 Low 50, 100 HPMC t50 Visc
Level 3
Vel*Visc
Level 1, Level 2,
7 High 50, 100 HPMC t85 Vel
Level 3
Level 1, Level 2,
8 High 50, 100 HPMC kgiss Vel

Level 3
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4.3. Discussion

Results showed how different VEAs influenced the dissolution rate differently.
Therefore, not only is the viscosity value important but also the nature of the agent
causing that viscosity increase. The different effect of two VEAs for the same value of
viscosity has been described previously. Sarisuta and Parrott reported different effects
in the dissolution rate of benzoic acid in aqueous solutions containing xanthan gum or

non-ionic polymers (methyl cellulose and hydroxypropy! cellulose) [300].

Regardless of its concentration, the presence of sucrose in the FTA decreased the
dissolution rate in both media, in particular at early time points. The reduction in
dissolution rate by sucrose is thought to be due to the establishment of molecular
interactions (hydrogen bonds) between sucrose and water, reducing drug diffusion
[301-304] and the reduced relative velocity between particle and fluid, although this
would only happen if particles are suspended and not sedimented or retained at the
top of the cell. In this regard, PSD patrticle motion simulations supported the theory of
viscosity positively affecting particle suspension, even without any fluid density
increase, that is, when HPMC was selected as the VEA and not sucrose. Moreover,
in the case of sucrose, the increase in viscosity was correlated to an increase in fluid
density. This has an impact on the forces acting on the particle, which determine its
velocity. Drag coefficient, buoyancy and fluid acceleration are proportional to fluid
density. When fluid density is higher than particle density, which is the case with level
3 viscosity using sucrose as the VEA, buoyancy becomes positive and drag force and
fluid acceleration also increase which ultimately results in an increase in upward
particle velocity. As fluid velocity is unaltered, an increase in upward particle velocity
will decrease the relative velocity for upward motion that the particle is exposed to and
reduce the dissolution rate further, up to a point where buoyancy makes the particle
faster than the fluid. The present results could serve as a basis for a further study into
density effects separately from viscosity, where particle motion simulations provide a
useful insight into predicted particle behaviour, especially when considering behaviour

over a PSD.

The effect of HPMC on the particulate dissolution rate of ibuprofen was not as clear
nor negative as that of sucrose. It has been shown before that for the same
concentration of HPMC (0.3% w/v), and viscosity grade (80-120 cP 2% in H-O at 20°C)
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the amount of drug dissolved - carbamazepine and paracetamol - was higher than that
in the same media with no HPMC [305]. This could be due to the reported
amphiphilicity and wetting capacity of HPMC which can increase the surface area
available for dissolution and hence the dissolution rate [306-308] and/or particle
dispersal. The dissolution rate of ethyl p-aminobenzoate has been shown to remain
the same in the presence of hydroxypropyl cellulose due to the negligible effect of the
polymer on drug diffusivity albeit in a different hydrodynamic system than that
presented in this work (constant flow cell versus pulsating flow cell or stirred vessel)
and different drug forms (pellet versus particulate) [304]. Moreover, it has been
reported that a relative viscosity value of 1.6 of a polymer-containing solution was not
likely to affect the dissolution rate of p-aminoethyl benzoate in a laminar flow cell
dissolution set-up and that a minimum relative viscosity value of 4.0 is necessary in
order to see a reduction in dissolution rate [309]. However, the current work showed
a negative effect of HPMC on the IDR (in high solubility media) and on the particulate
dissolution rate in low solubility media, in both the FTA and paddle apparatus. A
negative effect of HPMC on the dissolution rate has been reported in the literature
[164] but the concentration of HPMC used was much higher than in this work,
achieving viscosities in the range of 200-600 mPa.s, more representative of the fed
state. Therefore, it is difficult to predict the complex effect of viscosity on dissolution

when a polymeric VEA is used.

Statistical analysis of dissolution results in the FTA and paddle apparatus showed that
viscosity had a larger influence on t50 in low than in high solubility media, in both
apparatuses, and additionally velocity had an influence on t50 in the paddle apparatus.
This emphasises the importance of a thorough understanding and control of the effect

of these two parameters when formulating and testing poorly soluble drugs.

Intrinsic dissolution results indicated a negative effect of viscosity on the dissolution
rate eliminating the potential impact of surface area and particle motion effects, for
both VEAS, which is in agreement with literature reports in which the decrease in IDR
of low solubility drugs - griseofulvin and cinnarizine - for a viscosity range of 1.7-12
mPa.s achieved with 0.2-0.6% w/v HPMC has been described [310]. Determining the
intrinsic dissolution results also enabled an assessment of the impact of using a

particulate system versus a planar surface on the dissolution behaviour, and the
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consequent interplay between particulate behaviour and viscosity of the medium and
its effect on dissolution rate.

The applicability of SIMDISSO™ in mechanistically simulating in vitro dissolution has
been investigated and presented before [1], including in enhanced-viscosity
simulations [2]. However, this was the first time that simulated outputs in increased-
viscosity media were contrasted with comprehensive experimental dissolution data,
enabling investigation into the interrelationship between viscosity, velocity, density,
solubility and the VEA used. Simulations in sucrose in the FTA predicted that this
increase in viscosity and fluid density would lead to a reduction in the dissolution rate
in both flow rates and media, which was observed experimentally. Predictions were
more accurate at early time points (15 min) in pH 6.8 phosphate buffer at level 1 and
level 2-3 (sucrose VEA) and at later timepoints in 0.1 M HCI due to dissolution being
slower than in pH 6.8 phosphate buffer, representing a broadly accurate simulation of
t50 in all media in the high velocity environment (Figure 4.4, Table 4.4). Of note, the
simulations predicted an effect from velocity which was not observed in the FTA. The
transfer of momentum in a flow field is increased as viscosity increases, leading to
reduced differences between regions of high and low velocity in the flow field.
Therefore, the relevant experimental velocities experienced by the dissolving particles
may have been impacted less by the set flow rate than those simulated. In HPMC, the
simulated effect was larger than the experimental effect of viscosity on dissolution rate.
This points to another factor influencing dissolution in HPMC. Factors not accounted
for in the simulation include a potential effect of wettability, a more complex
hydrodynamic environment than that simulated, and the potential impact of polymer
VEAs on diffusion. Since the dissolution in the high solubility pH 6.8 phosphate buffer
environment generally resulted in rapid dissolution (>85% in 30 min), the utility of
simulating these rapid dissolution profiles should be considered. However, there is
potential value in developing accurate simulations to predict the magnitude of the
impact of changes in viscosity and velocity, in particular for those profiles which are at

or near the boundary of the acceptable dissolution design space.

Apart from simulating the dissolution profile, the particle motion simulations gave
valuable insight into the effect of viscosity on particle dispersal and relative velocity. A
spatial limitation for particle motion was newly incorporated into the code and utilized
to simulate particle location with time in different viscosity media. The application of
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particle motion simulations could be expanded to facilitate selection of dissolution

conditions.

In the paddle apparatus, simulations were not performed due to a lack of data around
viscosity-induced hydrodynamic changes and the expectation that increasingly
viscous media would enhance the complexity of the velocity patterns in the vessel.
Combined effects from viscosity on particle dispersal and viscosity-induced transitions
to laminar from turbulent flow patterns have been observed in viscous media [34].
Hydrodynamic complexity relating to viscosity has also been shown in the USP 2 mini
vessel dissolution apparatus, using planar induced fluorescence for a viscosity range
of 13.3-575.6 mPa.s [33].

Some of the limitations of the current work include the assumption of individually
dissolving non-interacting spherical particles in the simulation code. Although this
means that the effects of particle dispersal on exposed surface area are not simulated,
the individual particle motion simulations suggested differences in dispersal behaviour
in terms of time for the patrticle to be lifted from the base as viscosity is increased. The
particle displacement stiffness factor was arbitrary and selected to represent a force
at the top of the cell while maintaining numerical stability, but it could be further refined.
The assumption of sphericity might deviate from the experimental situation, but
experimentally determined surface area for the ibuprofen batch used in this work was
comparable to the calculated surface area from a PSD as used in the simulations, as
described in section “3.2.3.1. Cell volume versus near-particle volume (NPV)” in
Chapter 3. In cases of a distinct difference in surface area, other approaches to
dissolution simulation can be considered such as the simulation of irregularly shaped
drug particles [224, 225]. A further assumption is that of Newtonian fluid behaviour
and thus a constant viscosity in the simulated environment. Whereas HPMC solutions
are known to exhibit pseudoplastic flow with shear- and concentration-dependent
changes in viscosity, the assumption of Newtonian flow is considered reasonable
given the low concentrations of the HPMC grade used in the current work and the low
overall fluid velocities in the FTA. However, in higher agitation environments deviations
from Newtonian behaviour can be expected and a simulation tool may need to include
a variable viscosity parameter. A potential limitation of the study is that the particle
retention size of the membrane filters on the FTA of 2.7 ym could have allowed the

passage of small particles to the reservoir, however this was unlikely due to the median
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size of the particles being 160 uym, which suggest most of the dissolution will have
occurred before particles of less than 2.7 ym diameter can pass through the filter.
Finally, the assumption made in the code for the small cell (high velocity) where the
cell diameter is constant along the whole cell — which is not the case experimentally -
lead to velocities being overestimated at the top of the cell, but the accuracy of the t50
predictions and t85 in level 1-2 viscosity (sucrose) supports the acceptability of the

approximation.

More testing in viscous media could be considered in the in vitro stage during drug
development and formulation, for example when considering biowaivers [164, 311] as
the effect of viscosity is not negligible, especially, but not exclusively, when drugs are
taken with food, but also when working towards biopredictive dissolution testing, as
there could be a role for small increases in viscosity. Even in the fasted state, the
viscosity is higher than that of water or SIF, with recent work by Pedersen et al.
demonstrating that the increased viscosity of HGF resulted in a reduced IDR of
cinnarizine compared to FaSSGF [159]. There could also be unintended small
viscosity increases from medium composition which should not be dismissed as
irrelevant. Even though increasing the viscosity of Level 1 biorelevant media as
presented by Markopoulos et al. [82] can help capture one of the factors influencing in
vivo dissolution rates, other factors such as the presence of bile salts might override
the effect of viscosity in vivo, at the viscosity level presented in this work, depending

on the API characteristics.

A further understanding of viscosity can serve as an input to the development of new
generation biorelevant media, where it has been suggested to consider viscosity at

the highest/most complex media levels [82, 241, 312].
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4.4. Conclusions

Moderate (5.5 mPa.s) increases in viscosity over that of water at 37°C were observed
to affect the experimental and simulated dissolution rate of ibuprofen particles, in
particular in low solubility environments, in both apparatuses. In the FTA, solubility and
viscosity significantly affected the dissolution rate. The effect of each VEA on the
dissolution rate was different due to their different chemical structures and effects on
density and solubility, however, this difference in the effect of the VEA on dissolution
was determined to only be statistically significant in pH 6.8 phosphate buffer and not
in 0.1 M HCI. Particle motion simulations indicated reduced time to particle suspension
with increasing viscosity, suggesting that when viscosity is increased a higher surface
area is exposed to the dissolution medium, supporting a larger effect of enhanced
viscosity on the intrinsic dissolution from a static disc than on the dissolution from a
particulate system. In the paddle apparatus, the effect of solubility and agitation speed
were more significant for the dissolution rate than that of viscosity, except for the low
solubility-low velocity scenario, where viscosity did have an effect on t50.

Overall, this work demonstrated the value of simulation in probing the mechanistic
procedures to identify sources of variation. In the FTA, PSD simulations reasonably
predicted the effect of increasing viscosity in dissolution for sucrose, in particular the
time to 50% dissolution in the high velocity environment. However, they predicted a
larger effect from HPMC than that observed experimentally. This suggests an
additional factor contributing to dissolution and countering the effect of viscosity
induced by HPMC, highlighting the role of simulation in interrogating the interplay

between complex processes.
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Chapter 5. Assessing the effect of small increases in
medium viscosity on the in vitro dissolution and in vivo
pharmacokinetics of immediate release tablets of a
weakly acidic drug through PBPK modelling

5.1. Introduction

In the work by Cristofoletti et al. [290] the PK profile after the oral administration of 400
mg of ibuprofen was simulated by modelling the in vitro dissolution of ibuprofen free
acid particles in the paddle apparatus with the diffusion layer model (DLM). An
effective PSD was extracted from the dissolution data and input into an absorption
model in SimCyp™ PBPK Simulator &,

The paddle apparatus was used by Cristofoletti et al. [290] to generate dissolution
profiles for IR tablets. The current work interrogated the ability of the FTA to generate
dissolution profiles which occur within a biorelevant timeframe as the different
hydrodynamics that a tablet is exposed to in each apparatus can influence its
dissolution rate [16]. Two cell sizes were used to investigate the interplay between

fluid velocity and fluid viscosity on the in vitro dissolution of ibuprofen IR tablets.

Fluid viscosity had been investigated in Chapter 4 in relation to ibuprofen API
dissolution in high and low solubility media in the FTA and paddle apparatus. In order
to more closely represent the in vivo situation, where a drug product is administered,
the effects of the same increases in medium viscosity (up to 5.5 mPa.s) with the same
VEAs (sucrose or HPMC) were investigated with ibuprofen IR tablets in pH 6.8
phosphate buffer in the FTA.

The aim of this chapter was to examine the impact of small yet biorelevant increases
of medium viscosity relevant to the fasted state on the dissolution rate of a weakly
acidic drug — ibuprofen - administered as an IR tablet and the consequent relevance

of viscosity to the biopredictive ability of the in vitro dissolution profiles when coupled

8 SimCyp™ PBPK Simulator information at https://www.certara.com/software/simcyp-pbpk/
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with GastroPlus®. Three viscosity values, two VEAs and two fluid velocity profiles were
used to generate in vitro dissolution data in the FTA.

