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Abstract

Hypertension is the most common cardiovascular disease characterised by elevated
systolic and diastolic blood pressure. Globally, around 1.28 billion adults have hypertension
with only about 21 % having it under control. Prevalence depends on a range of different
factors. Currently, there are many different drugs that are used to manage hypertension
through different mechanisms of action. In recent years, guidelines suggest that hypertension
should be treated with a combinatory therapy from its onset, instead of monotherapy, so that
many different receptors can be targeted. However, the administration of many different
drugs to hypertensive patients (polypharmacy) can in itself impede patient compliance to the

treatment, reducing the desired effectiveness of this approach.

MT-1207 is a new promising antihypertensive agent that targets multiple different
receptors, namely, calcium channels, o1 and serotonin (5-Hydroxytryptamine) 5-HT2a
receptors. Its safety and efficacy have been indicated in preclinical animal studies and phase |
clinical trials in healthy human subjects. Immediate-release tablets of MT-1207 have been

developed and are currently being tested in phase Ib/Ila clinical trials.

The aim of the present study was to develop sustained-release tablet formulations of
MT-1207 that could be administered as a once-a-day dosing regimen, thereby providing
improved patient compliance and better control of the drug plasma levels. Initially, to achieve
this, single-layer hydroxypropyl methylcellulose (HPMC) matrix tablets were prepared and
characterised in vitro. Based on the results, an optimised HPMC matrix tablet formulation

was selected and was forwarded to a pharmacokinetic study in Beagle dogs.

Based on the in vivo study results, further formulation optimisation was carried out by
developing non-effervescent gastroretentive bilayer tablets that consisted of a novel

gastroretentive layer and an MT-1207-containing layer. As part of the gastroretentive layer

\'



optimisation, a factorial experiment was designed and executed to determine the factors
affecting the in vitro buoyancy behaviour of the tablets. Based on the factorial experiment
results, an optimised gastroretentive layer was designed which was easy to prepare, ensured
an immediate floatation of the tablets, and maintained tablet buoyancy over more than 24
hours in fasted state simulated gastric fluid (FaSSGF) pH 1.6, regardless of the drug layer
composition. It was also shown that the media pH influenced the total floating time of the
tablets. Based on scanning electron microscopy (SEM) imaging and viscosity analysis, a
statistically significant difference in the total floating time values of the bilayer tablets over
the pH range 1.0 — 6.0 was attributed to pH-dependent degradation of polyethylene oxide
(PEO) in acidic conditions at temperatures above 36 °C. With regards to the drug layer,
ethylcellulose was incorporated as an additional release retardant. The in vitro release testing
demonstrated that the presence of the gastroretentive layer was the main factor that
significantly retarded the release of MT-1207 from the bilayer tablets, rather than the amount
of ethylcellulose incorporated into the drug layer. Ultimately, two bilayer formulations were

developed that provided a complete sustained release of MT-1207 maintained over 24 hours.

The non-effervescent gastroretentive bilayer tablet formulations were forwarded to a
second pharmacokinetic study in Beagle dogs in fed conditions. The study results
demonstrated the potential of those formulations to be used for the once-a-day oral delivery

of MT-1207. The bilayer tablet formulations will be the subject of clinical trials.
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1 Chapter 1: General Introduction

Part of this chapter (Section 1.2.2) has been published in the following review article:

Vrettos NN, Roberts CJ, Zhu Z. Gastroretentive Technologies in Tandem with Controlled-
Release Strategies: A Potent Answer to Oral Drug Bioavailability and Patient Compliance
Implications. Pharmaceutics. 2021. 13(10), 1591. DOl:

https://doi.org/10.3390/pharmaceutics13101591

1.1 Hypertension
1.1.1 Definition

Hypertension is the most common cardiovascular disease (1). In the United Kingdom,
the National Institute for Health and Care Excellence (NICE) defines the cut-off point
between normal blood pressure (BP) and hypertension in adults as sustained systolic blood
pressure (SBP) > 140 mm Hg and/or diastolic blood pressure (DBP) > 90 mm Hg following
repeated tests (2). According to World Health Organisation (WHO), approximately 1.28
billion adults aged 30-79 years globally have hypertension and only about 21 % of them have
it under control (3). Many variables influence the prevalence of this disease, including race,
age, and education (4-6). Hypertension presents a significant challenge in therapeutics as it is
usually a lifelong disease that causes few symptoms until its advanced stage. It is the most

common risk factor of coronary heart failure (CHF) (7, 8).

1.1.2 Aetiology of hypertension

A specific cause of hypertension can only be established in 5 % of patients. Patients in
whom no specific cause of hypertension can be found are said to have essential or primary
hypertension, while patients with specific aetiology are said to have secondary hypertension

(9). It is important, though, to consider specific causes since some of them are amenable to
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definitive surgical treatment, e.g coarctation of the aorta, renal artery constriction,

pheochromocytoma, Cushing’s disease and primary aldosteronism (10-14).

In most cases, elevated BP is connected to an overall increase in resistance to the flow
of blood through arterioles, whereas the cardiac output is usually normal. Elevated BP is
usually caused by a combination of several (multifactorial) abnormalities, such as genetic
factors, psychological stress, along with environmental and dietary factors (increased salt and
decreased potassium or calcium intake) that are believed to contribute to hypertension (15-
18). Furthermore, as the population ages, increases its body weight and adopts a more

sedentary lifestyle, the prevalence of hypertension will continue to rise globally (19).

The heritability of essential hypertension is estimated to be about 30 — 50 % (20).
Mutations in several genes have been linked to various rare causes of hypertension.
Functional variations of the genes for angiotensinogen, angiotensin-converting enzyme
(ACE), the p adrenoceptor and a adducin (a cytoskeletal protein) appear to contribute to some

cases of essential hypertension (21-24).

1.1.3 Diagnosis and risks of hypertension
The diagnosis of hypertension is based on repeated, reproducible measurements of
elevated BP (25). The diagnosis is mostly used to predict the consequences for the patient,

rather than to find the cause of hypertension (1).

Hypertension is the leading preventable risk factor for premature death and disability
globally (26). The risks of damage to the kidney, heart and brain are directly related to the
extent of BP elevation as seen from epidemiologic studies. Even mild hypertension (140/90
mm Hg) increases the risk of eventual end-organ damage. Both systolic hypertension and
diastolic hypertension are related to end-organ damage; so-called isolated systolic

hypertension is not benign (27, 28). Hypertension is linked to an increased probability of



sudden cardiac death, angina pectoris, kidney disease, vascular dementia, ophthalmologic
disorders, and other events (29). The risks increase in proportion to the magnitude of BP
elevation. Other factors that increase risks include smoking (30), metabolic syndrome

(including obesity) (31), dyslipidemia (32), diabetes (33), and family history (34).

The diagnosis of hypertension depends on measurements of BP and not on symptoms
reported by the patient. Hypertension is usually asymptomatic until end-organ damage is

imminent or has occurred (1, 35).

1.1.4 Treatment of hypertension
A therapeutic regimen must be carefully designed once a decision to treat
hypertension is made. A properly designed antihypertensive drug therapy has been shown to

significantly reduce the probability of new coronary events, stroke, and CHF (29, 36, 37).

Many drugs are used to treat hypertension through different mechanisms of action,
such as angiotensin-receptor blockers, ACE inhibitors, beta blockers, calcium channel
blockers, diuretics, and alpha-receptor antagonists (19, 38, 39). It is mainly the level of BP
and the presence and severity of end-organ damage that dictates the selection of drugs for the
therapeutic regimen. In recent years, the paradigm regarding the start of antihypertensive
therapy was shifted from monotherapy to drug combinations since they have proved more
effective in achieving management of hypertension (25). The use of many different drugs
targeting different receptors is called polypharmacy (the concurrent use of multiple
medications by a patient) (19, 40). However, the need to take many separate medicines can
lead to reduced patient compliance. Therefore, according to the European Society of
Cardiology/European Society of Hypertension (ESC/ESH) guidelines, it would be best to
initiate antihypertensive treatment using a fixed-dose combination (FDC) to ensure patient

compliance to the treatment and to speed up the process towards reaching the target BP (19).



Since hypertension is a chronic disorder, a steady-state concentration of the drug(s) is
required throughout the time of treatment (41). Controlled-release formulations are very
frequently used to achieve drug release in the desired gastrointestinal tract site at a
predetermined rate. For this reason, a few antihypertensive drugs are available in the market
as controlled-release products. Typical examples include Coreg® CR (carvedilol), Coracten®

SR (nifedipine), Calan® SR (verapamil), and Toprol® XL (metoprolol).

1.2 Controlled-release formulations

Controlled-release formulations are dosage forms from which drugs can be released in
a controlled manner over time. There are many different categories of controlled-release
formulations, depending on the technology and the consequent release mechanism(s) applied.
This thesis will focus on sustained-release matrix systems, as well as gastroretentive

formulations.