5.2. Results

5.2.1. In vitro dissolution tests

Experimental dissolution profiles are shown in Figure 5.1. The dissolution of ibuprofen
in pH 6.8 phosphate buffer (PB) in high velocity conditions was rapid (85% dissolved
in <30 min). Decreasing fluid velocity by increasing cell size resulted in a decrease in
the dissolution rate in PB (85% dissolved in 70 min). Both VEAS resulted in a reduction
in the dissolution rate, but this was observed to a larger extent when pH 6.8 phosphate
buffer with 59% wi/v sucrose (PB-S) media was used, despite similar viscosity values
of the two VEA-containing media. Increasing viscosity increased the %CV around the
percentage dissolved for both VEAs and delayed the time to maximum %CV, possibly

due to a delay in tablet disintegration (5.1).

Tablet behaviour inside the test cell varied based on the medium used. In PB, the
tablets remained on top of the glass beads until complete disintegration in both
velocities (Figure 5.2a and Figure 5.2b). In pH 6.8 phosphate buffer with 1.05% wi/v
HPMC (PB-H) media, the tablet surface remained in contact with the glass beads in
low velocity conditions whereas the tablets were slightly lifted in high velocity
conditions (Figure 5.2c and Figure 5.2d). Moreover, the large variability observed in
the percentage dissolved at the 45 min timepoint in high velocity conditions (60% CV)
could be explained by the fact that the tablets were at different stages of disintegration
in each cell which results in different amounts of the drug being exposed to the

dissolution medium (Figure 5.2e).

In PB-S the tablets were more buoyant especially in the high velocity scenario (Figure
5.29). Some tablets rotated from a horizontal to a vertical position (Figure 5.2h). This
could be due to the fluid density of PB-S being higher than that of PB or PB-H (1.2 g
cm3 versus 1.0 g cm), as reported in Chapter 4. Eventually, due to a reduction in the
tablet mass, the tablet was mobilized from the bottom to the top of the cell, where it
became attached to the filter (Figure 5.2i). This could have prevented the complete

release of ibuprofen and could explain the incomplete dissolution after 7 hours.
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Figure 5.1. Mean experimental dissolution profiles (xSD) of 200 mg ibuprofen
tablets in 500 ml of PB (black), PB-H (blue), or PB-S (red) at 37°C in the FTA at
two average linear fluid velocities: 2.35 mm s, high velocity (squares) and
0.66 mm s, low velocity (circles). All media contained 0.003% w/v Tween 20
(n=3).
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Figure 5.2. Tablets dissolving in the FTA in (a) PB low velocity, (b) PB high
velocity, (c) PB-H low velocity, (d) PB-H high velocity, (e) variability in tablet
disintegration in PB-H high velocity, (f) PB-S low velocity, (g, h) PB-S high
velocity, (i) tablet at the top of the cell in PB-S.
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Table 5.1. Minimum (min) and maximum (max) %CV calculated for each

triplicate timepoint in two fluid velocities and three media viscosities.

Media velocity vil\s/lsgsi?[y Min %CV Max %CV 'I;i/:gevtc()mrrilr?)x
Low PB 0.77 38.51 20
Low PB-H 4.05 68.81 45
Low PB-S 13.04 29.86 150
High PB 2.99 10.89 10
High PB-H 2.10 59.85 45
High PB-S 9.41 26.78 90

5.2.2. In vitro dissolution data modelling

The Z-factor fittings to the observed dissolution profiles and lag-time corrected profiles

are shown in Figure 5.3 and Figure 5.4, respectively. When fitted directly to the

dissolution profiles, the Z-factor only generated a relatively accurate fit when there was

a quick onset of dissolution (PB high velocity, Figure 5.3a). When adjusted for lag

time, the fit in PB-S improved, but the fittings were still generally not very accurate.

Based on the poor fittings, the Z-factor option was not used to simulate the PK profiles.

Both the tabulated dissolution data and the Weibull fits to each dissolution profile

(Figure 5.5) were used to predict the plasma concentration versus time profiles of

ibuprofen IR tablets in GastroPlus®.
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Figure 5.3. Z-factor fittings to mean in vitro dissolution profiles (xSD) (n = 3) in
GastroPlus®in a high fluid velocity scenario (a-c) and a low fluid velocity
scenario (d-f). The in vitro dissolution profiles were obtained in PB (black), PB-
H (blue) and PB-S (red).
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Figure 5.4. Z-factor fittings to mean in vitro dissolution profiles (xSD) (n = 3) in
GastroPlus® after correcting for lag time in a high fluid velocity scenario (a-c)
and a low fluid velocity scenario (d-f). The in vitro dissolution profiles were

obtained in PB (black), PB-H (blue) and PB-S (red).
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Figure 5.5. Weibull function fitting to mean in vitro dissolution profiles (zSD) (n
= 3) in GastroPlus®in a high fluid velocity scenario (a-c) and a low fluid
velocity scenario (d-f). The in vitro dissolution profiles were obtained in PB
(black), PB-H (blue) and PB-S (red).

5.2.3. Pharmacokinetic model development and verification

5.2.3.1. Intravenous model development and verification

The plasma concentration versus time profile after the intravenous administration of
800 mg ibuprofen over 5 to 7 min extracted from the in vivo studies by Pavliv et al.
[287] was fitted to one-, two- and three-compartment models in PKPlus. Both two- and
three-compartment models with a 1/y weighting function provided good fits of the
model to the data (Figure 5.6a), with residuals of a small magnitude (Figure 5.6b).
The calculated disposition parameters for each model are presented in Table 5.2.

Statistical values of R?, SC, AIC, AFE and AAFE were acceptable for two- and three-
compartment models (Table 5.3). The predictions of Cmax and T12 were in agreement
with the data reported by Pavliv et al. [287] (Table 5.4). Based on the similarity
between two- and three- compartment results and the uncertainty (%CV) in the K13
and K31 estimates with the three-compartment model (Table 5.2), the two-
compartment model was selected, and the estimated disposition parameters obtained
from the fit were used for the subsequent extravascular PK simulations (Table 5.2).
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Figure 5.6. Fitted one-, two- and three-compartment models (a) and their

residuals (b) to the observed data extracted from the in vivo studies by Pavliv
et al. [287].

Table 5.2. Disposition parameters estimated from Pavliv et al. [287] with one-,

two- and three-compartment models.

Input One-comp | %CV gc\)Nn?p %CV Three-comp %CV
Cl/kg
(I /h'll)/ kg 0.051 22.96 0.053 11.75 0.052 6.9
(\llfk”g‘_gl) 011 | 2355 | 0079 | 1034 | 0074 4.33
T % (h) 1.50 32.89 1.83 0.0 2.551 0.0
K10 (h) 0.461 32.89 0.661 15.65 0.704 8.15
K12 (h) - - 1.456 12.39 2.514 4.64
K21 (h?) - - 2.336 39.77 4.489 27.72
K13 (h) - - - - 0.110 99.46
K31 (h) - - - - 0.382 109.57
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Table 5.3. Statistical parameters R?, SC and AIC calculated in PKPIlus for each
model. AFE and AAFE for each model calculated in Microsoft Excel.

R? SC AIC AFE AAFE
One-compartment 0.934 7.78 6.24 0.89 1.28
Two-compartment 0.998 -33.37 -36.45 0.97 1.07
Three-compartment | 0.999 -54.98 -59.62 1.00 1.03

Table 5.4. Predicted Cmax and T12 by each model in PKPlus. FE values, which

should be close to 1 for an accurate prediction, are presented in brackets for

each value.
Cmax (ug mlt) T2 (h)
One-compartment 91.2 (0.76) 1.50 (0.75)
Two-compartment 117.6 (0.98) 1.82 (0.91)
Three-compartment 120.0 (1.00) 2.55(1.28)
Observed data in Pavliv et al. [287] 120+13 2.0£0.5

5.2.3.2. Oral model development and verification

The simulated plasma concentration versus time profiles for each in vitro dissolution
medium are presented in Figure 5.7. The FE between the predicted and observed PK
parameters was used to analyse the accuracy of the simulations and is presented in
Figure 5.8. Due to the similarity of the simulated plasma concentration versus time
profiles obtained with both dissolution data input methods (tabulated data versus
Weibull function), the statistical metrics presented in Figure 5.8 relate to the profiles
obtained with the tabulated data only.

The dissolution profile obtained in PB in high velocity conditions predicted a quick
onset of absorption in line with the observed early timepoints from both clinical trials
(<1 h) (Figure 5.7a). The accurate prediction of the observed early timepoints with PB
in high velocity conditions was accompanied by a prediction of Tmax Which was lower

than the observed Tmax and resulted in a FE for Tmax below 1 (Figure 5.8b). However,
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the predicted Cmax values were in line with the observed mean Cmax values, as
demonstrated by a FE of 1.08 for data set A — extracted from the clinical study by Legg
et al. [288] — and 1.11 for data set B — extracted from the clinical study by Dewland et
al. [289] — (Figure 5.8a).

When fluid velocity was reduced in the FTA in PB medium, an underprediction of the
early timepoints was observed, but Tmax was closer to the observed values (Figure
5.7a). This was reflected in a Tmax FE which was closer to 1 (Figure 5.8b). The
accurate prediction of Cmax in high velocity conditions was also observed in low velocity

conditions as the Cmax FE was also close to 1 (Figure 5.8a).

The plasma concentration versus time predictions were similar for both velocities when
inputting the dissolution profiles obtained in PB-H (Figure 5.7b) due to the similarities
in the in vitro dissolution profiles (Figure 5.1). The Cmax and Tmax FE in PB-H for both
velocities were close to 1, suggesting accurate predictions of these metrics when
HPMC was used as a VEA in both fluid velocity scenarios (Figure 5.8a and Figure
5.8b).

When in vitro medium viscosity was increased with sucrose, there was a larger
underprediction of the early timepoints and a delayed Tmax in both velocity scenarios
(Figure 5.7c). In fact, the predicted Tmax values were above 3 hours and outside the
observed range of Tmax values in the in vivo data set B [289] (0.57 h — 3.00 h). The
simulated Cmax values were lower than the observed mean Cmax in both velocities, but
they were within the range of observed values in data set B [289], which presented
large variability (15.37 ug mlt — 45.71 ug mlt). These deviations in predicted Cmax and
Tmax from the observed values corresponded to FEs which were furthest from 1 out of

the three media studied (Figure 5.8a and Figure 5.8b).

The range of predicted AUCo-tand AUCo-~ was 89.9-104.7 ug h mIt and 90.6-105.0
ug h ml, respectively, with the lowest values corresponding to PB-S medium in a low
velocity scenario. All values were lower than observed mean values in the in vivo data
set A[288] (AUCot=142.6 ug h mlIt and AUCo-» = 144.3 ug h ml't) and B [289] (AUCo-
t=121.8 ug h mI't and AUCo-» = 125.1 pug h mlt).

The input dissolution profiles in each of the six in vitro conditions resulted in a narrow
range of predicted AUCo-tand AUCo-- values, which was reflected in the small range
for the calculated FE (0.69-0.86). In all cases, the FE for AUCo.t and AUCo-~ was
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slightly below 1 (Figure 5.8c and Figure 5.8d). The FE for AUCo-t and AUCo-~ was
closer to 1 for the data set B due to the in vivo AUCo-tand AUCo-- values being smaller

than in data set A and closer to the predicted values.

Nevertheless, all the predicted AUCo+and AUCo-- values were within the observed
range in data set B [289] (AUCo-+= 88.73-168.85 ug h ml** and AUCo-~ = 89.11-178.03

ug h mid).
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Figure 5.7. GastroPlus® predicted plasma concentration versus time profile
inputting mean in vitro dissolution profiles (n = 3) obtained in three different
media (a) PB, (b) PB-H, (c) PB-S, two fluid velocities (high velocity, 2.35 mm s
— dashed lines; low velocity, 0.66 mm s — continuous lines) and two data
input methods (CRU Tabulated (blue) and CRU Weibull (orange)), compared to
literature data from data set A [288] (black squares) and data set B [289] (red
squares).
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5.2.3.3. Pharmacokinetic parameters versus Reynolds number
The calculated Reynolds number for each dissolution experiment is presented in
Table 5.5. As expected, lower Reynolds numbers were obtained for media containing

VEASs, due to their higher viscosity, and in the low velocity conditions.

A correlation was observed between lower Reynolds numbers and lower predicted
Cmax values as well as lower Reynolds numbers and higher predicted Tmax values
(Figure 5.9), however the range of Cmax values was small in Figure 5.9a. The
observed relations between the Reynolds number and the PK parameters were
different for each VEA with a higher impact of the Reynolds number on the PK
parameters in PB-S than PB-H.

Some limitations are encountered when considering the relationship between the

Reynolds number and the PK parameters. The relative motion of the tablet or
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fragments is not considered in the Reynolds calculation, and tablet motion was
observed in the dissolution tests, mainly in the higher density medium (PB-S) and in
higher velocity situations (Figure 5.2). The density of the PB-S medium was higher
than that of the PB and PB-H media and, although fluid density is considered when
calculating the Reynolds number, the impact of buoyancy on the relative velocity would
need to be explicitly calculated. Finally, any potential impacts of VEAs on wetting and
tablet disintegration are not taken into account in the Reynolds number calculation.

This could be relevant for HPMC due to its amphiphilic nature.

Despite the limitations, there is value in investigating the impact of different Reynolds
numbers in the predicted PK parameters, which was different depending on the VEA

used.

Table 5.5. Calculated Reynolds numbers for each dissolution test in different
conditions of velocity (low velocity (0.66 mm s1); and high velocity (2.35 mm s-
1)) and viscosity (PB (0.7 mPa.s), PB-H (5.5 mPa.s) and PB-S (4.5 mPa.s)).

Media velocity | Media viscosity Re x 10°
Low PB 10.36
Low PB-H 1.62
Low PB-S 1.60
High PB 36.89
High PB-H 5.77
High PB-S 5.72
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Figure 5.9. Cmax (&, ¢) and Tmax (b, d) versus Reynolds number in PB and PB-H
(a, b) and PB and PB-S (c, d) in low (0.66 mm s) and high (2.35 mm s™)
velocity conditions. Insets in (a) and (b) with a reduced Y axis are presented

for ease of interpretation.

5.2.3.4. Virtual bioequivalence studies (VBE)

VBE studies were carried out to confirm the predictive ability of the simulations when
the in vitro dissolution rates were input and to investigate the extent of underprediction
of the early timepoints when simulated variability was taken into account. The resulting

profiles for each in vitro medium are presented in Figure 5.10.

The ability of the PK simulations to accurately predict the ibuprofen concentrations at
early timepoints when using the in vitro dissolution profiles generated in PB medium
in high velocity conditions was reiterated in the VBE simulations (Figure 5.10a). As
observed in the single simulations (Figure 5.7), absorption was delayed as medium
viscosity was increased, to a larger extent in PB-S, which resulted in later predicted

Tmax Values.
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The observed data around Tmax (1.5-2.5 h) and at later timepoints (>6 h) fell within the
predicted 90% CI in PB in a low velocity scenario and PB-H in both velocity scenarios

but not in PB in high velocity conditions, nor in PB-S media.

Cmax was found to be equivalent to the observed data from both clinical trials in
GastroPlus® in PB and PB-H in both velocities, but it was not equivalent in PB-S.
Therefore, the different effects of each VEA on the in vitro dissolution rate of ibuprofen
were also reflected in different impacts on the plasma concentration versus time
profiles when simulated variability was considered. The observed data points for the
in vivo data set B [289] were better captured by the simulations due to the two high
concentrations in the in vivo data set A [288] at 3 h and 4 h that were consistently
outside the 90% CI in all simulations, but, even though variability around the PK
parameters could be extracted from one of the clinical trials, the variability around each
clinically measured datapoint was not available.
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Figure 5.10. Mean plasma concentration (continuous grey line) and 90% CI
(dashed grey line) versus time simulated in GastroPlus®. The mean in vitro
dissolution profiles input were those obtained in PB (a, d), PB-H, (b, e) and PB-
S (c, f) and two fluid velocity conditions (high velocity, 2.35 mm st — upper;
low velocity, 0.66 mm st —lower) (n = 3). Mean Cmax values are coloured green
if meeting bioequivalent criteria and red if not meeting bioequivalent criteria.
Literature plasma concentration versus time data from the in vivo data sets A

[288] and B [289] are included for comparison.

5.2.3.5. Parameter sensitivity analysis (PSA)
PSA was performed to understand how the critical variables Weibull shape factor,

diffusion coefficient and particle size affected the predictions of Cmax, Tmax and AUC

differently for each medium viscosity.

Weibull shape factor changes did not affect Tmax nor Cmax in PB and PB-H but they did
in PB-S (Figure 5.11a and Figure 5.11b). The shape factor for sucrose for the single
simulations was around 3 for both velocities, indicating sigmoidal curves of the
dissolution profiles. A shape factor above 3 resulting from a faster in vitro dissolution
in PB-S medium, would have resulted in a lower predicted Tmax and a higher predicted
Cmax in PB-S, reaching similar values to those obtained in PB and PB-H. This suggests
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that a dissolution test where faster dissolution in PB-S is achieved could be considered
a more biorelevant dissolution test, as it would result in predicted plasma concentration
time profiles which are closer to the in vivo data sets A [288] and B [289] used as

reference in the current work.

The diffusion coefficient input in the plasma concentration versus time simulations was
0.8 x 10 cm? s for all simulations, which was used to calculate the dissolution rate
of drug particles when released from the dosage form. The PSA results suggest that
a decrease in the diffusion coefficient below 0.5 x 10> cm? s would lead to a larger
Tmax and a lower Cmax (Figure 5.11c and Figure 5.11d). A lower diffusion coefficient
for ibuprofen was calculated from intrinsic dissolution studies in media containing
HPMC and sucrose at the same concentration as used in the current work (0.15-0.18
x 10 cm? s1) compared to the diffusion coefficient of ibuprofen in PB with no VEAs
(0.80 x 10° cm? s1), as presented in section “4.2.4. Intrinsic dissolution and diffusion
coefficient” in Chapter 4. Therefore, an intentional or unintentional increase in medium

viscosity could impact the absorption profile through a reduced diffusion coefficient.

The effect of particle size on Cmax and Tmax was different depending on the VEA used
(Figure 5.11e and Figure 5.11f). As different tablet and particle motion patterns might
mean there are different effective PSDs present in the in vitro set up, it could be
important to determine the effective PSD that is present in each viscosity medium.
Imaging techniques such as shadowgraph imaging could help determine particle size,
motion and velocity changes with time in each viscosity medium. In fact, shadowgraph
imaging was employed before to illustrate the retention of particles in suspension in a
1.4 mPa.s viscosity medium compared to water [2].
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5.3. Discussion

Hydrodynamic changes induced by different fluid velocity patterns in in vitro dissolution
testing can have large effects on drug dissolution [41, 43]. Shiko et al. [38, 45]
demonstrated that heterogeneous flow profiles in the FTA that depended on cell size,
flow rate and tablet orientation affected tablet erosion and drug dissolution. The faster
dissolution of ibuprofen IR tablets when fluid velocity was increased by means of
reducing cell size and maintaining a flow rate of 16 ml min-t was evident in the current
work in pH 6.8 phosphate buffer medium, which might be due to a better dispersal of
the tablet contents and a higher mass transfer rate away from the particle surface
when cell diameter is reduced [38].

In chapter 4, a reduced IDR of ibuprofen in the presence of either HPMC or sucrose
in the media at the same concentrations was observed. A negative effect of sucrose-
containing medium was also observed on ibuprofen API dissolution in the FTA with
average linear fluid velocities ranging from 0.33 mm s to 2.35 mm s? in media
representing either the intestinal or the gastric pH, but this effect was not so evident
with HPMC. This is in agreement with the observations from the current chapter, which
studied the release and dissolution of ibuprofen IR tablets rather than ibuprofen API.
Even though a slower dissolution of ibuprofen from IR tablets was observed with both
VEASs, the dissolution rate was reduced to a larger extent in sucrose-containing
medium than in HPMC-containing medium, despite the media having similar viscosity
values (4.5 — 5.5 mPa.s). This could be underpinned by their different chemical
properties, e.g. the amphiphilicity of HPMC [306, 307] and the water-binding properties
of sucrose [302], and the higher fluid density achieved in PB-S, which was reflected in

the increased buoyance of the tablets in vitro.

In vitro dissolution data was modelled to be incorporated as an input to the
extravascular PK model. A publication from the OrBiTo working group discussed the
usefulness of in vitro dissolution test data and best approaches for incorporating it into
PBPK models [237] suggesting that empirical models such as the Weibull function are
useful for complex formulations but are less sensitive to physiological regional
differences and within and between subject variability. Although the formulation used
in this study was not complex (IR tablet) the slow disintegration in vitro in the conditions
studied together with the slow dissolution in conditions of higher viscosity prompted
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the investigation of inputting and modelling the dissolution data as a CR formulation.
In the current work, the Z-factor model, which was developed based on the dissolution
of crushed tablets to circumvent the step of disintegration [236] did not provide the
best fits when intact tablets were used, as it does not account for a disintegration lag
time, as discussed by Hofsdss and Dressman [313]. Therefore, the dissolution data
was input into the model directly as tabulated data or fitted to a single Weibull function.

The different effect of each VEA on the dissolution rate of ibuprofen IR tablets was
reflected in a lower predictive ability of the plasma concentration versus time profiles
when the dissolution profiles in PB-S medium were input instead of those obtained in
PB-H medium. VBE studies which served to confirm the predictive ability when
simulated variability was considered, suggested BE of Cmaxin PB and PB-H at both
velocities. Although slightly increasing medium viscosity with HPMC did not impact
Cmax BE, it did impact the prediction accuracy at the early timepoints.

Analgesics like ibuprofen require a quick onset of action, which is associated with a
short Tmax, and therefore it is highly valuable to predict Tmax correctly. It was observed
that Tmax was delayed to different extents depending on the VEA used. In fact, the
predicted Tmaxin PB-S was outside the full range of observed values in the in vivo data
set B [289]. Moreover, the Tmax delay in higher viscosity medium was accompanied by
an underprediction of the early timepoints. This showcased the difficulty of accurately
predicting Tmax without underpredicting the early timepoints, despite the presence of
low fluid velocities in the FTA. Given the observed effects of sucrose, HPMC and no
VEA, and fluid velocity, further work could include the manipulation of viscosity and
VEA in in vitro dissolution tests to capture the early time points but delay Cmax.

PSA illustrated how critical variables affected PK parameters differently depending on
the VEA used. Different values of in vitro viscosity or density which result in a faster
dissolution in PB-S might generate predicted PK parameters closer to those obtained
when inputting data obtained in PB and PB-H media. Moreover, viscosity mediated
changes in diffusion coefficient and effective PSD might affect the PK parameters,
therefore it is important to characterize these two parameters when medium viscosity

is increased, for example through imaging techniques [2].

The different effects of each VEA on drug dissolution and predicted absorption,

together with the Reynolds number results suggest that there is a complex interplay
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of factors affecting drug dissolution from tablets in the higher viscosity media. Not only
has medium viscosity an impact on tablet dissolution but also other factors, like the
VEA used, the fluid density, tablet motion and the potential wetting effect of VEAs on
tablet disintegration could affect drug dissolution and absorption of tablets of a similar

size and density as that presented in this work.

The current work proposes that considering biorelevant viscosity in the fasted state
when selecting the most appropriate in vitro biopredictive dissolution test could be
acceptable, as it can have a small impact on the PK parameters. In addition, the
dissolution behaviour should be characterized, and special attention should be paid to
fluid density and tablet motion when intentionally or unintentionally altering medium
viscosity. It was also demonstrated that the FTA can be used to generate dissolution
profiles occurring in a broadly biorelevant timeframe for IR tablets, as it can potentially
achieve biorelevant fluid velocities.

The work presented here has some limitations that could impact the accuracy of the
predictions. The disposition parameters were obtained from a different published
clinical trial than the clinical trials used to validate the simulations and differences

between the studied cohorts could impact the resulting simulations.

In vitro dissolution was carried out at a pH of 6.8, which is representative of the
intestinal pH. A two-stage dissolution, with a simulated gastric and intestinal
compartment could have led to slightly different predicted profiles. However, as
dissolution and absorption of ibuprofen in the stomach are expected to be negligible
compared to the intestine [263] and precipitation when transiting from stomach to
intestine is not expected for weak acids, a two-stage dissolution was not considered a
priority of this work. To build on the current work and with a focus on an accurate
prediction of concentrations at very early time points, a two-stage dissolution test could
be the next step to develop a more biorelevant model.

The availability of inter-subject variability data around mean PK parameters can help
contextualize the effect of small changes, such as a small increase of medium
viscosity or slightly different fluid velocities on the bioavailability of a drug. For the two
clinical trials used to compare to the simulations in the current work, variability around
the early timepoints of the plasma concentration versus time profiles was not reported.

This could have helped assess the extent of underprediction when medium viscosity
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was increased. However, the full range of measured PK parameters was reported for
one of the clinical trials [289]. The predicted PK parameters in the current work were
within the observed range, except for Tmax in PB-S, suggesting that the studied in vitro
viscosity range could be an acceptable representation of the conditions of the fasted
Gl tract.

Lastly, the present work examined the effect of medium viscosity and fluid velocity on
the dissolution and absorption of one weakly acidic drug in an IR dosage form. Further
work could study the impact of medium viscosity on neutral or weakly basic drugs and

more complex formulations.
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5.4. Conclusions

Moderate increases in medium viscosity (£5.5 mPa.s) relevant to the fasted state can
be considered as they might slightly affect the plasma concentration versus time of an
orally administered drug. Moreover, dissolution profiles occurring in a broadly
biorelevant timeframe can be generated in the FTA. Media containing different VEAs,
which result in different Reynolds numbers, can affect the observed drug dissolution
and simulated bioavailability differently, suggesting not only that media viscosity is
important, but also other factors such as fluid density, wetting effects or the movement
of the dosage form. Therefore, the dissolution behaviour of a drug in increased
medium viscosity should be characterized, even when the viscosity increase is
moderate, reflecting the viscosity of the fasted state, and special attention should be

paid to fluid density, tablet motion, drug diffusivity and the effective PSD.
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Chapter 6. General discussion

6.1. In vitro hydrodynamic effects

Hydrodynamic effects are an added source of variability for the dissolution rate of
poorly soluble drugs [13]. The differences between in vitro and in vivo hydrodynamics
in terms of the velocities and shear rates that dosage forms are exposed to could
complicate the development of tests that are more representative of the in vivo
situation [61]. The importance of in vivo hydrodynamics should not be underestimated
as in vivo motility patterns and GETs might be governing drug dissolution and
absorption from IR products and overriding the effect of solubility or viscosity. Motility
patterns can determine when a drug is transferred from the stomach to the intestine.
This could be relevant for weakly basic drugs which can precipitate upon transfer to
the intestine. For example, Psachoulias et al. [314, 315] evaluated the in vivo
precipitation of ketoconazole and dipyridamole and developed an in vitro predictive
model based on a three-compartment setup. GET can also be determinant for weakly
acidic drugs as they will readily dissolve and be absorbed in the intestine [316]. For
ibuprofen, the drug studied in the current work, a correlation was observed between
the time to the next phase Ill contraction of the MMC which influences GET and Cmax
and Tmax variability as once ibuprofen is transferred from the stomach to the intestine
it can start dissolving and being absorbed [145, 146].

Given the influence that hydrodynamic conditions can have on drug dissolution rate, it
is important to (a) acquire a deeper understanding of in vivo hydrodynamics [52] and
(b) study how in vitro hydrodynamics affect the mass transfer mechanism from the
surface of the drug particles. Although both in vitro and in vivo hydrodynamic studies
are of relevance, the effect of in vitro hydrodynamics on the dissolution of a model

drug — ibuprofen — was the focus of the current work.

Ibuprofen was selected as the study drug as it is a weakly acidic drug that belongs to
the BCS class Il [62] and the DCS class | [64], which means its dissolution under
different pH conditions and the interplay of hydrodynamic factors such as fluid velocity,
viscosity and density could be explored. Also, the granting of biowaivers for some BCS
class Il drugs based on the prediction of BE with in vitro data has been discussed in
the literature [70], therefore it is important to get a better understanding of which factors

affect dissolution data for this type of drug.
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6.1.1. Fluid velocity effects in the paddle apparatus and the flow-through

apparatus

With the aim of getting a better understanding of hydrodynamic effects on ibuprofen
particulate dissolution and dissolution from an ibuprofen IR tablet, one of the factors
studied in the current work was fluid velocity, by means of changing flow rate and cell
size in the FTA and agitation speed in the paddle apparatus, as it could affect the

dissolution rate of poorly soluble drugs.