1.2.1 Matrix systems

In a matrix system (Figure 1-1), the most commonly used system in the pharmaceutical
industry, the drug is homogeneously distributed throughout a polymer matrix (42). Drugs
may be released through diffusion and/or erosion mechanisms based on the properties of
drugs and matrix polymers (43-45). In a matrix dissolution-controlled system, as the polymer
matrix dissolves, drug molecules are released. This is also referred to as “erosion-controlled
release”. This is a usual case for hydrophobic drugs incorporated into hydrophilic polymer
matrices (44). Since the size of the matrix decreases as more drug is released, the amount of
drug released is also decreased, resulting in a non-zero-order release. In the matrix diffusion-
controlled systems, drug molecules may mainly be released via diffusion mechanism through

a polymer matrix (42).



Matrix

Drug particles

Figure 1-1: The matrix system where drug particles are distributed in a polymer matrix. The

figure was created using BioRender (https://www.biorender.com/).

1.2.1.1 Dissolution-controlled matrix formulations

The desired controlled-release profile from dissolution-controlled matrix systems is
achieved easily through their use, they are cost-effective and have the United States (US)
Food and Drug Administration (FDA) acceptance (46). Many different polymers are used in
controlled-release systems where release is controlled by the dissolution rate of the polymer
matrix. Hydrophilic matrix systems are matrix systems where the release retardant is a
hydrophilic polymer. A typical hydrophilic polymer matrix system consists of the drug, the
hydrophilic polymer(s) and other excipients distributed throughout the matrix. This system is
dependent on polymer wetting, hydration and dissolution with regards to achieving controlled
release of the drug (46). Drug release from hydrophilic matrices is believed to be affected by
water diffusion through the matrix, drug diffusion through the matrix, as well as the erosion

of the hydrated matrix (47).

Many different hydrophilic polymers can be used to prepare oral controlled-release
matrix systems. The most commonly used polymers are cellulose ether derivatives which
include hydroxypropyl methylcellulose (HPMC), hydroxypropyl cellulose (HPC), and
sodium carboxymethylcellulose (48-50). HPMC is a partly O-methylated and O-(2-
hydroxypropylated) cellulose (51). Its hydration rate depends on the molecular structure and
degree of substitution of these substituents. More specifically, the hydration rate of HPMC

increases with increasing hydroxypropyl content (52). It forms swellable matrices that lead to
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the formation of viscous solutions, instead of true gels (53). When HPMC of a lower
molecular weight is used, such as K15M, the erosion of the swollen polymer matrices control
drug release, while HPMC K100M can form stable gels which are more resistant to erosion
(47). When HPMC polymers of different molecular weights are used, the effect on the release
profile is more obvious for water-insoluble drugs the release of which is governed by erosion
than for water-soluble drugs the release of which is governed by diffusion in hydrophilic
matrix tablets (54). Furthermore, polyethylene oxide (PEO) is a hydrophilic polymer used in
controlled-release tablet preparations and is considered an alternative to HPMC for controlled
drug delivery (55, 56). It is a non-ionic polymer, stable over a wide range of physiological pH
values. Like HPMC, PEO can swell rapidly forming a homogeneous viscous gel layer and a
viscous solution, thus controlling drug release (57, 58). Other polymers, such as chitosan,
polyacrylic acid, sodium alginate, gums can also be used as controlled-release matrices (59-

63).

Hydrophilic polymers have been used either as sole release retardants or in
combinations to achieve controlled release of drugs. Savager et al. carried out a study where
HPMC K4M, sodium carboxymethylcellulose, Carbopol® and chitosan were used as the sole
release retardants or in different combinations to develop a once-a-day tablet formulation of
metoclopramide (64). All the tablets that were tested in the study indicated that an increase in
the concentration of the gelling polymer in the matrix led to slower drug release. The effect
of the dissolution medium in terms of pH was especially observed for Carbopol® and
chitosan formulations. The sodium carboxymethylcellulose-based matrices exhibited very
fast drug release which was probably due to the higher aqueous solubility of the polymer,
along with the fact that it was less ionised in acidic medium and, thus, less viscous. The
release of the drug from HPMC-based formulations seemed independent of the pH of the

dissolution medium. This was probably because when the polymer comes in contact with



water or other aqueous fluids, it absorbs water and swells or hydrates regardless of the pH of
the medium. Matrix tablets that contained a blend of HPMC and chitosan at equal ratio were

chosen as the optimised formulation to be forwarded to further studies (64).

Apart from the material properties, formulation and technological factors, such as
polymer:drug ratio, polymer and drug particle size, and compression force, also need to be
considered. Velasco et al. studied the effects of these factors on the release of diclofenac
sodium from HPMC matrix tablets (65). The polymer:drug ratio was found to be the
important factor affecting drug release. Increasing polymer concentration potentially resulted
in an increased viscosity of the polymer and increased diffusion path of the drug in the gel
layer which reduced the rate of drug release, whilst also reducing the gel erosion. With
regards to drug particle size, smaller sizes resulted in higher dissolution rates which favoured
diffusion mechanism and kinetics of drug release. An increase in the polymer particle size
resulted in a reduction or elimination of lag time in drug release which showed that a certain
amount of the drug underwent burst release at the beginning of dissolution, prior to the
formation of the gel (65). In another study, it has also been found that the effect of polymer
particle size is less important at higher polymer contents (66). Since the porosity of the
hydrated matrix was independent of the initial tablet porosity, the compression force did not
have a significant effect on drug release (65). Additionally, when lactose is used as a diluent
in the formulation, the ratio of lactose to HPMC needs to be considered since it has been
defined as a key parameter in controlling the hydration and swelling behaviour of the matrix

(67).

With regards to matrix erosion, various parameters need to be considered. The
polymer content and molecular weight can affect the erosion rate. Jain et al. have reported
that the in vivo erosion variability decreases with increasing content of high-molecular-

weight HPMC in the matrix (68). Also, the erosion rate from hydrophilic matrix tablets could



be expected to vary between different regions in the GI tract due to variations in motility and
fluids. The erosion rate in the small intestine tended to be somewhat higher than in the large
intestine. Since no correlation could be established between the HPMC release and the
movement velocity of the tablets neither in the whole gastrointestinal tract (GIT) nor in the
stomach, small intestine, and colon, it was assumed that the variability in the erosion rate
could be attributed to the inhomogeneous distribution of fluid (water pockets) in the intestine
than to motility (68, 69). The same differences in swelling and erosion behaviour have also

been recorded for tablets based on PEO of different molecular weights (70).

The use of multiple grades of polymers should be considered for the development of
effective controlled-release formulations. Korner et al. prepared tablets consisting of a single
grade of PEO or a mixture of various grades in different ratios (71). It was concluded that the
ratio of high/low molecular weight PEO controlled the release rate, and the fraction of high
molecular weight polymers dominated the effect on the overall release rate in mixed PEO
tablets. Furthermore, the release rate was probably not a single function of the average

molecular weight of the polymer. Polydispersity also affected the rate of drug release (71).

1.2.1.2 Diffusion-controlled matrix formulations

Diffusion-controlled matrix formulations utilise water-insoluble, hydrophobic
polymers as matrix formers for controlled-release applications. Many different hydrophobic
polymers have been used in the literature for the preparation of sustained-release tablet

formulations.

Ethylcellulose is a partially ethoxylated cellulose polymer (51). It is non-toxic, stable
at varying pH, compressible, inert, and is used in formulations as a binder, film-forming
agent, coating material, as well as a matrix material (72-78). Ethylcellulose is available

commercially in different viscosity grades (7, 10, 100 mPa.s). However, since it is a water-



insoluble polymer, polymer viscosity grade does not have a significant effect on drug release
when it is used in the form of a matrix (72). However, different viscosity grades have
different particle size values. The higher the viscosity grade the higher the particle size of the
polymer solid particles (72). Particle size seems to affect drug release with smaller particle
size values resulting in lower drug release rates, probably because the pores of the matrix are
smaller and, thus, drug release is retarded more effectively (72, 79, 80). Also, smaller particle
size seems to lead to better compressibility of tablets prepared with ethylcellulose of low
viscosity grades, potentially due to greater interparticle cohesion which contributes to slower
drug release (72). Furthermore, burst release of drugs has been recorded in cases where
ethylcellulose was used as a sole matrix former in matrix tablets. This is probably due to the
diffusion of the drug(s) through the pores and cracks in the polymer matrix structure, along
with the fact that the gel effect of ethylcellulose is very little, due to its hydrophobicity (81,
82). Additionally, the tablets seem to break rapidly, and the drug is released in few hours
when ethylcellulose is used as a sole matrix former. However, when used in combination
with other polymers, such as HPMC or methacrylic acid copolymers (Eudragit® RL/RS), it
can modulate the tablet in vitro release profile (47). Blending of ethylcellulose with HPMC
has proved to lead to the formation of an extended-release matrix, especially when the
percentage of HPMC is higher than that of ethylcellulose (81). The increased retardation of
drug release could be due to the reduced solvent penetration in the matrix caused by the
presence of a hydrophobic polymer, thus leading to reduced drug diffusion i.e drug release is
monitored by the permeability of the matrix structure (83, 84). Ethylcellulose has also been
used in the form of suspension (Surelease®) as a granulating liquid, leading to the formation
of granules with improved flowability and compatibility, compared to the respective physical

mixtures, whilst also reducing drug release from the resulting matrix tablets (85).