The hydrodynamic conditions in the paddle apparatus are complex. Flow is dominated
by a tangential component [14] with low radial velocities and both positive and negative
axial velocities [18]. Two recirculating loops are present below and above the impeller
[20] as well as a zone of very low fluid velocity between the end of the impeller and
the bottom of the vessel [19].

In the current work, decreasing the agitation speed in the paddle apparatus reduced
the dissolution rate of ibuprofen API powder contained in HPMC capsules in both high
and low solubility media. Many examples can be found on the literature illustrating the
effect of the agitation speed on drug dissolution. O’Farrell et al. [317] showed that the
drug release and dissolution from theophylline tablets increased with increasing
agitation speeds (25, 50, 100 rpm) and Salehi et al. [36] showed an increase in drug
dissolution rate with increasing agitation speed from 50 to 200 rpm and corresponding

increases in volume average shear rates and fluid velocities.

In this apparatus, an increase in the agitation speed leads to an increase in local fluid
velocity, except for the region in between the end of the impeller and the vessel bottom,
where the velocity remains low. The higher local fluid velocity can result in an increase
in the mass transport rate away from the dissolving surface and an increase in the
dissolution rate [30]. There might also be higher particle dispersal at higher fluid
velocities, increasing the surface area available for dissolution. Moreover, at lower
agitation speeds coning is more likely to occur, which can reduce the dissolution rate
due to a lower surface area exposed to the medium [26, 30] and lower local velocities
that the particles are exposed to compared to suspended particles [211]. In the studies
by Salehi et al. [36] and Uebbing et al. [301] coning was observed at 50 rpm and below
and an equation was proposed in the literature to determine the lowest agitation speed

needed to prevent coning, which will depend on patrticle size and fluid density [31, 34].
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In the FTA, the flow profile is heterogeneous [38] and, due to the pulsating nature of
the flow, fluid velocity is time-dependent, with periods of very low or zero velocity. In
general, lower velocities are present in the FTA than in the paddle apparatus [16, 37].
Moreover, due to these lower velocity conditions, the contribution of natural convection
due to density gradients between the saturated and bulk solutions might be important
[41].

In the current work, in the FTA, higher linear average fluid velocities were achieved by
increasing the flow rate or decreasing the cell diameter. In the smaller cell (12.6 mm),
temporary higher velocities are achieved as there is a lower cross-sectional area for
the fluid to flow through than in the larger cell (26 mm). Decreasing fluid velocity in the
FTA resulted in a reduced dissolution rate of ibuprofen API in both high and low
solubility conditions, as presented in Chapter 3, and ibuprofen tablets in the high
solubility environment, as observed in Chapter 4. Tablet dissolution was only
investigated in high solubility media so the effect of increasing flow rate on low
solubility media was not determined. An effect of flow rate in the FTA was shown
before [215], where increasing the flow rate from 8 to 16 or 32 ml min-tin the 22.6 mm
cell increased the dissolution rate of the poorly soluble drug danazol [318] and
increasing the flow rate from 10.4 to 51.2 ml min? in the 12 mm cell statistically
significantly increased the dissolution rate from salicylic acid tablets [35]. Moreover,
when the 22.6 mm cell size was used in the second study, all salicylic acid dissolution
rates were statistically significantly lower than in the 12 mm cell for each flow rate
studied [35].

The effect of flow rate in the FTA on drug dissolution is possibly due to higher mass
transfer as velocity increases, which affects the local concentration gradients, and a

better dispersal of the particles as the flow rate increases.

The lowest linear average fluid velocity explored in the FTA with APl powder was 0.33
mm s which was achieved by combining a flow rate of 8 ml min't and a cell diameter
of 22.6 mm. This velocity resulted in a very slow and variable dissolution with tablets
in the FTA in pH 6.8 phosphate buffer medium (70% dissolved in 5 h), as presented
in Appendix 2, which was too slow to be used for PK prediction purposes. Therefore,

the lowest linear average fluid velocity with ibuprofen tablets was increased to 0.66
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mm s achieved by combining a flow rate of 16 ml min't and a cell diameter of 22.6

mm.

The importance of local velocities on the dissolution rate has been highlighted for
tablets, as Shiko et al. [38, 45] demonstrated through MRI that the faces of the tablet
exposed to a higher velocity in the FTA had a higher erosion rate. Horizontally placed
tablets, such as those in this work, experience higher local axial velocities because of
a lower cross-sectional area available for the fluid to flow compared to vertically
oriented tablets [38]. The effect of tablet position is also observed in the paddle
apparatus, were off-centred tablets experience the highest shear rates and present
faster dissolution profiles, due to thinner boundary layers associated with higher local
velocities promoting a faster mass transport, whereas centred tablets are exposed to
the very low fluid flow that occurs under the blade and their dissolution rate is slower
[19, 21, 22]. Moreover, different surfaces of the same tablet are exposed to different
velocities and shear rates in the paddle apparatus which results in different erosion
and dissolution rates, highlighting the importance of local hydrodynamics on tablet
dissolution [217].

6.1.2. In vivo hydrodynamics

Fluid flow in vivo is complex and intermittent during fasting states and depends on the
MMC patterns [149]. In the fed state, stomach peristaltic contractions present a mean
velocity of 2.7 mm s [147] and, in the small intestine, peristaltic waves propagate at
a maximum velocity of 5 to 20 mm s [148]. However, fluid motion is not continuous
in the intestinal tract, with phases of high and low velocities, periods of rest and

retrograde transport [319].

Hydrodynamics have also been studied in the proximal colon. One research group
generated dissolution data in a modified in vitro setup simulating the lower intestine,
which consisted of a two-stage one-compartment mini-paddle apparatus and a
reduced agitation speed to simulate the intensity of hydrodynamics in the lower
intestine. They then used the generated dissolution data to predict oral absorption and
plasma profiles of three low-solubility drugs in a PBPK model [320-322]. Another group
used the MRI-measured motility patterns and pressures in the human ascending colon

to develop both an in vitro computer-controlled dynamic colon model (DCM) [317, 323-
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325] and an in silico model of the proximal colon [326] which helped understand how
hydrodynamics in the colon might affect drug release.

When comparing in vivo and in vitro hydrodynamics in the dissolution apparatuses, it
was seen that the hydrodynamic parameters (maximum shear rate and fluid velocity)
in the paddle apparatus under different rotational speeds are orders of magnitude
higher compared to the in vivo situation which can result in the overestimation of in
vivo dissolution [36]. The relevant hydrodynamic characteristics of the paddle, basket
and flow-through apparatuses were reviewed in detail by Todaro et al. [16].

In the paddle apparatus at 50 rpm the average velocity was 76.2 mm st and at 100
rpm, 153.3 mm s [36]. Besides, the peak forces that the tablets are exposed to are
less aggressive in vitro than in vivo and peristaltic contractions which generate shear
stresses upon the tablet are not captured in vitro [91, 151]. There have been recent
attempts to incorporate gentle mechanical stress in the paddle apparatus, for example
with the use of cotton balls added to the paddle vessel [327]. Even without considering
mechanical stress, it has been shown that agitation speeds lower than those
commonly used (20 rpm) might generate more biorelevant velocities in the bottom of
the paddle [42]. Despite its limitations, the paddle apparatus has been successfully
used to establish IVIVCs [328, 329].

The FTA can simulate lower and more biorelevant velocities than the paddle apparatus
when operating at 8 ml min't, as demonstrated by the establishment of an IVIVC for
the poorly soluble drug danazol at said flow rate and a 22.6 mm cell [318]. Moreover,
Cammarn et al. [35] showed that the dissolution rates in the paddle apparatus at 100
rpm would only be matched by the FTA operating with parameters that generate very
high average fluid velocities and the highest Reynolds numbers, that is a flow rate of
52 ml min! which is not a standard operating flow rate, with a cell size of 12 mm and
with tablets in the horizontal position. Plus, the FTA can use volumes that are more
relevant to both the fed and fasted states in the intestine [312, 330] considering that
the simulation of smaller volumes is sometimes necessary for a good prediction of in
vivo performance [138], for example in the paediatric population [280]. For this
particular population, the mini-paddle apparatus has also been used to represent the
smaller Gl fluid volumes [331, 332].
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6.1.3. Medium viscosity effects on ibuprofen dissolution

Another factor that can potentially impact drug dissolution, which was studied in this
work, is medium viscosity. Viscosity can affect drug dissolution through an altered

diffusion coefficient and particle dispersal and suspension effects.

Viscosity has been considered in terms of mediating negative food effects through
inhibition of disintegration of a dosage form, prevention of drug release or reduction of
drug diffusivity from the dosage form to the GIT membrane [82, 131, 333, 334],
although an improved description of the effect of increased viscosity on in vivo
hydrodynamics is necessary [335]. It was observed that the most common effect of
high meal viscosity is an increase in the Tmax values of drugs [296]. In vitro dissolution
data in phosphate buffer with a cellulose additive VEA improved the prediction of a
negative food effect for the in vivo dissolution of tropsium chloride in PBPK [334].
Ibuprofen, the drug studied in this work, also showed a food effect, as its levels were
found to be higher in plasma in the fasted than the fed state. The levels of ibuprofen
in the stomach were found to be higher after a meal due to a higher stomach pH, which

also resulted in delayed concentrations in the intestine [136].

Even though not as pronounced as in the fed state, the viscosity of the HGF in the
fasted state was shown to be slightly higher than that of water (1.7-9.3 mPa.s versus
0.7 mPa.s) at a shear rate of 50 st due to the presence of mucus, lipids and proteins
[3]. Moreover, it was shown that the IDR of cinnarizine in HGF was lower than in
FaSSGF, whose viscosity is that of water [159].

Other examples have shown that just a small increase in viscosity from 0.817 to 1.062
mPa.s (apple juice) or 3.367 mPa.s (orange juice) led to a two-fold decrease in
disintegration times [158]. Also, the dissolution of crushed paracetamol tablets was
delayed in dissolution media whose viscosity was 1.1-1.7 mPa.s which was achieved
with thickening agents [160, 161]. It is possible that even excipients like surfactants in
atablet increase the medium viscosity around the APl and retard drug dissolution [309,
336].

Currently, viscosity in in vitro dissolution testing is only considered in the highest level
of complexity for biorelevant media in the classification presented by Markopoulos et
al. [82] and it is generally only considered for the fed state.
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Biorelevant media intend to more closely match the composition and properties of the
Gl fluids including the pH, buffer capacity, osmolarity, surface tension, bile salt
concentration and volume [77, 81, 87, 152] in order to understand how a drug will be
released and dissolve in vivo. Colonic biorelevant media have also been developed to
study the dissolution of drugs intended to be delivered to the lower intestine [83].
Biorelevant media has been shown to improve PK profile predictions compared to
compendial media [85] and increase the likelihood of a successful IVIVC in particular
scenarios [330, 337], however a compromise between the complexity of the media
and the accuracy of the prediction of in vivo dissolution rates or bioavailability has to
be achieved. The use of a VEA added to compendial media might be useful to
represent the increased viscosity of the GI tract in fasted state without an
overcomplication of the media. This would allow isolation of the effects of small
increases of viscosity in vitro on the dissolution rate of drug APl and tablet

formulations.

In the current work, small increases of viscosity up to 5.5 mPa.s relevant to the fasted
state were explored in in vitro dissolution tests in both the FTA and paddle apparatus
for ibuprofen API and IR tablets.

Increasing viscosity reduced the IDR of ibuprofen in pH 6.8 phosphate buffer
containing up to 1.05% w/v HPMC and 59% w/v sucrose compared to pH 6.8
phosphate buffer with no VEAs, whose viscosity was 0.7 mPa.s. The reduction of the
dissolution rate was observed for ibuprofen API in the FTA in pH 6.8 phosphate buffer
and 0.1 M HCI with sucrose. This was also the case for ibuprofen IR tablets in the FTA
in pH 6.8 phosphate buffer containing sucrose. HPMC did decrease the IDR of
ibuprofen in pH 6.8 phosphate buffer but had not such a big impact on the particulate
dissolution of ibuprofen API or ibuprofen IR tablets. This suggests that the VEA has
effects on particle motion and hydrodynamics and that the effect of each VEA on the

dissolution rate of ibuprofen was different in the FTA, despite similar viscosity values.

In the paddle apparatus, only HPMC could be explored, as sucrose prevented the
release of ibuprofen from the capsules for at least one hour. The presence of HPMC
in the media in the paddle apparatus had small yet statistically significant effects on
ibuprofen API dissolution in low velocity - low solubility media. It was shown in previous

reports that the presence of VEAs in the media can reduce the efficiency of agitation
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in stirred apparatuses which can result in a reduced flow and shear rate in the areas
surrounding the dissolving particles [303, 304]. In the mini-paddle apparatus, the fluid
flow patterns were altered in increased viscosity media [33], which could affect the
velocities that the particles are exposed to and mediate a negative effect of viscosity

in the dissolution rate.

It has been reported that the dissolution rate is not a simple function of fluid viscosity,
as it varies with the VEA used [300, 303, 304, 334]. This was also observed in the
current work. The different effects of each VEA might be mediated by differences in
media density, osmolarity, different effects of each VEA on particle motion and
velocities that particles are exposed to or differences in wettability exerted by each
VEA.

Including sucrose in the media increased fluid density which can explain the larger
reduction of the dissolution rate mediated by sucrose when compared to HPMC. The
larger reduction of the dissolution rate could be due to a decrease in the relative
velocity in sucrose medium from an increased buoyancy force. Moreover, the water
diffusivity in sucrose solutions was reported to be lower than in HPMC solutions, which
might be derived from the formation of hydrogen bonds between sucrose and water
molecules [301, 302] and could reduce the dissolution rate further. In the case of
tablets, it was observed previously that disintegration times were longer as sucrose

concentration increased [302].

The effect of HPMC on drug dissolution rate has generated contradictory results so
far, which depend on the drug studied and the concentration of HPMC. On the one
hand, a negative effect of HPMC on tablet disintegration and dissolution rate of
atenolol has been reported in the literature [164] but the concentration of HPMC used
was much higher than in this work, achieving viscosities in the range of 200-600
mPa.s, more representative of the fed state. Also, a high viscosity achieved with 1.4%
w/v HPMC (110 mPa.s) reduced or delayed drug dissolution for drugs of all BCS
classes, and more so for classes Il and IV [333]. On the other hand, when a small
concentration of HPMC was present in the medium, more suspended carbamazepine
particles were observed than when no VEA was used, using shadowgraph imaging
[2]. 0.3% w/v HPMC solutions also showed higher amounts of carbamazepine and

paracetamol released than media with no VEA, which could be due to the wetting
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properties of HPMC or the increased suspension [305]. The hydrophilicity of water-
soluble polymers like HPMC might increase wettability of the drug and counteract the
effects of increased viscosity on the dissolution rate [306, 307]. Therefore, the effect
of HPMC-containing media on drug dissolution might be different depending on the

polymer concentration and the physicochemical characteristics of the drug.

6.1.4. Interplay between fluid velocity, medium viscosity and drug solubility

An interplay between fluid viscosity and velocity was expected due to the decrease in
the transfer of momentum as viscosity increases. This could result in a reduction in
the differences between regions of high and low velocity within the cell, and more
homogeneous velocity magnitudes present throughout the cell for a given flow rate.
So, when viscosity is increased, particles are expected to be less impacted by the set
flow rate and cell size. The computational work by Schutt et al. [338] shows how the
combination of different motility patterns and fluid viscosities exerts different shear
stresses on a sample tablet, resulting in different drug release rates and different drug

distributions along the colon.

In the current work, a statistically significant interaction between agitation speed and
viscosity was observed in the paddle apparatus for the time to 50% dissolution of
ibuprofen API in both high and low solubility media, suggesting that the effect of
viscosity was larger in lower agitation speeds. Moreover, a statistically significant
interaction between viscosity and solubility on the time to 50% dissolution of ibuprofen
APl was found in both apparatuses, with a larger influence of viscosity in low than high
solubility conditions. This shows the importance of understanding and controlling the
effects and interplay of fluid velocity and medium viscosity, especially in low solubility

media, when testing and developing formulations for poorly soluble drugs.

The effects of a high viscosity of the medium on the dissolution rate has been
considered previously in the literature to explain food effects [164]. However, the
effects of smaller increases in medium viscosity on drug dissolution have not been
investigated. Moderate increases in medium viscosity could be relevant as a
representation of the viscosity of the human gastric fluids in the fasted state [3], or if a
dosage form is to be taken with juice, which could slightly increase the Gl fluids
viscosity [158], and because local viscosity around a dosage form could increase due
to the presence of excipients like surfactants [309]. This work has demonstrated that
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even moderate increases in medium viscosity (below 5.5 mPa.s) could potentially
impact the dissolution of a drug — albeit, this work focused on ibuprofen dissolution,
as an API powder and as an IR tablet, so the effect for other drugs’ dissolution

behaviour cannot be inferred.

Another point demonstrated in this work is that despite achieving similar values of
viscosity, the effect on drug dissolution and bioavailability differed depending on the
VEA used. The reasons behind this discrepancy were previously analysed, but this
suggests that in some instances a particular VEA might have a large impact on the

dissolution of a drug whereas a different VEA might not.

With the current data, it is not possible to make a broad recommendation that VEAs
should be consistently included in dissolution media, until more knowledge has been
generated about how moderate increases of viscosity affect other candidate drugs and
whether the effects are relevant when combined with other factors which might
override the effect of a small increase of viscosity, such as the presence of bile salts
in the medium. Moreover, it is possible that a VEA at a low concentration might not
have a large impact on the dissolution rate or bioavailability of a drug, as was observed
with HPMC in this work. The investigation of other drugs with different physicochemical
characteristics to ibuprofen would allow a relationship to be established between the
VEA used and the drug dissolution behaviour, to ascertain whether a particular VEA

has the same positive or negative effect on the dissolution of a broad range of drugs.

6.1.5. Factors impacting the dissolution rate beyond viscosity

Even though it was not the focus of this work, it is acknowledged that much has been
investigated in relation to bile salts presence in the media and the media buffering
capacity, both being flagged as important parameters for dissolution that may be
considered in vitro for improved in vivo predictions [86, 107]. Bile salts could increase
the solubility of poorly soluble drugs through micelle encapsulation, but this could
result in slower dissolution rates due to the lower diffusivity of micelles [125] and

reduced absorption due to drug entrapment in micelles [127, 177].

The buffering capacity of both compendial media and biorelevant media was found to
be higher than the buffering capacity in vivo due to the use of phosphate buffer instead
of bicarbonate buffer, which is predominant in vivo [108-112]. This might result in a

faster dissolution of weak acids in vitro due to the surface pH being higher than in vivo
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as the drug dissolves. Bicarbonate buffer has been used in vitro to represent the lower
buffering capacity of the intestinal fluids [327]. But, because of the challenges
encountered when using bicarbonate buffer in vitro, phosphate buffers of a lower
concentration have been proposed to match the in vivo buffering capacity [113, 115].
However, in some cases, using media of a lower buffer capacity results in
overdiscriminating tests and predictions of bio-inequivalence when BE had been
observed in vivo [116]. In the current work, the most updated buffering capacity
recommended by the USP was used (50 mM). These research interests could be
investigated in combination with small medium viscosity increases, to assess the
relative influence of viscosity on drug dissolution when considered against other

relevant factors, such as bile salts and media buffering capacity.

Another research topic has revolved around the presence of an absorptive sink in vitro
that can represent in vivo absorption simultaneously with drug dissolution and the
effects of drug removal on supersaturation and permeation with the use of a
dissolution/permeation setup [171-173, 339]. This might increase the translatability of
dissolution and precipitation rates to in vivo data through oral absorption modelling
[175] and the accuracy of the prediction of dose and food effects [176]. Absorptive
sinks in vitro have also been implemented with an organic layer like decanol in which
the dissolved drug partitions into to simulate drug absorption [340]. This was not
investigated in the current work, but could be an addition to it, as the effect of fluid
velocity and viscosity on dissolution rate might be more or less relevant when an

absorptive sink is present.

As fluid velocity and medium viscosity changes affected in vitro drug dissolution rates
of ibuprofen API powder and IR tablets, an accurate simulation of both hydrodynamic

factors was considered important.

6.2. Mechanistic dissolution simulations

The advantages of mechanistic simulations were outlined by Pathak et al. [226] and
they include an understanding of factors affecting drug dissolution, a basis for
selection of in vitro dissolution conditions, a means of exploring the effect of
manufacturing changes on the dissolution of poorly soluble drugs [200], and an input
generation method for PK modelling and simulation.
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Much work has been done on developing mechanistic dissolution models [199, 200,
203, 208, 209, 211, 214, 341] which are built from theoretical mathematic equations
that predict the dissolution rate of a drug based on particle and fluid related
parameters. However, it is not possible for the simulation model to capture all the
factors affecting dissolution and their spatiotemporal variability so a compromise must
be made between the complexity and the accuracy of the model.

The early models focused on defining the boundary layer thickness and its relationship
with particle size. Some of them defined it as a constant value [199] while others
determined that it was a time-dependent parameter that changes with particle size up
to a threshold value above which it remains constant [200]. In SIMDISSO™, the
boundary layer thickness is encompassed and calculated as part of the mass transfer
coefficient together with diffusivity, therefore it is not necessary to empirically estimate

and input a value of h.

The current work explored three in silico approaches to potentially improve the
predictive ability of mechanistic dissolution simulations in SIMDISSO™, which were
the definition of an NPV versus the FTA cell volume or the paddle vessel volume, the
use of a PSD versus an MPS and the effect of enabling versus disabling particle

motion.

6.2.1. Bulk volume definition in mechanistic dissolution models

The importance of the definition of a bulk volume was proposed by Wang et al. [208],
as sometimes when the fluid volume is small or the drug is poorly permeable and not
being quickly removed from the GIT, the increase in bulk concentration might slow

down or halt dissolution due to saturation of the medium.

Sink conditions in which bulk concentration is much lower than solubility are often
assumed when mechanistic dissolution models are used [193, 194, 199]. The
importance of simulating dissolution under non-sink conditions in some situations has
been highlighted by the application of simulation models to situations where bulk
concentration is higher [210, 342]. In the current work, different definitions of bulk
volume in silico were investigated. The volume available to simulate dynamic bulk
concentration was defined as either the whole flow-through cell or vessel volume in
the paddle apparatus or the NPV, a reduced volume intended to exemplify the
importance of local hydrodynamics in drug dissolution, which can be different to global
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hydrodynamics in either apparatus. An NPV was explored based on the assumption
of an instantaneous distribution of drug mass in the dissolution apparatus potentially
not being accurate, especially when low local fluid velocities are found in the FTA [16]
and in the paddle apparatus between the end of the paddle blade and the bottom of
the vessel [19].

The NPV predicted effects of fluid velocity differences on dissolution in the high
solubility medium in the FTA but had no effect on predictive ability in the paddle
apparatus. The NPV more accurately predicted t85 in the high solubility medium than
when the cell volume was used in high and low fluid velocity conditions when combined
with a MPS and enabled particle motion. This was thought to be due to a slower
simulated dissolution rate which was closer to the observed in vitro dissolution rate as
detailed in Chapter 3.

In the current work, an overall advantage of defining a NPV in dissolution simulations
was not observed. This option is theoretically more accurate than the generally
assumed condition in which the drug dissolves and instantaneously diffuses across
the whole cell volume (in the FTA) or vessel volume (paddle apparatus), but it might
be the case that (a) sufficient accuracy is achieved without the implementation of this
option (b) other factors such as solubility or particle size have a larger impact than the
local volume definition on the accuracy of a simulation. Therefore, more studies of the
applicability of the NPV volume under different conditions are needed before a general

recommendation on the NPV usage can be made.

In vivo sink conditions might be present for BCS class Il due to the high permeability
and quick absorption reducing the bulk concentration in the intestinal tract. However,
the NPV option or the simulation of a smaller volume where dynamic bulk
concentration is calculated could be useful for BCS Class IV drugs where sink
conditions in vivo might not be achieved due to a lower permeability, and dissolution

might be occurring closer to saturation conditions.

One of the advantages of SIMDISSO™ is that it can capture the different
hydrodynamic conditions of each dissolution apparatus by incorporating the relative
velocity in the term Re. However, the simulations in the paddle apparatus were not as
accurate as in the FTA suggesting higher hydrodynamic complexity than simulated.

Only one direction of velocity can be simulated. The tangential direction velocity was
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selected as it is the main velocity component in the paddle apparatus [16, 18]. This in
turn meant that the velocities in the axial and radial directions could not be included in
the simulations. Gravitational effects could not be simulated either due to this
limitation. In addition, differences between the velocities that sedimented versus
suspended particles are exposed to are not currently captured by the code. All of this
could explain the lower simulated dissolution than observed.

6.2.2. Effective particle size and particle morphology in dissolution simulations

The selection of an effective particle size for dissolution simulation can be challenging.
Models which considered a PSD reported an improved accuracy of the simulation
model [200, 204, 209, 341]. However, it has been discussed before that the input of a
PSD is not always representative of the drug surface area available for dissolution
[211] due to drug morphologies deviating from sphericity and the tendency to form
agglomerates as particle size is reduced through manufacturing processes like milling
or the hydrophobicity and cohesiveness of the drug increases [343].

This study supports a higher accuracy of the predicted dissolution profiles when a PSD
is used, based on the fact that most pharmaceutical APl powders are not
monodispersed. Nonetheless, it was seen that in some cases an MPS could be
sufficient for an accurate simulation of dissolution metrics like t85, reducing

computational costs.

Also, a PSD simulation has the potential to overpredict API dissolution at the earlier
stages in high solubility media, as shown in the current work. This overprediction of
early dissolution was also seen in higher viscosity media for ibuprofen API up to the
point of 20-25% dissolution in both high and low solubility conditions in the FTA as
presented in Chapter 4. The faster simulated dissolution could be due to the simulated
smaller particles contributing to a faster early dissolution than observed. Particle
aggregation in vitro was suggested as the reason for this overprediction based on the
hydrophobicity of ibuprofen. Particle agglomeration effects were also observed when
API mass was increased from 5 mg to 50 mg, which resulted in an overprediction of
dissolution rate in all simulated profiles with the three options explored (NPV, PSD,
enabling or disabling particle motion). Other examples of a potential effect of
agglomeration on drug dissolution rate have been described in literature. A lower than

predicted dissolution rate was observed when the mass of drug was increased from 5
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mg to 10 mg and clumping was suspected [1]. Polli et al. [342] also reported an effect
of increasing drug dose but only in low solubility media.

Even though low concentration of surfactants below their CMC have been reported to
result in better disaggregation of aggregated particles [344], a small amount of non-
ionic surfactant (0.003% w/v Tween 20), which was purposely selected to not affect
the solubility of ibuprofen in low nor high solubility media, was not sufficient to ensure
particle dispersal when a mass of 50 mg was studied in the current work. Therefore,
the use of a PSD in mechanistic dissolution simulations could be more useful for drugs

which are not as prone to aggregation as ibuprofen and for lower drug doses.

Shadowgraph imaging is a useful tool to observe particle behaviour during dissolution
in terms of particle motion, velocity and size changes versus time and it can help
explain differences between predicted and observed dissolution rates in terms of
particle aggregation. Apart from less surface area exposed, if particles are
agglomerating at the bottom of the cell they will be exposed to different fluid velocities
and local concentrations than if they are suspended and moving with the fluid [345].
Other imaging techniques, like surface dissolution UV imaging have helped assess
the dissolution and precipitation of drugs in pure and amorphous forms [222]. Imaging
techniques could aid in the selection of an appropriate effective PSD to input into

dissolution models.

Particle aggregation and clumping are challenging to incorporate in a mechanistic
dissolution simulation, but the effective particle size could be increased to reflect these

phenomena.

Apart from particle size, another challenge faced by mechanistic simulations is the
definition of particle shape and the assumption of sphericity, which might
underestimate the dissolution rate due to an underestimation of the available surface

area.