Methacrylic acid copolymers (commercially available as Eudragit®) are hydrophobic
polymers that are widely used in oral controlled-release formulations. They are synthesized
via free-radical polymerisation from acrylate and methacrylate derivatives that are
incorporated into the polymer structure via chain growth reactions (86). The polymerisation
reaction can take place in solvent, emulsion, bulk, or suspension. The properties of the final
methacrylate copolymer depend on the selection of monomers and determine their
application. Eudragit® RL and RS are polymers that are used as both coating agents and
hydrophobic matrices. Between the two, Eudragit® RS seems to be the most effective in
retarding drug release from polymer matrices containing the two polymers. The permeability
of the polymer matrix significantly increases with increasing Eudragit® RL content. This is
probably because the latter contains more quaternary ammonium groups than Eudragit® RS,
it is more hydrophilic, more permeable to water and, thus, takes up more water and swells to
a higher extent (83, 87, 88). Consequently, the polymer chain mobility increases with
increasing Eudragit® RL content, resulting in increased drug mobilities within the polymeric
network. In matrices containing Eudragit® RS and RL polymer blends, drug release can be
easily monitored by changing the polymer ratios within the blend (89). Both Eudragit® RL
and RS are water-insoluble and their behaviour is pH independent (88). Furthermore,
Eudragit® RS can be used effectively as a binding agent within the matrix for the preparation
of granules with characteristics desirable for compaction using an organic solvent, such as

ethanol, as the granulating fluid (90).

Apart from polymers, waxes have also been used as matrix formers in the
development of hydrophobic sustained-release matrices. Waxy matrices are considered
suitable for high-solubility drugs (84). Hydrogenated cottonseed oil (HCSO) consists of
triglycerides of hydroxy stearic acid. It has the ability to melt and re-solidify during

compression, thus enhancing the bonding capacity of tablets (51). Sudha et al. prepared
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hydrophobic tablets based on tramadol-HCSO solid dispersion which was prepared via a hot
fusion method. The drug release was reduced significantly with increasing wax concentration
in the matrix, while the addition of hydrophilic excipients and/or surfactants enhanced drug
release. The drug release from the HCSO tablets best fitted the Higuchi model (91).
Furthermore, sustained-release matrix formulations based on cetyl alcohol and stearyl alcohol
have been prepared in the literature and provided sustained drug release which best fitted the
Higuchi model (82, 92, 93). The use of waxy matrices in sustained-release formulations,
however, comes with disadvantages. Even though these matrices can modulate drug release,
the procedures that must be carried out, such as hot fusion and thermal treatment, highlight
the length of the manufacturing process that would be required to form such tablets. This can
potentially be a deterrent for manufacturing companies that would prefer a more economical
method of producing sustained-release formulations (94). Furthermore, the use of waxy
materials in tablets has been associated with sticking problems which can be detrimental for

tablet appearance and quality (95).

Apart from the dissolution- and diffusion-controlled matrix systems, matrix
formulations containing combinations of hydrophilic and hydrophobic polymers have been
reported in the literature. It is believed that the incorporation of a hydrophobic polymer into a
hydrophilic matrix system could contribute to further retardation of the release of drugs,
through a reduction in the matrix porosity (96), and/or a reduction in water penetration due to

their hydrophobic nature (97).

1.2.2 Gastroretentive systems

Gastroretentive drug delivery systems (GRDDS) were developed as an alternative
approach for the oral controlled-release delivery of drugs (98-101). These systems can be
retained in the stomach long enough to completely release the active drug from the dosage

form in the gastric fluids. Their application comes with several advantages, including
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improved absorption of drugs and reduced fluctuation in drug blood levels that lead to
increased therapeutic efficacy and minimised adverse effects, as well as their potential to
enable stomach-specific activity. These systems can ensure the controlled delivery of drugs
for an extended period at the desired rate and absorption site (102-105). Suitable candidates
for GRDDS include drugs with poor absorption in the distal GIT, a narrow absorption
window in the proximal small intestine, stability and/or solubility issues at the alkaline
intestinal pH, a short half-life and/or a local activity at the upper part of the GIT for the
eradication of Helicobacter pylori (101, 106-114).

GRDDS can either be controlled-release systems intrinsically or coupled with such
technologies to ensure a controlled release of drugs. Controlled-release applications promote
enhanced patient compliance to the treatment, due to less frequent administration, and
minimised adverse effects, thereby promoting therapeutic efficacy (115-120).

Several strategies have been developed for gastric retention purposes. These include
floating systems (106, 107, 109), high-density systems (121), bio/mucoadhesive (112, 113,
122-125), expandable (108), superporous hydrogels (126, 127), and magnetic systems (128-
130).
1.2.2.1 Floating Systems

Floating systems are the most extensively studied gastroretentive dosage forms. The
bulk density of such formulations is lower than 1.004 g/cm?® which enables its buoyancy in
the gastric fluids for an extended period while the drug is released (Figure 1-2) (102, 103,
131-133). A major advantage of this approach is that dosage form floatation results in the
formulation presence not affecting the gastric motility or causing harm to the gastric mucosa
(114, 134). This category includes non-effervescent floating systems, such as
hydrodynamically balanced systems and non-effervescent tablets, effervescent floating

systems, and raft-forming systems.
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Figure 1-2: Intragastric location of the floating drug delivery systems. The figure was created

using BioRender (https://www.biorender.com/).

1.2.2.1.1 Non-effervescent floating systems

In non-effervescent floating systems, highly swellable or gel-forming polymers are
employed to achieve floatation. This category includes hydrodynamically balanced systems,
floating tablets (single-layer or bilayer), and low-density systems (eg. microballoons) (103).
The use of non-effervescent floating systems comes with notable advantages, including
independence of the floating mechanism of variable gastric pH and avoiding problems in
patients with achlorhydria. Furthermore, the exclusion of acidic and/or basic gas-generating

agents can ensure better stability of acid- or base-labile drugs, respectively (106).

e Hydrodynamically balanced systems

Hydrodynamically balanced systems (HBS) are single-unit dosage forms composed of
one or more gel-forming hydrophilic polymers. The key element in the development of this
form is the appropriate selection of hydrophilic polymer(s) to ensure adequate flotation and
release of the drug (135). These include HPMC, HPC, sodium carboxymethylcellulose,
hydroxyethylcellulose, chitosan, tamarind, xanthan, carrageenan, agar, and alginic acid.
These systems are mainly formulated in gelatin capsules (136-139). In this approach, the drug
is mixed with the gel-forming polymer which hydrates and swells upon contact with the

fluids, thus maintaining the density of the system below 1 g/cm? (103). Hydrophilic polymers
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such as HPMC, PEO, HPC, and cellulose acetate phthalate, are the most commonly used.
Madopar® HBS is a typical example of an HBS capsule. It contains a combination of
levodopa and benserazide and is used for the treatment of Parkinson’s syndrome. HPMC is
used as the gel-forming polymer and hydrogenated vegetable oil as a low-density fatty
excipient. Valrelease® is another example that contains diazepam as the API in a similar
formulation and is used in patients suffering from anxiety, muscle spasms and seizures.

Since HBSs are single-unit dosage forms and gel-forming hydrophilic polymers are
major components of this type of formulation, HBSs are by default controlled-release
systems, as well as being gastroretentive. Hydrophilic polymers are used alone or in
combinations to ensure tablet floatation and retard drug release (140). Furthermore,
hydrophobic polymers and substances can also be included in HBS formulations to further
retard the release of drugs. These include ethylcellulose or liquid paraffin (141).

A drawback of HBS is that it is not possible to change the release kinetics of the drug
without changing the floating behaviour of the system since it is a matrix comprised of a mix
of the drug and low-density hydrophilic polymers (103). As floatation behaviour is passive
and has a strong dependence on the air sealed in the dry mass centre and the swelling of the

polymer surface, changes in polymer amount significantly affect system behaviour (139).

¢ Non-effervescent tablets
Single-layer and bilayer floating tablets are another category of non-effervescent
floating systems. For gastric retention, usually hydrophilic polymers, such as HPMC, HPC,
sodium alginate, PEO, are used (106, 110, 142-144).
Non-effervescent single-layer floating tablets have been reported in the literature and
their use is associated with novel work. Like HBS, single-layer floating tablets combine both

gastroretentive and controlled-release properties since the polymers are responsible for both
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tablet floatation and controlled drug release. Glucophage® XR is an example of this type of
gastroretentive formulation that contains metformin and is used to treat type 2 diabetes.

Hwang et al. developed highly porous cilostazol gastroretentive tablets using a
manufacturing method that included a sublimation step. Menthol was incorporated into the
tablets as the sublimating agent and, after compression, the tablets were placed in a vacuum
oven for 12 hours, so that sublimation may occur. The resultant highly porous formulations
floated immediately without any lag time, while the percolation threshold of HPMC was an
important factor in determining the release mechanism of cilostazol (107). Other formulation
excipients can also affect the buoyancy behaviour of non-effervescent single-layer tablets.
Kim et al. developed pregabalin gastroretentive tablets containing HPMC, HPC and PEO as
swelling hydrophilic polymers and demonstrated that the selection of a super-disintegrant,
such as crospovidone, resulted in a prolonged tablet buoyancy, compared to using
microcrystalline cellulose (MCC). The super-disintegrant was thought to have contributed to
a significant expansion of the tablet volume upon contact with the dissolution media,
compared to MCC which, due to its relatively weak disintegrant properties, absorbed water
and hindered buoyancy (106).

Apart from hydrophilic polymers, hydrophobic materials and proteins, such as zein (an
amphiphilic protein derived from corn), have also been used for gastric retention (145).
Additionally, single-layer tablets containing stearyl alcohol as a floating-assistance material
due to its low bulk density have been reported (95, 142). However, sticking problems may
hinder development. In general, tabletability is a factor that needs to be considered when
using fatty excipients (95).

Non-effervescent formulations have also been reported in the form of bilayer tablets.
Bilayer tablets can be fixed-dose combinations where a single dosing unit can contain two or

more APIs in different layers (146). Also, one layer can be an immediate-release layer of a
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drug, while the other may be a sustained-release layer of the drug which is also responsible
for the floating of the tablet. In other cases, the tablet can be comprised of a drug-free
gastroretentive layer and a sustained-release drug layer (114). To avoid long floating lag
times, low-density materials are used in the gastroretentive layer to achieve rapid buoyancy
of tablets. Additionally, rapid buoyancy can result from low compression force values that
allow for a higher tablet porosity and lower tablet density and, hence, a rapid polymer wetting
and swelling that further reduces the density of the dosage form (110). Furthermore, materials
such as camphor and L-menthol that can undergo sublimation may be used. These materials
are sublimed upon tablet heating, leading to increased tablet porosity and reduced density that
enable tablets to float immediately (107, 145, 147). Among these materials, camphor is the
most frequently used. Nguyen et al. prepared gastroretentive bilayer tablets based on
Kollidon® SR which was used in the gastroretentive layer along with camphor as a
sublimation agent. Due to the inherently low density of Kollidon® SR and the improved wet
strength of the gastroretentive layer linked to the presence of a hydrophobic polymer, along
with the further reduction in the tablet density from camphor sublimation, a 12-hour floating
was successfully reached in vitro, even at a rotation rate of 200 rpm (134). This high paddle
rotation speed is designed to create conditions that better simulate the in vivo conditions in

fasted Beagle dogs, compared to typically used lower rotation speed values (134, 148).

e Low-density systems
Most floating gastroretentive formulations tend to have a lag time prior to floating in
stomach contents. During that time, a premature evacuation of the dosage form from the
stomach may take place via the pyloric sphincter (101). Low-density systems are
formulations that have an inherent density lower than 1.004 g/cm® which enables their
immediate floatation in the stomach. These include drug-loaded microballoons/hollow

microspheres, sponges, and are multiple-unit floating systems (149, 150).
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Microballoons have a low-density, hollow core, and are made of materials that can
entrap oil or air (151-155). Commonly used polymers in these systems are polycarbonate,
calcium alginate, Eudragit® S, cellulose acetate, agar and low-methoxylated pectin. They can
be prepared through simple solvent evaporation or solvent diffusion techniques (138).

There are certain limitations to the application of low-density gastroretentive systems.
Since they are multiple-unit systems, the release rate can be different between different doses
and units. Furthermore, if system integrity is compromised, a consequent burst release of
drug could lead to adverse effects since drug loadings tend to be higher in controlled-release

formulations (149).

1.2.2.1.2 Effervescent floating systems

Effervescent systems contain a gas-forming agent and/or volatile liquids that contribute
to their floatation. In a gas-generating floating system, swellable polymers are mixed with
effervescent agents, such as sodium bicarbonate, calcium carbonate, tartaric acid, and citric
acid, used alone or in combinations (103, 109, 156). Upon contact of the system with gastric
fluids, the gas-generating agent reacts with hydrochloric acid and CO; gas is generated. CO-
causes the floatation of the tablet and helps maintain tablet buoyancy by getting trapped in
the hydrocolloid matrix of the system. It also influences drug release properties (95, 157-
159). One disadvantage of effervescent systems is the fact that, unless low-density materials
are used, they show long floating lag times if the generation of gas bubbles that will promote
buoyancy is not fast enough and are, therefore, under the risk of premature gastric emptying
(160). Furthermore, they are not suitable to be administered to patients with achlorhydria
since the low excretion of gastric acid in these patients can lead to a higher gastric pH, thus
resulting in extended floating lag times of the effervescent systems which can be problematic

for their gastric retention (106).
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Effervescent floating systems can be single-layer and bilayer floating tablets, and
multiple-unit systems (103, 110, 131). Single-layer tablets can be prepared by mixing the
drug with the gas-generating agent(s), polymer(s), and other excipients. In bilayer tablets,
different strategies can be followed. One layer may contain the drug, polymer(s), and gas-
generating agent(s), whereas the other layer could constitute an immediate-release one
consisting of drug and excipients without gas-forming agents and release-retarding
polymer(s) (103). The amount of a gas-generating agent, such as sodium bicarbonate, can
significantly affect the total hydration volume of a tablet, along with its floatability. The
higher the percentage of the gas-generating agent, the greater and faster-growing hydration
volumes can be, along with reduced floating lag times (110). Also, the presence of sodium
bicarbonate can overcome tablet floatability issues in cases where high tablet compaction
forces result in low tablet porosity values that are insufficient for floatation (110). Also, in
other cases, one layer consists of the drug, release retardant(s) and other excipients, while the
other layer is the gastroretentive layer containing the gas-generating agent(s) and hydrophilic
polymer(s) (143). Cifran® OD is a ciprofloxacin commercial product that constitutes
effervescent single-layer gastroretentive tablets coated with a polymer film that is responsible
for tablet buoyancy.

Apart from hydrophilic polymers, in other cases, a hydrophobic protein, such as zein,
has been used in effervescent tablets for gastric retention. Raza et al. reported the preparation
of zein-based compression coated single-layer tablets. The tablet core contained zein matrix
as a release retardant, while the compression coating was comprised of zein and sodium
bicarbonate. The tablets showed a short floating lag time and a total floating time longer than
12 hours, along with a 12-hour controlled release of captopril (159). Increasing amounts of
sodium bicarbonate accelerated drug release rate from the matrix, probably due to higher pore

formation that allowed for increased penetration of the dissolution medium into the matrix.

18



The floating mechanism was a combination of rapid formation of pores the size of which
grew over time (confirmed via scanning electron microscopy and porosity studies) and CO>
entrapment in the swelling matrix (159).

Recently, studies have reported the use of nanofibre technology for gastric retention
purposes. Nanofibres are generally produced via electrospinning and can be tuned to provide
controlled release of drugs through different mechanisms (161-164). Nanofibres can offer
specific benefits as part of an effervescent GRDDS. These include their high porosity that can
promote the penetration of gastric hydrochloric acid into the effervescent film within the
nanofibre, as well as their ability to entrap the generated CO, gas which, not being able to
diffuse out of the system, significantly prolongs the floatation of GRDDS (165). Furthermore,
alongside their high porosity, the high surface-area-to-volume ratio of nanofibres results in an
intrinsically low bulk density which helps ensure their immediate buoyancy upon contact
with the gastric fluids (166).

Multiple-unit effervescent floating systems may consist of sustained-release cores
surrounded by one or more layers. The layer(s) can contain gas-forming agents along with

polymers with swelling properties (103, 131, 157).

1.2.2.1.3 Raft-forming systems

Raft-forming system is comprised of effervescent excipient(s) and gel-forming
polymers to achieve system floatation and sustained release of drugs. These systems are
tablets or liquids at room temperature that can undergo gelation when in contact with gastric
fluids, due to an increased temperature, or as a response to pH change. Therefore, their
behaviour can be either temperature-dependent or characterised by cation-induced gelation.
Either way, the formation of a gel that is thick enough to remain intact for hours within the
stomach contents leads to their buoyancy and controlled drug release applications (131, 167,

168). This system is mostly used to achieve localised effects. Floating rafts can act as a
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blockade between the oesophagus and the stomach. This property renders these formulations
ideal for the management of gastric oesophageal reflux disease. Furthermore, when an
antacid is incorporated into the raft-forming system in significant amounts, the system can aid
in the treatment of both indigestion and heartburn via acid neutralisation in both the stomach
and the oesophagus (169, 170). Upon contact with the gastric fluids, these systems swell and
form a viscous cohesive gel layer termed a raft (103, 131, 171). Raft systems are used for the
delivery of antacids, such as simethicone, aluminium hydroxide, and calcium carbonate.
However, the mechanical strength of the raft is weak which could result in its premature
disruption by the migrating motor complex (MMC) (167, 171). Gaviscon® is a commercial
raft-forming formulation that is available as tablets or liquids. It is used to treat indigestion
and heartburn. Its raft-forming mechanism is based on a combination of sodium alginate,
sodium bicarbonate and calcium carbonate. Topalkan® is an antacid formulation containing
aluminium and magnesium as active components, while alginic acid is the raft-forming
excipient.