One of the assumptions generally made when applying mechanistic models to
simulate drug dissolution is that of particle sphericity. Moreover, the particles remain
spherical with time, that is, there are no morphology changes during the dissolution
test [199, 200, 210]. Nonetheless, spherical particles might not always be found in vitro
or in vivo [211]. Abrami et al. [224, 225] simulated the dissolution of particles with
different shapes, including an irregular shape, and determined that particle shape is
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important as long as it influences the area available for dissolution. In the current work,
the assumption of spherical particles may not be correct based on the microscopy
results where needle-shaped particles are observed, as presented in Chapter 3 and
this could partly explain the discrepancies between the observed and simulated
dissolution rate of ibuprofen in low solubility medium. However, confirmatory BET
studies indicated that the measured surface area (5.3 cm? £ 0.24) compared well to

the calculated surface area when a PSD was simulated (6.2 cm?).

Another assumption is that of particle surface smoothness. A porous surface would
have a much greater surface area than a smooth surface with the impact on dissolution
depending on the total number of pores, the pore shape and the pore size distribution.
Several techniques can be deployed to characterise the pore architecture of a
pharmaceutical particle, such as helium pycnometry, mercury porosimetry, or nuclear
magnetic resonance (NMR) [346]. In the current work, the true density of ibuprofen
particles — that is the density of the solid part of the particle — obtained in helium

pycnometer studies was input in the simulations [1].

Another general approach to mechanistic dissolution modelling is to assume that all
surface area is available for dissolution from time 0, and that wetting and particle
dispersal are instantaneous [211]. This might depend on the fluid velocity and density,
particle density, and the presence of wetting agents and surfactants in the media.
Pepin et al. [211] highlighted the difficulty of mechanistically predicting the impact of
poor wetting on the early dissolution rate at this stage, which could be relevant for

hydrophobic drugs.

When the API is administered in a dosage form like a tablet, not all of the surface will
be available for dissolution instantaneously, as this will depend on tablet disintegration.
Considering water uptake into a tablet matrix as a driver of disintegration, water uptake
was modelled with Fick’s second law of diffusion to represent the disintegration
process [347], but modelling the complex process of disintegration can be challenging.
Modelling disintegration is expected to be particularly relevant for slowly disintegrating
tablets. Besides, the incorporation of a disintegration rate can increase the accuracy
of bioavailability models, as occurred for two poorly soluble weakly basic drugs in

tablet form, which disintegration rates were extracted from empirical models [348].
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6.2.3. Particle motion definition in dissolution models

One of the major advantages of SIMDISSO™ is the possibility of simulating particle
motion within the flow-through cell, as a combination of the forces acting upon the
particle and its mass. The relative velocity between the particle and the fluid
contributes to the simulated dissolution rate, through the Re term in the Ranz-Marshall

correlation.

It is important to determine whether particles are suspended or sedimented, because
this can ultimately influence the dissolution rate, and which fluid velocities are
necessary to achieve particle suspension. In some cases, models have been applied
with the assumption that the difference in density between the fluid and the particle is
negligible and particles will be suspended [203, 214], but this might not be the case,
for example, for particles of high porosity, whose density might be lower than that of
the fluid or, as seen in this work, in higher viscosity media with sucrose, which resulted
in a higher fluid density. In the current model, it is important to determine whether
particles are sedimented or moving upwards with the fluid or downwards and at what

velocity they are doing so.

Particle motion was shown to follow complex patterns in the FTA with shadowgraph
imaging previously [215]. Short particle motion simulations in SIMDISSO™ can
suggest whether to enable or disable particle motion based on particle mass, particle

density, and fluid density and velocity.

The particle motion simulations in Chapter 3 showed that the magnitude of positive
particle velocity values was larger than that of negative velocity values — in the first ten
seconds of the simulation at least —, which suggests that particles would be lifted to
the top of the cell and remain there until they are small enough to move with the fluid.
In Chapter 3, the effects of enabling versus disabling particle motion in SIMDISSO™
for the whole duration of the test were investigated. This reflects a potential limitation
as particle motion can change with time in vitro due to a decreasing particle size. To
capture the in vitro situation more accurately, a spatial limitation was implemented and
tested in the higher viscosity simulations presented in Chapter 4. It was defined as the
height of the flow-through cell so that when the particle reaches the top or the bottom
of the cell, it cannot move further in the vertical direction. This motion restriction is

reflected in the calculated relative velocity.
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Of the three simulation approaches studied (cell volume versus NPV, MPS versus
PSD and disabled versus enabled particle motion), particle motion definition was the
least impactful on the dissolution rate of ibuprofen API in high solubility media, in either

of the velocity conditions studied.

Disabling particle motion marginally increased the prediction accuracy in low solubility-
high velocity media when a PSD and NPV were used. This is explained by the
difference between fluid and particle velocity that ultimately affects the velocity that
particles are exposed to. This difference was large in the high velocity conditions
(average fluid velocity of 2.35 mm s1) but not in the low velocity conditions (average

fluid velocity of 0.33 mm s1), as presented in Chapter 3.

Even though the difference in the simulated dissolution profiles when enabling or
disabling particle motion was not large, there is still value in simulating particle motion.
For example, in instances of higher fluid velocity, there could be a large difference on
the velocity that a particle is exposed to depending on whether it is sedimented,
trapped at the top of the cell or suspended with the fluid, and this can affect its
dissolution rate. An underprediction of the velocity that a particle is exposed to, by
means of assuming the particle is moving with the fluid could result in a predicted
dissolution rate that is lower than that observed in vitro. Moreover, if a wider PSD is
present in the test cell, the definition of particle motion could be more relevant, as there
might be more pronounced differences in particle motion between the smaller and
larger particles for larger periods of time. Given the complexity of the flow field and
fluid velocities in the FTA [16], the study of relative velocity is considered important for
an accurate dissolution simulation and should be assessed on a case-by-case basis.

6.2.4. Dissolution simulations in moderately increased viscosity media

SIMIDISSO™ was also used to explore the predictive ability of a mechanistic
dissolution simulation code when medium viscosity was slightly increased, and
validated with in vitro data for the first time, building on the work by D’Arcy and
Persoons where simulations in enhanced-viscosity media were explored [2]. The
reduction in the in vitro dissolution rate with sucrose was accurately simulated in
SIMDISSO™ at high velocities. However, the simulations predicted a larger effect than
observed from HPMC, suggesting some experimental factor might not be captured in

the simulation.

179



Moreover, the simulations were valuable to study particle motion differences
depending on viscosity. The simulated profiles suggested reduced particle lifting times
as viscosity was increased. This indicates that the velocities that particles are exposed
to in different viscosity media can be different and that an increase in viscosity could
impact the dissolution rate by improving drug mass dispersal and available drug
surface area. The effect of medium viscosity on particle motion was more pronounced
when it was accompanied by an increase in fluid density, as was the case with sucrose

in this work.

In both apparatuses, mechanistic simulations of ibuprofen API dissolution were
reasonable for the high solubility environment but underpredicted dissolution in the
low solubility environment. However, some of the simulated inputs considered -
disabling particle motion and inputting a PSD instead of a MPS - increased the
predictive ability of the simulations of API ibuprofen dissolution in low solubility media
in the FTA. This suggests some in vitro factor in the low solubility media is not captured
by the simulation. However, as most of the dissolution and absorption of ibuprofen is
expected to occur in the intestine [145] due to its low solubility in the stomach and the
higher surface area for absorption in the intestine, one could argue that an accurate
simulation in the media representing the intestine could be more useful than in the
media representing the stomach for weakly acidic drugs. An accurate simulation of
intestinal conditions could also be useful for weakly basic drugs which might
precipitate as they transition to an environment with an elevated pH [223]. The success
of different precipitation inhibiting strategies which has been assessed with in vitro
dissolution transfer models [349] could potentially be predicted with an accurate

simulation of intestinal conditions.

6.2.5. Recent approaches to dissolution simulation

The development of mechanistic models of dissolution continues to be of relevance
as exemplified by models recently proposed in the literature. Salehi et al. [36]
developed a hierarchical mass transfer drug dissolution model which incorporates
drug properties, GIT fluid properties and fluid hydrodynamics to simulate drug
dissolution in a compendial dissolution vessel. In the model, particle radius change
with time is dependent on the Sherwood number for the particle, which represents the
ratio of convective to diffusive mass transport rate. Mass transport is also determined

by the PSD, the drug solubility and surface pH, the drug diffusivity and the bulk
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concentration and bulk pH. The model was validated with in vitro dissolution data for
ibuprofen, haloperidol and felodipine. The dissolving particle’s shape is assumed to
be spherical and the particles on each bin size are assumed to be homogeneously
distributed across the medium. The equation used to calculate the shear contribution
to the Sherwood number is only valid for Re 0 to 10 and S* (the shear Peclet number)
0 to 500. 5* is the ratio of flow effects to diffusivity effects and is calculated as sr,/D
where s is flow shear rate (s) at the particle of radius r,, (m), and D is mass diffusivity

(m? s1). This limitation could make the simulation of the dissolution of larger particles

less accurate.

Another mass transport model was presented by the same research group [350] which
was used to study the effect of incorporating acidic pH modifiers to dosage forms
containing weakly basic drugs. This formulation approach is utilized to improve GIT
solubility and dissolution of weakly basic drugs in a stomach with an elevated pH as a
consequence of proton-pump inhibitors coadministration or hypochloridria disease
conditions. The model allows the selection of the most appropriate pH modifier
depending on the drug’s physicochemical characteristics to optimize in vivo drug
solubility and dissolution. The main assumption is the rapid dissolution of the pH
modifiers, which are present in the bulk medium from the beginning of the API

dissolution process.

In a more recent paper from the same research group, Sinko et al. [351] built a particle
size, dose-dependent dissolution and permeation model which considers drug
dissolution within the concentration boundary layer that is formed in the adjacent
region to a semipermeable membrane. They used ibuprofen suspensions of three
different PSDs as the model drug and validated the model with an in vitro dissolution-
permeation setup. The dissolution of spherical ibuprofen particles was also calculated
with the Sherwood number model, accounting for confinement or dissolved drug
accumulation in the vicinity of the undissolved particle. Potential limitations of the
model included the assumption that mass transport is unidirectional across a
semipermeable membrane, the semipermeable surface does not affect dissolution
kinetics, the solid dissolving is spherical, and the particles are homogeneously

distributed in the dissolution vessel.
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There have also been recent dissolution modelling attempts coupled with CFD to
predict fluid flows and mass transfer rates in the commonly used dissolution
apparatuses. Some examples include the CFD model developed by Liu et al. [352]
which is based on an in vitro dissolution study of a benzoic acid tablet in a beaker and
stirrer system, the model built by Kubinski et al. [353] which considers relevant
hydrodynamics in the paddle and basket apparatuses at different rotation speeds and
media volumes commonly used in drug development for erosion-based formulations,
and the model described by Lou and Hageman [354] which illustrates the velocity
distribution across the paddle apparatus and its effect on the dissolution and release
from a polymer-controlled sustained release tablet. CFD simulations have also been
applied recently to the FTA. For example, Yoshida et al. [355] combined CFD and PIV
to study fluid flows and the effect of air bubbles on the dissolution of disintegrating and
non-disintegrating tablets in the FTA. CFD helped illustrate the different dissolution
rate of prednisolone tablets depending on patrticle distribution through the cell due to
the particles being exposed to different fluid velocities depending on their location on
the cell. One of the main limitations of CFD models is the generation of an acceptable
mesh and the definition of acceptable boundary conditions to generate a sufficiently
accurate solution [17]. Numerical solutions to dissolution based on the Noyes-Whitney
equation have also been applied, as exemplified by the work of Yokoyama et al. [356,
357]. A three-dimensional cellular automata model was applied to the disintegration
and dissolution of a mefenamic acid tablet in which the tablet geometry is discretized
into individual grids from each of which drug release is calculated. As with CFD
models, in the cellular automata model, the definition of the number of grids that the
tablet geometry is divided into has to allow for a sufficiently accurate mass transfer

calculation without capturing the whole complexity of a solid-liquid contact interface.

6.3. PBPK simulations

The current work investigates the effects of in vitro dissolution parameters (fluid
velocity, fluid viscosity, VEA) on the prediction of the plasma concentration profile of
ibuprofen following the oral administration of ibuprofen IR tablets as well as the
different approaches for incorporating FTA-generated dissolution data in GastroPlus®.

The incorporation of PBPK modelling and simulation in new drug applications
submitted to the FDA has been increasing since 2008 [238]. PBPK guidelines have

182



been published by the FDA [101] and the EMA [231] and there have been attempts at
harmonizing and refining the use of PBPK models, for example by the Orbito Working
Group [358], as PBPK models tend to be fine-tuned on a case-by-case basis. The
same can be said for the dissolution methods used to generate data to inform said
models. Even though the FDA has concluded that dissolution testing is a key modelling
input for PBPK, the appropriate in vitro method to predict drug absorption can be
widely variable as it depends on the specific research question, the stage of drug
development, equipment availability and the type of drug substance and formulation
[253].

The integration of in vitro dissolution data into in vivo absorption models can increase
the accuracy of the prediction of the performance of a formulation in the body [237],
and it can also verify if the dissolution method used is biorelevant [183]. However,
there are still aspects to further consider in terms of the biorelevance of in vitro
dissolution tests such as hydrodynamics, or accounting for permeation, and more
information is needed on GIT volumes, forces and pressures in healthy and diseased

populations to build into the in silico models [237].

Integrating in vitro dissolution with in vivo absorption prediction could be considered
within the QbD framework which emphasises the understanding and control of
processes during drug development in order to obtain a final product that meets some
predefined characteristics [100, 359]. Mathematical models substantiated with in vitro
inputs could serve to identify key factors affecting drug bioavailability that could be
controlled during drug development such as dissolution [252], permeability and
solubility [177], supersaturation ratio and precipitation rate constant [360] or PSD
[258], or to set the final product characteristics, for example, the percentage dissolved

in vitro versus time necessary to achieve BE [70, 251, 257].