In general, the use of floating systems comes with certain potential issues. These
include the possibility that system units may stick together (for multiple-unit systems) or be
obstructed in the GIT, which could cause gastric irritation. Therefore, drugs that may have an
irritating effect on the gastric mucosa are not considered suitable candidates for floating
systems (103, 131, 172).
1.2.2.2 High-Density Systems

High-density systems have a density greater than that of gastric fluids (1.004 g/cm®)
and, therefore, sink to the bottom of the stomach fluids and achieve gastric retention,
probably via increased resistance to the gastric contractions that is linked to their high density
(Figure 1-3) (173). Excipients that are commonly used to ensure a sufficiently high density of

these systems include barium sulfate, zinc oxide, iron oxide, iron powder and titanium
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dioxide. Usually, the dosage forms reported in the literature are high-density pellets or tablets

(121, 174).

High-density system

Figure 1-3: Schematic localisation of high-density systems in the stomach. The figure was

created using BioRender (www.biorender.com).

Even though such systems are promising in achieving long gastric residence times
(GRTs), it is difficult to design high-density pellets containing high doses of drugs.
Furthermore, the clinical significance of these systems is yet to be proved since only a few

animal studies have been carried out (103, 175).

1.2.2.3 Mucoadhesive/Bioadhesive Systems

Adhesion is the process by which two surfaces are “fixed” to one another (176).
When adhesion happens in a biological setting, it is referred to as “bioadhesion”, while if it
occurs on mucosal surfaces it is termed “mucoadhesion” (124). Regarding gastric retention
applications, this system can adhere to the surface of the gastric mucosa and prolong the GRT
of drug compounds (Figure 1-4) (113, 131). In these systems, the drug is incorporated into
one mucoadhesive agent or a combination of them that can be natural or synthetic hydrophilic

polymer(s). Xifaxan® is a commercial bioadhesive tablet formulation containing rifaximin as
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an antibiotic and is used to treat traveller’s diarrhoea, hepatic encephalopathy, and irritable

bowel syndrome with diarrhoea (IBS-D).

Mucoadhesive system

Figure 1-4: Localisation of mucoadhesive/bioadhesive drug delivery systems in the stomach.

The figure was created using BioRender (www.biorender.com).

Many different mucoadhesive dosage forms have been reported in the literature,
including beads, microspheres, films, capsules, and tablets (122). Polymers such as chitosan,
sodium alginate, HPMC, polyethylene glycol and polyacrylic acid have mucoadhesive
properties that render them suitable for use in these systems (101, 131). These polymers bind
to the mucosal surfaces and, thus, maintain the drug in continuous contact with the mucus
and increase the residence time of the drug at the application site. These polymers should be
inert, non-irritating to the mucosa, non-toxic, adhering to the mucosal surface, and site-
specific (103).

Chitosan hydrogels have been used extensively in gastroretentive drug delivery system
applications. Chitosan can form gels with improved mechanical strength through chemical
cross-linking using glutaraldehyde, glyoxal or other substances as cross-linkers, or through
physical cross-linking as ionically cross-linked chitosan gels with multi-valent phosphates or
as polyionic complexes of positively charged chitosan with a negatively charged polymer,
such as alginate or polylactic acid. Chitosan-based hydrogels have been used for

mucoadhesive and other gastroretentive, as well as controlled-release, applications (177-189).
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Additionally, poly(acrylic acid) and its derivatives have been reported as excellent
mucoadhesive agents (190).

Nanoparticles are in general known to suffer from a rapid passage through the stomach
and intestine, thus being unable to release drugs in a controlled manner and to an acceptable
extent (113). This limits their oral applications. To address this challenge, Sarparanta et al.
developed thermally hydrocarbonised porous silicon (THCPSIi) nanoparticles (113). Porous
silicon was used since it is known for its biocompatibility and biodegradability, as well as
variable particle size, pore size and degree of porosity (191, 192). The nanoparticles were
coated with hydrophobin class Il which ensured the efficient dispersal of the nanoparticles in
aqueous media with minimal aggregation. During an in vitro study on human gastric
adenocarcinoma (AGS) cells, the nanoparticles demonstrated a gradual adhesion to the cells
over time with 35 % of the nanoparticles being retained for at least 4 hours on the cells.
However, it took 30 — 60 minutes for the nanoparticles to be attached to the cells with the
mucoadhesion achieved probably via hydrophobic and electrostatic interactions.
Nevertheless, an in vivo biodistribution study in rats demonstrated that the nanoparticles were
able to be retained in the rat stomach for 3 hours, prior to their emptying from the stomach
towards the duodenum, where the hydrophobin class 1l coating would be expected to be shed,
due to the presence of surfactants (113).

The use of mucoadhesive systems comes with certain limitations. Site targeting can be
challenging, due to differences in the composition of the mucus across the mucosal
membrane. Furthermore, the constant turnover of the mucus, along with high stomach
hydration, can contribute to a reduced bioadhesion of the systems. Finally, there is a risk of

adhesion of the system to the oesophagus which could result in collateral lesions (101, 193).
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1.2.2.4 Expandable Systems
Expandable drug delivery systems are designed to grow in size or reconfigure their
geometry within the stomach to prevent passage through the pyloric sphincter and have a
longer GRT (108). These systems need to have a small size for easy oral intake, expand in the
stomach and attain dimensions larger than the diameter of the pyloric sphincter, and have
their size reduced after drug release is completed, for them to be evacuated from the stomach
(101, 102, 108). Due to their ability to block the pyloric sphincter, these systems are also
referred to as “plug-type” systems. It has been suggested that these systems should expand to
a size greater than 15-16 mm in the fasted state and greater than 12-13 mm in the fed state to
ensure successful gastric retention, based on the resting orifice of the pyloric sphincter (12.8
+ 7 mm) (61, 194). Furthermore, a sufficiently high tablet wet strength is an additional
requirement that will ensure the protection of gastroretentive tablets from premature rupture
and emptying under the effect of the housekeeper waves (195). The expansion takes place
through swelling and/or unfolding which allows for volume and shape modification,
respectively (108, 196). Accordion Pill® Levodopa/Carbidopa is a commercial expandable
capsule formulation containing carbidopa and levodopa as active components and is used to
treat Parkinson’s disease. It achieves gastric retention via an unfolding mechanism through
the presence of folded multilayer polymeric films. Additionally, Acuform® and Geomatrix®
are two expandable system technologies that have been used in commercial gastroretentive
formulations, such as Requip® XL (ropinirole), Glumetza® (metformin), Nucynta® ER
(tapentadol), Gralise® (gabapentin) and Janumet® XR (Sitagliptin and metformin).
Hydrophilic polymers, such as HPMC, PEO and Carbopol®, are usually utilised in the
swelling expandable systems, due to their ability to absorb water and increase volume by
swelling. Likewise, in unfolding systems, the drug and polymer can be in a

folded/compressed state inside a gelatin capsule. When the capsule comes in contact with the
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gastric fluids, it dissolves, and the mechanically preferred expanded configuration is released.
In these systems, the critical attributes that need to be considered include the molecular
weight, viscosity, swelling or expanding properties and biodegradability of the polymer
chosen to maintain gastric retention and sustained release of the drug (101, 197). Xanthan
gum has shown promising properties as a swelling and expanding agent either used solely or
in combination with other materials, such as guar gum (198).

The applications of expandable systems come with a few limitations. There are
difficulties in storing easily hydrolysable and biodegradable polymers, while manufacturing
can be challenging, alongside a potential lack of cost-effectiveness. Furthermore, there can be
challenges in maintaining the structural integrity of the systems in the stomach. Finally, the
application of this type of system may cause adverse effects, such as bowel obstruction,

intestinal adhesion, and gastropathy (101, 108, 199).

1.2.2.5 Superporous Hydrogel Systems

These systems have gained high popularity as controlled-release formulations, due to
their high mechanical strength and elastic properties (127). Superporous hydrogels are highly
cross-linked polymers that can absorb significant amounts of aqueous fluids and swell within
relatively short periods to form a stable gel (200, 201). Such systems have a pore size greater
than 100 um. This enables them to rapidly absorb water by capillary wetting and swell to an
equilibrium size in a short time (Figure 1-5) (102, 200). While the conventional hydrogel
system swelling is a slow process and can result in premature evacuation from the stomach,
superporous hydrogels can swell up to 100 times or more and can gain enough mechanical
strength to resist pressure from gastric contractions, thereby increasing the GRT. In these
systems, highly swellable polymers, such as sodium croscarmellose and sodium alginate, are
used (101, 103, 126). However, such polymers have swelling behaviour that depends

sensitively on pH changes, and unintended reversal or slowing of polymer swelling can result
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in poor mechanical strength of the system structure and its premature evacuation from the

stomach (101, 126).
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Figure 1-5: Intragastric behaviour of (a) expandable and (b) superporous hydrogel systems.

The figure was created using BioRender (www.biorender.com).

There are some disadvantages to the use of superporous hydrogels for gastric
retention purposes. Since ionic polymers are used to a significant extent in the development
of these systems, their swelling behaviour can be heavily dependent on gastric pH and, thus,
reversible with any pH changes. Furthermore, sometimes, they may show poor mechanical
strength which can be an issue towards achieving effective gastric retention (103, 111).
1.2.2.6 Magnetic Systems

In magnetic systems, the distinct feature in the dosage form is a small amount of
internal magnet, apart from API and excipients. An extracorporeal magnet is placed over the
stomach to control the position of the dosage form (Figure 1-6) (103). The gastric retention
behaviour of the magnetic systems can be affected by the position and magnetic intensity of

the extracorporeal magnet (202).
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Figure 1-6: Application of magnetic drug delivery systems for gastric retention purposes. The

figure was prepared using BioRender (www.biorender.com).

In the literature, it has been reported that the GRT and bioavailability of drugs are
improved using magnetic tablets (128, 203). Groning et al. tested the gastric retention
capability of acyclovir magnetic depot tablets in human volunteers with and without the
application of an external magnetic field. The tablets remained in the stomach for a prolonged
period in the presence of the extracorporeal magnet and the area under the concentration
curve values were significantly increased (129).

A major challenge associated with the application of magnetic systems is the fact that
specific positioning of the magnet can be challenging and could also lead to low patient
adherence (202). Therefore, future research studies on these gastroretentive systems need to

focus on their clinical significance.

1.2.2.7 Combinatory Approaches

Apart from the abovementioned standalone gastroretentive technologies,
combinations have been reported. Combinatory approaches can help tackle the disadvantages
of each of the different technologies combined. Also, they can help minimise the variability
of GRT and may be less affected by the physiological conditions of the stomach, such as
those during fasted and fed state, thus ensuring robust gastric retention (103). These

combinations could be floating and expandable systems, mucoadhesive and expandable
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systems and floating and mucoadhesive systems. The first two combinations have been

indicated to have higher safety and efficacy for clinical applications (204).

1.3 MT-1207 as a new choice for hypertension treatment

MT-1207 hydrochloride is a novel antihypertensive agent that presents combinatory
pharmacological actions. More specifically, it exhibits highly inhibitory activities
simultaneously towards calcium channels, adrenergic oia, ais, aup and serotonin (5-
Hydroxytryptamine) 5-HT.a receptors. Therefore, the mechanism underlying the hypotensive
effect of MT-1207 is at least a combination of vasodilation (through the o receptors and
vascular smooth muscle relaxation via the calcium channel) and bradycardia (through 5-HT2a
receptors) (205, 206).
1.3.1 Physicochemical properties

MT-1207 hydrochloride (molecular formula: C21H24SNe-HCI) (Figure 1-7) is a weak
base with a pKa value of 7.31. It is a white or white-off crystalline powder that is poorly
water-soluble. Its aqueous solubility is pH-dependent with the peak values recorded at pH 3.0
— 4.0. MT-1207 is strongly lipophilic (logP of 4.15), and has a molecular weight of 428.98

g/mol (207).
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Figure 1-7: The chemical structure of MT-1207 hydrochloride (207).

MT-1207 has been isolated in a total of six hydrochloride crystal forms (including the
starting sample crystal form) named crystal forms A, B, C, D, E, and F. Forms A, C and D
were hydrochloride anhydrate, forms B and F were hydrochloride salt hydrate, while the

quantity of form E was small and repeated preparation was difficult. Therefore, the
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identification of form E was not completed. To determine the stability relationship between
the anhydrous crystal and the hydrate, a suspension competition test was performed for each
crystal form. The results demonstrated that the anhydrous crystal A was the most stable one

and was selected for further development (207).
1.3.2 Animal studies

1.3.2.1 Pharmacokinetic studies

A series of pharmacokinetic studies was conducted in animals to gain information on
the absorption, distribution, metabolism, and excretion (ADME) profile of MT-1207.

A pharmacokinetic study for MT-1207 was initially conducted in Beagle dogs at three
different drug doses (0.75, 1.5, and 3 mg/kg) and two different conditions at a certain dose
(fasted, fed). After administration of the three different doses of MT-1207 in Beagle dogs
during fasted state, a statistically significant difference was demonstrated in the plasma
clearance rate (CL/F), the apparent volume of distribution (V4), and area under the curve
(AUCo-) (one-way ANOVA, p < 0.05). However, the ratio of AUC to dose (1:2:4) did not
increase in direct proportion. Therefore, it was evident that the absorption of MT-1207
exhibited non-linear kinetics in Beagle dogs in the dose range of 0.75 — 3 mg/kg (208). The
values of the pharmacokinetic parameters recorded after administration of the three different
doses can be seen in Table 1-1. Furthermore, after administration of 1.5 mg/kg MT-1207 in
Beagle dogs during fed state, there was no statistically significant difference in the half-life
(tu2), CL/F, V4 and AUC,.t values recorded between the different conditions (fasted, fed) at
the same dose (t-test, p > 0.05) (Table 1-1) (208). Finally, Beagle dogs were orally
administered 1.5 mg/kg MT-1207 twice daily for seven consecutive days. The data (Table
1-1) demonstrated no statistically significant differences for any of the pharmacokinetic
parameters between their values recorded during the first and last day of the experiment (t-

test, p > 0.05). This indicated that the levels of MT-1207 in Beagle dogs did not increase
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significantly after 7 days of continuous administration. Therefore, there was no accumulation

or increased metabolism of the drug in Beagle dogs (208).

Table 1-1: MT-1207 pharmacokinetic parameter values after (i) oral administration of 0.75,
1.5, and 3 mg/kg of the drug in Beagle dogs during fasted state, (ii) after oral administration
of 1.5 mg/kg MT-1207 during fed state, and (iii) after oral administration of 1.5 mg/kg MT-

1207 twice daily over seven consecutive days (208).

Beagle Dog Fasted State Fed State
Phg;r:}aic](;ggetlc 0.75 mg/kg 1.5 mg/kg 3 mg/kg 1.5 mg/kg
t12 (h) N/A 1.47+0.23 N/A 1.61+0.39
CL/F (L.kgth?) 14.74£9.2 6.4+3.3 10.3+6.4 7.145.5
Vg (L. kg?) 22.6+10.5 12.845.0 32.3+16.5 14.3+5.7
AUCo (ng.h.mL™) 78.5£56.5 297.8£152.3 398.7+257.0 281.4+124.4
1.5 mg/kg MT-1207 twice daily over 7 consecutive days
First Day Last Day
ti2 (h) 2.02+0.39 1.82+0.41
CL/F (L.kgL.h?) 8.746.3 7.645.4
Vi (L. kg?) 23.0+13.4 17.8+9.6
AUCo. (ng.h.mL?) 258.5+150.5 297.1+174.5

The abovementioned study in Beagle dogs was followed by a pharmacokinetic study in
Sprague Dawley (SD) rats. MT-1207 oral preparations were administered to rats during
fasted state at three different MT-1207 doses (1, 3, and 9 mg/kg) (208). The results of the
study (Table 1-2) were similar to those conducted in Beagle dogs since there were
statistically significant differences in the values recorded for the different pharmacokinetic
parameters (one-way ANOVA, p < 0.05), except for ti» (one-way ANOVA, p > 0.05).
Additionally, the absorption of MT-1207 exhibited non-linear kinetics in SD rats in the dose
range of 1 — 9 mg/kg (208). Finally, after twice-daily administration of 3 mg/kg MT-1207
over 7 days, the levels of MT-1207 in SD rat plasma did not increase significantly during that

time. Therefore, there was no accumulation or increased metabolism of the drug in rats (208).
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Table 1-2: MT-1207 pharmacokinetic parameter values after oral administration of 1, 3, and

9 mg/kg of the drug in Sprague Dawley rats during fasted state (208).

SD Rats Fasted State
Phgg:;%':;?:t'c 1 mg/kg 3 mg/kg 9 mg/kg
ti (h) 1.50+ 0.29 2.15+0.7 1.8940.79
CL/F (L.kgth?) 23.3+11.8 7.8+4.1 35.2+29.1
Vi (L. kg?) 51.5+28.0 22.4+7.8 78.9+60.3
AUCo- (ng.h.mL ™) 51.7+26.9 421.1+184.6 | 1,605.4+515.5

The tissue distribution of MT-1207 in male and female SD rats after administration of
oral preparation of the drug was investigated. 30 minutes after oral administration of MT-
1207 (3 mg/kg) in male SD rats, drug levels in tissues and body fluids were high. The
concentration was significantly lower 2 hours and 6 hours after administration. 12 hours after
administration the drug concentration in most tissues was extremely low, and drug in some of
the tissues was not detected. Since the mode of administration was intragastric
administration, the concentration in the gastrointestinal contents was high. The drug
concentration in the plasma was lower than in most tissues, indicating that the drug easily
entered the tissues. There was a small amount of drug in the brain, meaning that the drug was
able to transverse the blood-brain barrier (208). Therefore, the distribution of MT-1207 in the
rat body was probably extensive. Furthermore, after administration of MT-1207 in female SD
rats, the drug concentration in most tissues was statistically different from the male rats, and
the MT-1207 concentration in tissues in female rats was higher than in male rats. So, gender
demonstrated a statistically significant effect on the extent of distribution of MT-1207 in the
rat body (208).