In the current work, the dissolution profiles in sucrose-containing medium
corresponded with the least accurate predictions of Cmax, Tmax and the early timepoints,
suggesting this VEA might not be a suitable surrogate to represent the slightly
increased medium viscosity of the fasted Gl fluids. However, obtaining different values
of in vitro viscosity or density in sucrose-containing media could generate different PK
profiles, which resemble those obtained in HPMC-containing medium, as suggested

by PSA studies. On the other hand, when the dissolution profiles in HPMC-containing
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medium were input into the model, the predictions of Cmax and Tmax were considered
accurate in both fluid velocity scenarios studied, with FEs close to 1. However, it is
important to note that it is difficult to isolate the effect of fluid viscosity on the observed
dissolution rates and predicted PK profiles and that the effects of each VEA on tablet
motion, particle wetting and fluid density warrant further consideration. This is relevant
when purposely altering medium viscosity but also when the increase in viscosity is
unintentional. This could derive from the presence of certain excipients like surfactants

which can locally increase medium viscosity if present at a high concentration [336].

Other works in the literature have investigated several in vitro dissolution features and
data treatments with a focus on both improving in vivo behaviour predictions and the
selection of in vitro biorelevant conditions. Klumpp et al. [361] evaluated the influence
of media composition (FaSSGF, FaSSIF V1, V2 and V3), dissolution test type (single-
stage or two-stage in USP Il) and dissolution data input method into PBPK (observed
release profile or dissolution rate model versus mechanistic model or diffusion layer
model (DLM)) for simulating the in vivo plasma profile of IR formulations of
glibenclamide and dipyridamole. They found that in general, two-stage testing, fitting
the data with the DLM and a dynamic pH selection was consistently accurate. Litou et
al. [270] investigated the utility of biorelevant in vitro setups and media to predict the
in vivo performance of two tablets of an amorphous solid dispersion formulation in the
fed state and combined that data and literature data into PBPK modelling to identify
the key parameters affecting the drug’s pharmacokinetics. They found a disagreement
between predicted versus observed precipitation rates. Litou et al. [270] developed a
PBPK model to simulate the in vivo performance of nano-sized poorly soluble API
capsules implementing in vitro dissolution, solubility and transfer studies data and
found out that although nano-sizing the APl improves its in vivo performance, intestinal
solubility still remained a barrier to bioavailability and that an accurate simulation of

GET was relevant in this case.

These studies, and the work presented here, methodically investigate factors relating
to the in vitro dissolution testing itself and the best practices in data treatment before

inputting them into an absorption model.
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6.3.1. Virtual bioequivalence (VBE) studies

VBE studies were carried out as part of this work. Currently, human studies are viewed
as the major type of evidence to demonstrate BE [57]. Refining and validating PBPK
models is a step towards generating more confidence in VBE predictions [362]. VBE
studies using in silico models could serve as alternatives to time-consuming in vivo
comparative BE studies for poorly soluble drugs [256] or permeation controlled
absorption drugs [257]. Moreover, they can be useful in contextualizing the impact of
dissolution parameters such as media viscosity on PK predictions as they incorporate

variability around physiological parameters.

In the current work, VBE studies illustrated that the presence of HPMC in the
dissolution media would not impact Cmax BE, whereas the presence of sucrose did not
result in bioequivalent Cmax values. Other examples can be found in the literature
where PBBM models have been used to predict VBE. Kambayashi et al. [256]
predicted BE of dosage forms with different in vitro dissolution behaviour containing
two poorly soluble drugs inputting in vitro biorelevant data into Stella software. Laisney
et al. [257] used PBBM to determine VBE between a tablet and capsule formulation of
a weakly basic drug (ribociclib) in both healthy and cancer patients. In the study by
Laisney et al. [257], VBE trials inputting virtual batches with slower dissolution rates

were used to define an in vitro bioequivalent safe space.

The potential for VBE analysis is acknowledged in these studies, together with the
need to further study and characterize the Gl physiology to increase the accuracy and
confidence in the PK predictions for a virtual population. Moreover, VBE can be
applied to different patient cohorts provided that data on physiological variability is

available for model building.

6.3.2. Flow-through apparatus dissolution profiles and transfer models for

pharmacokinetic predictions

Dissolution profiles occurring in a biorelevant timeframe were generated in the FTA in
the current work and implemented into GastroPlus®. As discussed previously, the FTA
can generate fluid flows and Reynolds numbers which are closer to those found in the
human GIT [16].
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The paddle apparatus has generally been used to generate biorelevant dissolution
data to be used as inputs to PBPK models, although some reports in the literature
which have utilized the FTA instead can be found. Ibarra et al. [363] used FTA-
generated dissolution profiles of three carvedilol products to predict the in vivo
pharmacokinetics in a virtual population. In order to simulate the fasted GIT, the
formulations were originally exposed to acidic medium at a high flow rate for 30 min to
represent the stomach, followed by exposure to phosphate buffer at a low flow rate for
150 min. The authors highlighted the need to carry out in vivo BE studies for this
particular drug, based on the predicted non-BE of commonly marketed forms of
carvedilol in the Uruguayan market.

Kushwah et al. [364] built a PBPK model to predict the bioavailability of rivaroxaban
from Xarelto IR tablets. The model was informed with in vitro solubility, permeability
and dynamic dissolution data, which was generated in the FTA. In this work, the tablets
were also exposed to two consecutive media to represent transfer of the dosage form
from the stomach to the intestine - FaSSGF for 30 min and FaSSIF for 5.5 h. The FTA

was also used to generate dissolution profiles which were relevant to the fed state.

The current work represents an additional example of the use of the FTA to generate

biorelevant dissolution data to be used as inputs to PBPK models.

Other two-stage in vitro models which did not use the FTA, but other dissolution setups
have been performed to generate dissolution inputs for PBPK models of basic drugs.
This is considered of relevance as basic drugs are prone to precipitation when
transferred from the stomach to the intestine [226]. For example, the BioGIT system
which simulates drug transfer from the stomach to the upper intestine was able to
predict the impact of dose and formulation on early exposure for eight low solubility
compounds [187, 365]. However, transfer models could be subject to further
improvements, as Carlert et al. [223] observed that in vitro two-stage models using
FaSSGF and FaSSIF tended to overpredict in vivo precipitation rates, probably due to
the absence of an absorptive sink [129]. For weakly basic drugs, it is important to input
accurate precipitation parameters in the model [227]. This is also the case for the salt
forms of weakly acidic drugs. In the work by Zéller et al. [366] the supersaturation and
precipitation behaviour of two ibuprofen salts was different depending on the

apparatus used (paddle apparatus versus uDISS Profiler™) and the pH of the media.
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Therefore, a two-stage dissolution system that incorporates an absorptive sink might
be necessary for accurate precipitation parameters to be input into PBPK models of

weakly basic drugs and salt forms of weakly acidic drugs.

It could be argued that weakly acidic drugs, for which precipitation when transferred
from the stomach to the intestine is not expected, do not necessitate such accurate
precipitation parameters in the model. Instead, for these drugs an accurate prediction
of GET could be considered more relevant, as GET will determine when the solubility,
dissolution rate and absorption rate of the acidic drug is expected to rise as a response

to the pH increase in the GIT.

In the current work, dissolution inputs to GastroPlus® were generated in pH 6.8
phosphate buffer media only, representing the intestinal pH. It was shown in the
literature that a pre-treatment in acidic conditions to simulate the in vivo environment
was relevant for the salt forms of ibuprofen in terms of capturing their faster oral
absorption [111]. Even though the current work did not use tablets containing
ibuprofen salts, it might still be relevant to study the effect of exposure to an acidic
environment prior to dissolution in pH 6.8 phosphate buffer, considering the observed
underprediction of the early timepoints of the plasma concentration profiles. The
impact of an acidic pre-treatment on the PK profile of ibuprofen tablets in different
viscosity scenarios could be simulated with the model presented in the current work.

6.3.3. Parameter sensitivity analysis (PSA)

PSA can be used to assess which parameters are more relevant to include in in vitro
biopredictive tests and which variables are more likely to influence the in vivo
behaviour of a formulation [183, 261]. In the current work, the effects of viscosity on
the parameters Cmax and Tmax through altered diffusion coefficients and effective PSDs
were highlighted in a PSA study. Other works have used PSA to demonstrate the
relevance of parameters such as GET, intestinal solubility, or effective permeability for
an accurate simulation [251, 270]. PSA has also been used to determine the optimal
percentage dissolved of montelukast to achieve a target plasma concentration profile
[279]. In the work by Mukherjee et al. [367], PSA was used to study the effect of
hypothetical dissolution scenarios generating different dissolution rates on the plasma

concentration profile of the drug elagolix.
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PBPK models coupled with biorelevant dissolution testing could be used to refine and
select the most appropriate in vitro dissolution conditions to obtain a target in vitro
dissolution profile. For example, in the current work there was a compromise between
an accurate prediction of Tmax and an accurate prediction of the early timepoints (<1
h). Itis suggested that selective changes to in vitro fluid velocities and viscosity values,
or the use of different VEAs, could optimize the predictions of the early timepoints
while delaying Cmax to closely compare to the in vivo values. This is relevant in light of
the importance of an accurate prediction of Tmax, particularly for analgesic drugs like
ibuprofen, but also for other types of drugs, like hypnotics used for the treatment of

insomnia [251].

In order to develop accurate PBPK models, it is imperative to understand in vivo and
in vitro hydrodynamics and how they affect drug dissolution and absorption. Working
towards the refinement of these models can bring many advantages, such as speeding

up development times, and reducing costs associated with clinical trials.
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Chapter 7. Conclusions

The effect of hydrodynamic parameters —i.e., fluid velocity and medium viscosity — on
the dissolution rate of ibuprofen powder and immediate release ibuprofen tablets was
investigated in the paddle apparatus and the flow-through apparatus. The dissolution
profiles of ibuprofen immediate release tablets generated in the flow-through
apparatus in different medium viscosity conditions served to inform a predictive
pharmacokinetic model in GastroPlus®. The in-house dissolution simulation code
SIMDISSO™ was used to predict the dissolution rate of ibuprofen particles in the flow-
through apparatus and in the paddle apparatus, with three different approaches being
explored in relation to bulk volume, particle size and particle motion. Moreover, the
applicability of SIMDISSO™ to simulate dissolution in higher medium-viscosity

environments was assessed.

e The current work added to the body of evidence that shows that increasing fluid
velocity in the in vitro dissolution apparatuses through an increased agitation
speed in the paddle apparatus and an increased flow rate or decreased cell
size in the flow-through apparatus increases the in vitro dissolution rate of
Biopharmaceutics System Classification class Il drugs.

e The flow-through apparatus was used to generate dissolution profiles for an
immediate release tablet that served as an input to a pharmacokinetic model,
representing an example of the use of this apparatus for a biopredictive
application. In the case presented here, moderately increasing medium
viscosity with HPMC led to predicted bioequivalence of ibuprofen Cmax between
medium containing 1.05% w/v HPMC and medium without this viscosity
enhancing agent in the two fluid velocity conditions examined.

e SIMDISSO™ simulations could predict the differences in dissolution rate of
ibuprofen particles in different solubility media, although there was a general
underprediction in 0.1 M HCI, which was reduced when factors like particle size
distribution and particle motion were adjusted. This suggests there is scope for

better simulating dissolution in a low solubility environment.
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The computational studies also showed the relevance of an accurate simulation
of local hydrodynamics for dissolution simulation, which was illustrated with the
implementation of a near-particle volume in the flow-through apparatus.

This study also considers the importance of the selection of an effective particle
size to input into mechanistic dissolution models. It was observed that in some
scenarios, a median particle size might be sufficiently accurate in predicting
dissolution metrics like the time to 85% dissolution. Using a particle size
distribution might improve the accuracy of the predicted dissolution profiles, but
it might also overpredict early dissolution. This was hypothesised to be due to
agglomerates behaving as bigger particles in vitro, with a reduced surface area
exposed, which would not be captured by the simulation code. Therefore, to
capture agglomeration effects inputting an accurate effective particle size
distribution is considered relevant.

In the paddle apparatus, the complexity of simulating hydrodynamics with a
reduced-order model were manifested by the poorer predictions in this
apparatus than in the flow-through apparatus. Only one velocity component can
be input in the code and the different velocities that particles are exposed to
depending on whether they are suspended or sedimented are not currently
considered but could be further steps to refine SIMDISSO™. Even though the
simulations in the flow-through apparatus were relatively accurate when
compared to paddle apparatus simulations, there is still scope for improvement
of the simulation in particular scenarios like low solubility media.

One of the advantages of SIMDISSO™ is the possibility of performing short
particle motion simulations which can give insight into the effects of dissolution
parameter changes on particle velocity. Particle motion simulations aided in the
selection of whether to enable or disable particle motion for the full simulation
in the simulations presented in Chapter 3, based on the relative velocity
between particle and fluid velocity. A spatial limitation defined as the height of
the cell to limit particle motion in the vertical direction was implemented in
Chapter 4 to better represent the in vitro situation. This eliminates the need to
enable or disable particle motion, as it is automatically disabled at the cell upper

and lower boundaries.
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Moderate increases in medium viscosity (5.5 mPa.s) were shown to affect
particulate drug dissolution, intrinsic drug dissolution and drug dissolution from
immediate release tablets to different extents depending on the viscosity
enhancing agent used, medium solubility and apparatus used. Both HPMC and
sucrose reduced the intrinsic dissolution rate of ibuprofen. The particulate
dissolution rate of ibuprofen was also reduced in the flow-through apparatus in
sucrose-containing medium, but this was not so evident in HPMC-containing
medium. The reduction of the dissolution rate of ibuprofen from immediate
release tablets was also more prominent in sucrose-containing media than in
HPMC-containing media, in both fluid velocity environments studied in the flow-
through apparatus.

The simulations in SIMDISSO™ could capture the effect of sucrose on
ibuprofen particulate dissolution but overpredicted the effect of HPMC
suggesting other factors, like wetting or impacts of viscosity enhancing agents
on fluid velocity are not currently captured by the simulations.

Particle motion simulations carried out in SIMDISSO™ were useful to illustrate
the effect of an increased medium viscosity and fluid density on particle velocity.
Reduced times for particles from a particle size distribution to start lifting and
reach the top of the cell were observed when viscosity was increased. This
could partly explain the observed difference between intrinsic dissolution,
where HPMC reduced the dissolution rate, and particulate dissolution in both
the flow-through apparatus and paddle apparatus, where the effect of HPMC
was not so evident.