The in vivo metabolic transformation of MT-1207 was investigated in SD rats. The
investigators performed mass spectrometry analysis of stool and urine samples in rats after

oral administration of MT-1207. Then, they compared the obtained mass spectral information
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with the blank matrix sample and combined it with the literature. The researchers found that
S was the most active part of the MT-1207 structure since it could react and/or get oxidised.
A total of 10 metabolites were found, including metabolites derived from oxidation,
methylation, and hydroxylation. The peak area and response of the S-methylated product
(M3) were the highest. So, M3 was the main metabolite of MT-1207 (208). The summary of

the possible metabolic pathways of MT-1207 in rats are shown in Figure 1-8.
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Figure 1-8: Possible metabolic pathways of MT-1207 in SD rats. No changes were made to

the original figure (208).

An additional study was conducted on rats, Beagle dogs, macaques and humans to gain
more information on the organs where the biotransformation of MT-1207 takes place. MT-
1207 could not be metabolised in the plasma of rats, beagles, macaques and humans.
However, it was rapidly metabolised in the liver microsomes of all four species and its
metabolism was NADPH-dependent (208). After MT-1207 was incubated in liver

microsomes of the different species, most of the drug dose was linearly eliminated within 0 —
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5 min. At 5 min, the remaining percentages of MT-1207 in liver microsomes of rat, beagle,
macaque, and human were 21.08 £ 0.41 %, 6.04 + 0.28 %, 1.50 + 0.16 %, and 23.90 + 2.08
%, respectively. The liver clearance rate calculated in combination with physiological
parameters (liver weight:drug ratio, blood flow) was 19.2 + 0.1 (human), 43.2 = 0.1
(macaque), 36.9 + 0.0 (Beagles), and 61.7 + 0.3 mL.mint.kg™ (rats). Therefore, the clearance
rate in the human body was the slowest one among the different species. These results
indicated that MT-1207 was biotransformed mainly in the liver of the different species (208).

The excretion of MT-1207 in the bile, urine and faeces of SD rats after oral
administration of the drug was investigated. After oral administration of MT-1207 (3 mg/kg)
in female SD rats, the drug could be detected in the bile, urine, and faeces. In total, 3.3 £ 0.4
% of the drug dose was retrieved from the bile, urine and faeces in male rats, while a total of
6.8 £ 3.4 % of the MT-1207 dose was retrieved from these routes of elimination in female
rats. Therefore, gender may influence the percentage of MT-1207 eliminated through these
routes since the cumulative excretion rate in bile, urine and faeces in female rats was higher
than that in males. The excretion study data demonstrated that the cumulative excretion rate
of MT-1207 in the bile, urine and faeces was low. Therefore, it was speculated that the drug
may be excreted mainly in the form of metabolites (208).

To summarise, the pharmacokinetic parameters of MT-1207 in Beagle dogs did not
seem to be affected by the absence or presence of food. The absorption of MT-1207 exhibited
non-linear kinetics in both Beagle dogs and rats. After absorption, the drug was extensively
distributed to many different tissues in male and female SD rats with gender seemingly
having a statistically significant effect on the extent of drug distribution. Furthermore, the
study demonstrated that MT-1207 was mainly eliminated via enzymatic liver clearance, with
S-methylation being the main metabolic pathway. The excretion of the unchanged drug in the

bile, urine and faeces was minimal and gender-dependent.
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1.3.2.2 Pharmacodynamic studies

Xu et al. examined the pharmacological activity of MT-1207 in spontaneously
hypertensive rats (SHR) and two-kidney one-clip (2K1C) dogs. The study researched the
pharmacological profile of MT-1207, its acute, subacute and long-term effects on these
animal models, as well as its activity on isolated organs and pharmacological targets in vitro

(205).

The acute effect study in SHR and 2K1C dogs demonstrated a significant dose-
dependent relationship with a decline in the systolic and diastolic BP conferred by MT-1207.
The maximal reduction was recorded within a much shorter time than amlodipine which was
used as a model antihypertensive drug. Furthermore, the effect of MT-1207 on systolic BP
lasted longer than 12 hours and, in contrast with amlodipine, did not cause a reflex increase in

heart rate, but, on the contrary, reduced it (205).

Similar effects to the above were recorded during the subacute effect study of MT-1207
in SHR and 2K1C dogs which was conducted via multiple administration of the drug for one
week. In both animal models, the BP was markedly decreased, alongside a slight reduction in
the heart rate. After the withdrawal of MT-1207, both BP and heart rate returned to the levels

measured before drug administration (205).

The long-term effect study of MT-1207 in the animal models was conducted over four
months in SHR and eight months in stroke-prone spontaneously hypertensive rats (SHR-SP).
The effects of MT-1207 administration on BP, baroreflex sensitivity and organ protection
were investigated in SHR and an additional survival rate parameter in SHR-SP. In SHR, the
BP was reduced by more than 20 mm Hg and remained stable over four months, the
baroreflex syndrome improved significantly, and MT-1207 demonstrated protective effects

towards the heart, kidneys, brain and aorta. The effects of the drug on these parameters were
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similar for SHR-SP, the survival rate of which was significantly higher when treated with
MT-1207 or amlodipine. This demonstrated the significant effect of MT-1207 on delaying

the occurrence of stroke (205).

Xu et al. conducted further research to attain information on the pharmacological
targets of MT-1207. Towards that direction, the effects of the drug on isolated vascular
function, as well as pharmacological targets in vitro, were investigated. The results of the
study on the isolated precontracted aortae indicated a dose-dependent relaxation which
suggested an antihypertensive effect of MT-1207, at least through its direct action on blood
vessels. Furthermore, the in vitro study in different pharmacological targets demonstrated a
high inhibition activity of MT-1207 towards oua, oug, aup and 5-HT2a receptors, and a
relatively weak inhibition activity towards calcium channels. These pharmacological
activities of MT-1207 caused vasorelaxation and slow heart rate, thus contributing to the
hypotensive effect of the drug that is responsible for the treatment of hypertension and the

delay of end-organ damage (205).

To summarise, Xu et al. demonstrated that MT-1207 was able to effectively reduce BP
shortly after its administration in different animals in a dose-dependent manner, whilst
reducing the heart rate, instead of increasing it. Furthermore, the drug had a protective effect
on different organs by delaying the damage conferred to the heart, kidneys, brain and/or aorta
by hypertension. Finally, the understanding of the antihypertensive effect of MT-1207 was
increased by identifying the different receptors targeted by the drug, a fact that confirmed its
identity as a multi-target drug (205). MT-1207 was deemed a safe and promising

antihypertensive agent and was forwarded to phase I clinical trials.
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1.3.3 Phase I clinical trials

As part of its development, MT-1207 was forwarded to Phase I clinical trials conducted
in healthy human subjects to gain information on the safety, pharmacokinetics and
pharmacological activity of the drug. For this purpose, Zhang et al. conducted a single-dose
study where four different daily doses of MT-1207 (5 mg, 10 mg, 20 mg, and 40 mg) were
administered to healthy individuals and a food effect study where 40 mg MT-1207 were

administered daily (206).

No serious adverse effects or deaths were recorded in any of the two studies. The
common adverse reactions (incidence > 5 %) were dizziness, vomiting and one case of
postural hypotension. Except for the case of postural hypotension which was treated with a
rapid intravenous infusion of 0.9 % NaCl, the rest of the adverse reactions were resolved
spontaneously without treatment. The incidence of postural hypotension was not increased
with the dose. Furthermore, no adverse reactions involving the heart, liver and kidney were
recorded. These findings demonstrated the safety and tolerability of MT-1207 in human

subjects (206).

Information on the pharmacokinetics of MT-1207 in humans was obtained in both
studies. The pharmacokinetics of MT-1207 was consistent with that predicted by the two-
compartment model with first-order absorption (206, 209). The drug was rapidly absorbed
after single administration at doses 5 — 40 mg during fasting conditions. The Cmax and AUC
parameters showed a dose-dependent increase across that dose range with their geometric
means showing a certain linear trend. The mean ti» of MT-1207 ranged from approximately
4 to 7 hours, with average values of 7.28 (n = 8 subjects) and 7.38 hours (n = 7 subjects)
recorded for the 20 mg and 40 mg dosing regimens, respectively. These ti» values were
significantly higher than the ones recorded in the abovementioned animal studies at similar

drug doses. With regards to the food effect study, the presence of food did not affect drug
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metabolism and plasma exposure (AUC), however, Cmax decreased to approximately 66 % of
the parameter value recorded during fasting conditions. The presence of food probably
delayed the absorption of MT-1207 since Tmax Was significantly prolonged in the presence of
food. However, the t1» was not affected by the presence of food which was in alignment with
the abovementioned animal study findings. These findings demonstrated that MT-1207 can
be administered as a twice-daily dosing regimen without worrying about food ingestion

within several hours of drug administration (206).