The complexity of isolating the effect of small increases of viscosity on the in
vitro dissolution rate was manifested, as the presence of viscosity enhancing
agents in the media might impact other factors that affect dissolution such as
fluid velocities and shear rates, particle motion, wettability and fluid density, and
the impact might be different depending on the viscosity enhancing agent used,
as demonstrated in this work. Further work with different viscosity enhancing
agent, drugs belonging to different Biopharmaceutics System Classification
classes and different formulations is needed to continue to build a body of
knowledge that suggests which conditions are most affected by small increases
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of medium viscosity and how this impacts oral absorption predictions and drug
bioavailability.

e The results presented here show that intentional or unintentional viscosity
increases could impact a drug dissolution profile and that variables like diffusion
coefficient, effective particle size distribution and particle motion should be

characterized in a medium-dependent basis.
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Chapter 8. Future work

The present work examined the effect of medium viscosity and fluid velocity on the in
vitro dissolution and predicted bioavailability of one weakly acidic drug in an immediate
release dosage form and an API form. The mechanistic simulation of the dissolution
of ibuprofen particles under different experimental conditions of solubility, fluid velocity
and fluid density was investigated in SIMIDISSO™ and areas of improvement were
identified.

1. The effect of moderate increases in medium viscosity (5.5 mPa.s) using
sucrose and HPMC as viscosity enhancing agents could be explored with other
class Il drugs according to the Biopharmaceutics Classification System like
ketoconazole, a weakly basic drug, or carbamazepine, a neutral drug. The
study of class Il drugs is considered relevant due to the increase of poorly
soluble drugs being developed in recent years. The majority (60-70%) of the
drugs in pipeline in 2018 belonged to class Il, and together with class IV drugs,
they represented up to 90% of the drugs in the development pipeline [69].

2. A design of experiments approach could be used to study the relative influence
of moderate increases of viscosity versus other factors affecting drug
dissolution such as bile salt concentration or buffer capacity. This would allow
the interplay and relative effects of each of these important parameters to be
studied. Ibuprofen or the above-mentioned drugs might be used as a sample
drug for this study.

3. To further understand the effect of medium viscosity increases on fluid
velocities and shear rates, imaging techniques such as particle imaging
velocimetry or flow visualization with dyes could be used. Another imaging
technique, shadowgraph imaging, is suggested as a means to study viscosity
effects on particle suspension, particle motion and particle size changes with
time. Shadowgraph imaging has already been used for this purpose with
carbamazepine in HPMC-containing medium, proving it a useful technique to
characterize viscosity effects on dissolution.

4. Shadowgraph imaging could also aid in the selection of an effective particle

size for dissolution simulation models. This is expected to mitigate the limitation
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encountered in this work relating to the selection of an effective particle size
when agglomeration is observed or suspected.

. The limitation of a simulated spherical particle shape described in the current
work could be challenged with the simulation of other particles shapes in
SIMDISSO™. This could help contextualize the importance of particle shape
definition in the case of ibuprofen particles, in light of the surface area studies,
which do not suggest a large difference between the experimental and
simulated surface area when a patrticle size distribution is used for the ibuprofen
powder used in the current work. The use of more realistic particle shapes is
expected to be of particular relevance in low solubility media, where the
simulations were found to be of a lower accuracy.

. When investigating medium viscosity effects, a large impact of fluid density on
drug dissolution was identified both in vitro and through mechanistic
simulations. A separate study to isolate density effects on drug dissolution
should be considered with the use of SIMDISSO™ which can study density and
viscosity effects separately. This might be difficult to achieve in vitro as
generally an increase in fluid density of the dissolution media will be
accompanied by an increase in fluid viscosity.

In the current work, the plasma concentration versus time profile after the
administration of an ibuprofen immediate release tablet formulation was
simulated. lIbuprofen is a weakly acidic drug but the effect of medium viscosity
on the release from and dissolution of other formulations should be considered
as the complexity of the formulation is expected to decrease the accuracy of
the prediction and be more reliant on the quality of the input data [244]. Based
on the successful implementation of flow-through apparatus-generated
dissolution profiles for ibuprofen tablets into a bioavailability simulation model,
dissolution data with a class Il weakly basic drug such as ketoconazole or
neutral drugs such as carbamazepine could be generated in the flow-through
apparatus and incorporated into a PBPK model. On the one hand, this would
help with the assessment of the impact of moderately increasing medium
viscosity on the predicted bioavailability of other drugs with different
physicochemical characteristics than ibuprofen. On the other hand, it might be
relevant for the further confirmation of the usefulness of the flow-through

apparatus to generate biopredictive dissolution profiles.
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Appendix 1

Calibration curves of ibuprofen APl in a UV-Vis spectrophotometer

for the dissolution studies presented in Chapter 3

Calibration curves for the dissolution tests of ibuprofen API were carried out by
preparing dilutions of ibuprofen powder in pH 6.8 phosphate buffer with concentrations
ranging from 1 pg mitto 30 pg mlt. Samples from the FTA tests where a mass of 5
mg was used were analysed at 222 nm in a UV-Vis spectrophotometer (Figure A.1.1).
Samples from the FTA tests where a mass of 50 mg was used and from the paddle
apparatus were analysed at 264 nm. In this case, the concentration range was from
30 pug mltto 600 pug mlt (Figure A.1.2). Samples from tests carried out in 0.1 M HCI
in both the FTA and paddle apparatus were analysed with the calibration curve in
Figure A.1.3. Ibuprofen powder was dissolved in 0.1 M HCI to obtain a range of
concentrations from 0.3 pg mitto 40 ug mit and analysed at 222 nm in a UV-Vis

spectrophotometer. All media contained 0.003% w/v Tween 20.
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Figure A.1.1. Mean absorbance (£SD) of ibuprofen API at concentrations of 1

ug mitto 30 ug mltin pH 6.8 phosphate buffer containing 0.003% w/v Tween
20 at 222 nm (n = 3).
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Figure A.1.2. Mean absorbance (£SD) of ibuprofen API at concentrations of 30
g mltto 600 ug mitin pH 6.8 phosphate buffer containing 0.003% w/v Tween
20 at 264 nm (n = 3).
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Figure A.1.3. Mean absorbance (£SD) of ibuprofen API at concentrations of 0.3
pug mitto 40 ug mltin 0.1 M HCI containing 0.003% w/v Tween 20 at 222 nm (n
=3).
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Calibration curves of ibuprofen APl in a UV-Vis spectrophotometer

for the FTA dissolution studies presented in Chapter 4

Calibration curves for the dissolution tests in the FTA were carried out by preparing
dilutions of ibuprofen powder in the corresponding media. Concentrations ranged from
0.1 pug mltto 30 pg mlt in pH 6.8 phosphate buffer media without VEAs (Figure
A.1.4), with 0.3% w/v HPMC (Figure A.1.5), with 1.05% w/v HPMC (Figure A.1.6),
with 25% w/v sucrose (Figure A.1.7) or with 59% w/v sucrose (Figure A.1.8).
Concentrations ranged from 0.3 pg ml*to 20 pg mitin 0.1 M HCI media without VEASs
(Figure A.1.9), with 0.3% w/v HPMC (Figure A.1.10), with 1.05% w/v HPMC (Figure
A.1.11) or with 25% w/v sucrose (Figure A.1.12). Samples were analysed at 222 nm
in a UV-Vis spectrophotometer.
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Figure A.1.4. Mean absorbance (£SD) of ibuprofen API at concentrations of 0.1

pug mitto 30 ug mltin pH 6.8 phosphate buffer containing 0.003% w/v Tween
20 at 222 nm (n = 3).
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Figure A.1.5. Mean absorbance (£SD) of ibuprofen API at concentrations of 1
pug mitto 30 ug mltin pH 6.8 phosphate buffer containing 0.003% w/v Tween
20 and 0.3% w/v HPMC at 222 nm (n = 3).
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Figure A.1.6. Mean absorbance (£SD) of ibuprofen API at concentrations of 0.1

ug mltto 30 ug ml-tin pH 6.8 phosphate buffer containing 0.003% w/v Tween
20 and 1.05% w/v HPMC at 222 nm (n = 3).
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Figure A.1.7. Mean absorbance (£SD) of ibuprofen API at concentrations of 0.1
ug mltto 30 ug mltin pH 6.8 phosphate buffer containing 0.003% w/v Tween

20 and 25% w/v sucrose at 222 nm (n = 3).
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Figure A.1.8. Mean absorbance (£SD) of ibuprofen API at concentrations of 0.1

ug mitto 30 ug mltin pH 6.8 phosphate buffer containing 0.003% w/v Tween

20 and 59% w/v sucrose at 222 nm (n = 3).
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Figure A.1.9. Mean absorbance (£SD) of ibuprofen API at concentrations of 0.3
pug mitto 20 ug ml 0.1 M HCI containing 0.003% w/v Tween 20 at 222 nm (n =
3).
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Figure A.1.10. Mean absorbance (xSD) of ibuprofen API at concentrations of

0.3 ug mltto 20 pg miin 0.1 M HCI containing 0.003% w/v Tween 20 and 0.3%
w/v HPMC at 222 nm (n = 3).
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Figure A.1.11. Mean absorbance (£SD) of ibuprofen API at concentrations of
0.3 ug ml*to 20 ug ml? in 0.1 M HCI containing 0.003% w/v Tween 20 and
1.05% w/v HPMC at 222 nm (n = 3).
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Figure A.1.12. Mean absorbance (xSD) of ibuprofen API at concentrations of
0.3 ug mltto 20 pg mitin 0.1 M HCI containing 0.003% w/v Tween 20 and 25%

w/v sucrose at 222 nm (n = 3).
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Calibration curves of ibuprofen API in a UV-Vis spectrophotometer

for the paddle apparatus dissolution studies presented in Chapter 4

Calibration curves for the dissolution tests in the paddle apparatus were carried out by
preparing dilutions of ibuprofen powder in the corresponding media. Concentrations
ranged from 9 pg ml! to 150 pg ml? in pH 6.8 phosphate buffer media without VEAs
(Figure A.1.13), with 0.3% w/v HPMC (Figure A.1.14) or with 1.05% w/v HPMC
(Figure A.1.15). Concentrations ranged from 0.3 pg ml*to 20 pg mlt in 0.1 M HCI
media without VEAs (Figure A.1.16), with 0.3% w/v HPMC (Figure A.1.17) or with
1.05% w/v HPMC (Figure A.1.18). Samples were filtered through a PTFE filter before
analysis to simulate the sampling procedure during dissolution tests. Samples were
analysed at 264 nm if in pH 6.8 phosphate buffer media (with or without HPMC) or at
222 nm if in 0.1 M HCI media (with or without HPMC) in a UV-Vis spectrophotometer.
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Figure A.1.13. Mean absorbance (xSD) of ibuprofen API at concentrations of 9

ug mltto 150 ug mitin pH 6.8 phosphate buffer containing 0.003% w/v Tween
20 at 264 nm (n = 3).

247



0.3 -

0.25 -

o
N
|

0.15 -

Absorbance (a.u.)

o
=
|

y = 0.0018x - 0.0149

0.05 - R*=0.9999

0 50 100 150
Concentration (ug ml?)

Figure A.1.14. Mean absorbance (£SD) of ibuprofen API at concentrations of 9

ug mltto 150 ug mitin pH 6.8 phosphate buffer containing 0.003% w/v Tween
20 and 0.3% w/v HPMC at 264 nm (n = 3).
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Figure A.1.15. Mean absorbance (xSD) of ibuprofen API at concentrations of 9
ug mltto 150 ug mitin pH 6.8 phosphate buffer containing 0.003% w/v Tween
20 and 1.05% w/v HPMC at 264 nm (n = 3).
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Figure A.1.16. Mean absorbance (£SD) of ibuprofen API at concentrations of
0.3 ug ml*t to 20 ug miin 0.1 M HCI containing 0.003% w/v Tween 20 at 222 nm
(n =3).
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Figure A.1.17. Mean absorbance (xSD) of ibuprofen API at concentrations of

0.3 ug mltto 20 pg miin 0.1 M HCI containing 0.003% w/v Tween 20 and 0.3%
w/v HPMC at 222 nm (n = 3).
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Figure A.1.18. Mean absorbance (£SD) of ibuprofen API at concentrations of
0.3 ug mlt to 20 pug mi*in 0.1 M HCI containing 0.003% w/v Tween 20 and
1.05% w/v HPMC at 222 nm (n = 3).

Calibration curves in HPLC for dissolution studies of ibuprofen

tablets presented in Chapter 5

Calibration curves were obtained by preparing serial dilutions of ibuprofen in either (a)
pH 6.8 phosphate buffer (Figure A.1.19), (b) pH 6.8 phosphate buffer with 1.05% wi/v
HPMC (Figure A.1.20) or (c) pH 6.8 phosphate buffer with 59% w/v sucrose (Figure
A.1.21) ranging from 3 to 600 pug mlt. The HPLC and column system described in
section “2.3.8.4. Analysis of the samples” were used. The same mobile phase, flow
rate, injection volume and run time were applied. Detection was carried out with a

Waters 2996 photodiode array detector at 220 nm.
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Figure A.1.19. Mean absorbance (£SD) of ibuprofen API at concentrations of 3
g mltto 600 ug mitin pH 6.8 phosphate buffer containing 0.003% w/v Tween
20 at 220 nm (n = 3).
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Figure A.1.20. Mean absorbance (xSD) of ibuprofen API at concentrations of 3

ug mltto 600 ug mitin pH 6.8 phosphate buffer containing 0.003% w/v Tween
20 and 1.05% w/v HPMC at 220 nm (n = 3).
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Figure A.1.21. Mean absorbance (£SD) of ibuprofen API at concentrations of 3

g mltto 600 ug mitin pH 6.8 phosphate buffer containing 0.003% w/v Tween
20 and 59% w/v sucrose at 220 nm (n = 3).
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Appendix 2

Ibuprofen tablet dissolution in pH 6.8 phosphate buffer in the FTA

at 8 ml min?tin acell of 22.6 mm of diameter
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Figure A.2.1. Mean experimental dissolution profile (xtSD) of 200 mg ibuprofen
tablets in 500 ml of pH 6.8 phosphate buffer containing 0.003% w/v Tween 20 at
37°C in the FTA at a flow rate of 8 ml min-t and a cell diameter of 22.6 mm (n =
3).
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