As part of the assessment of MT-1207 pharmacodynamics, the effects of the drug on
systolic BP, diastolic BP and heart after single administration were recorded. The values of
all these parameters decreased after drug administration with statistically significant effects
recorded 4 — 24 h after administration in the dose range of 10 — 40 mg. These results
demonstrated the antihypertensive effect of MT-1207. Due to single-dose administration of

the drug, no long-term effects of decreased BP and heart rate were observed (206).

To sum up, the safety and tolerability of MT-1207 in healthy humans were
demonstrated in the dose range of 5 — 40 mg, alongside an antihypertensive effect in the dose
range of 10 — 40 mg. Since a multi-target therapeutic strategy is essential for the successful
management of hypertension, an agent targeting multiple receptors, such as MT-1207, could
be a promising choice for the treatment of hypertension. Therefore, the dose range of 10 — 40
mg was selected for phase Ib/lla clinical trials in hypertensive patients with a suggested
twice-daily dosing regimen (206).

1.4 Thesis Aim and Hypothesis

Hypertension is a chronic disease affecting more than 1 billion people around the
world. A single drug target treatment is ineffective; therefore, drugs targeting different
receptors need to be used in combination to achieve efficient management of the disease.

However, the administration of multiple products to patients via polypharmacy may, in turn,

37



affect patient compliance to the treatment. A few of the drugs approved for hypertension
have, therefore, been incorporated into controlled-release formulations to reduce the

frequency of administration and, thus, improve patient compliance.

MT-1207 is a multi-target drug that has indicated safety and efficacy in reducing BP in
humans. It is currently being tested in phase Ib/lla clinical trials. Its application could
simplify the treatment of hypertensive patients by reducing the number of required
medications and, thus, render it more efficient and effective. However, to date, immediate-
release tablets of the drug have been developed and are being tested with a suggested twice-
daily dosing regimen. This regimen could contribute towards polypharmacy and reduced

patient compliance, due to the high frequency of administration of the tablets.

The hypothesis of this thesis proposes the development of viable sustained-release
tablet formulations of MT-1207 that could be administered as part of a once-daily dosing
regimen. The ability of the drug agent to block many different pharmacological targets and its
low frequency of administration, derived from its incorporation into a sustained-release
formulation, could provide a promising choice for the effective treatment of hypertension

with high patient compliance.

As part of testing this hypothesis, sustained-release HPMC matrix tablets were initially
prepared. The required matrix formulations are easy to prepare at lab and industrial scales,
and polymer matrices have a proven ability to retard the release of different drugs. HPMC
polymers of different viscosities were incorporated into sustained-release tablets and their
ability to retard the release of MT-1207 was tested in vitro. A promising sustained-release
HPMC matrix tablet formulation was selected and was forwarded to a pharmacokinetic study
in Beagle dogs. Afterwards, based on the in vivo study results for that formulation, further

formulation optimisation was conducted through the development of gastroretentive bilayer
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tablets consisting of a gastroretentive layer and an MT-1207-containing layer. Based on the
tablet in vitro testing results, two promising gastroretentive bilayer tablet formulations were

selected and forwarded to a final pharmacokinetic study in Beagle dogs.
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2 Chapter 2: Materials and Methods

This chapter includes information about the materials used, and the methods that were

common across Chapters 3, 4 and 5 of the thesis.

2.1 Materials

MT-1207  hydrochloride  reference standard and micronised MT-1207
hydrochloride:colloidal silicon dioxide mixture with a mass ratio of 5:1 were donated by
Shenyang Haiwang Biotechnology Co., Ltd (Shenyang, China). Polyethylene oxide average
molecular weight 8,000,000 (8M), Kollidon® SR, spray-dried lactose, polyvinylpyrrolidone
K30, hydroxypropyl methylcellulose average molecular weight 86,000 (K4M),
hydroxypropyl methylcellulose average molecular weight 90,000 (K15M), hydroxypropyl
methylcellulose average molecular weight 120,000 (K100M), colloidal silicon dioxide,
magnesium stearate, sodium phosphate monobasic dihydrate and sodium acetate anhydrous
were purchased from Sigma-Aldrich (Gillingham, United Kingdom). Alpha-D-lactose
monohydrate, ethylcellulose 10 cps, iron (I1l) oxide, sodium dodecyl sulfate (SDS),
hydrochloric acid 37 %, acetic acid glacial, sodium hydroxide pellets, orthophosphoric acid,
methanol HPLC grade and propan-2-ol HPLC grade were purchased from Fisher Scientific

(Loughborough, United Kingdom).

2.2 HPLC-UV method for the quantitation of MT-1207 samples

An HPLC-UV method was developed to quantify MT-1207 samples for solubility and
in vitro release testing. A Dionex Ultimate 3000 HPLC system was used (Thermo Scientific®,
United Kingdom) with an ACE® Generix 3 C18, 150 x 4.6 mm, 3 um column. The mobile
phase consisted of 0.1 M sodium acetate buffer pH 4.0 and methanol at a ratio of 40:60 (%
v/v). The mobile phase flow rate was set at 0.7 mL/min. The wavelength maximum of MT-

1207 was found to be 230 nm and, therefore, the UV wavelength was set at that value. The
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injection volume was 20 uL. The retention time of MT-1207 was approximately 5 minutes.
The quantitation of MT-1207 samples was carried out using a calibration curve which
covered a concentration range of 1 — 50 ug/mL for the phosphate buffer dissolution method
and 1 — 100 pg/mL for the acetate buffer dissolution method. The HPLC method was
validated in terms of linearity, limit of detection (LOD) and limit of quantitation (LOQ) as
per the International Council for Harmonisation (ICH) and FDA guidelines. The LOD was
0.1 pg/mL and the LOQ was 0.4 pg/mL. The validation of the HPLC method for specificity,
accuracy, intra-day and inter-day precision was carried out along with that of the dissolution

method.

2.3 Flowability characterisation of the tablet blends

The flow properties of the powder mixtures are most important. The flowability
directly affects the filling uniformity of the die in the tabletting machine and, therefore, the
corresponding uniformity of tablet weight and drug content (210). As per the USP, the
flowability was assessed in terms of bulk/tapped density, compressibility index, Hausner ratio

and angle of repose.

Bulk/tapped density testing was carried out using tapped density tester (Copley®,
Nottingham, United Kingdom) to determine the flow properties of the different powder
mixtures as per USP <616> (211). Each time, a certain amount of powder mixture was
weighed and then added inside a 100-mL graduated measuring cylinder. The initial volume
(bulk volume, Vo) was recorded. Then, the mixture was tapped 10, 500 and 1250 times and
the respective volumes were recorded (V1o, Vs00, Vi250). If the difference between Vsoo and
V1250 Was not more than 2 mL then V1250 was considered as the final tapped volume (211).
The Vo and V1250 were then used to calculate the compressibility (Carr) index and Hausner

ratio. These values were used to characterise the flowability of the different mixtures.
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2.4 Hardness and friability of tablets

The tablets prepared were assessed in terms of their hardness using a C50 Tablet
Hardness tester (Engineering Systems (Nottm)®, Nottingham, United Kingdom). The test was
carried out as per USP <1217> (212). 10 tablets were tested for each formulation batch. Each
time, the tablet dimensions (diameter and thickness for flat-faced cylindrical tablets; long axis
diameter, short axis diameter, wall height and thickness for oval biconvex tablets) were
measured. Then, the tablet was placed in the hardness tester and the hardness value was

recorded in kg units. Afterwards, the tablet tensile strength was calculated as per USP (212).

The friability of the tablets was assessed as per USP <1216> (213). The tablets were
weighed before being placed into the friability tester (Erweka®, Heusenstamm, Germany).
The friabilator was set at a revolution rate of 25 rpm for 4 minutes. The tablets were then
removed from the device, were gently wiped using a brush to remove loose materials, were

weighed and the % friability calculated. As per USP, the friability should be less than 1.0 %.

2.5 Tablet weight variation

The tablet weight variation was assessed as per USP <905> (210). 10 tablets were
weighed individually for each formulation. The mean tablet weight was calculated and
expressed as a percentage of the target tablet weight, and the acceptance value was
calculated. The tablet weight variation was considered to be within the acceptable range set in

USP if the acceptance value was less than 15.

2.6 Differential scanning calorimetry (DSC) analysis of MT-1207 and tablet samples
The thermal behaviours of MT-1207 hydrochloride and pulverised tablet samples

were evaluated using DSC Q2000 (TA® Instruments, Centennial Park, United Kingdom).

Samples (1-5 mg) were each time weighed and sealed inside an aluminum pan with pierced

aluminum lids. The analysis took place over a temperature range of 40 — 240 °C at a rate of 5
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°C/min in an atmosphere of nitrogen, the flow rate of which was set at 50 mL/min. The first
analysis of the MT-1207 reference standard took place over a temperature range of 40 — 300

°C to spot any potential thermal degradation at temperature values beyond 240 °C.

2.7 Fourier-Transform Infrared (FTIR) spectrophotometric studies

Fourier-Transform Infrared (FTIR) spectra were obtained for MT-1207 hydrochloride
and the tablet samples using Cary 630 FTIR spectrophotometer (Agilent Technologies®,
Craven Arms, United Kingdom). Each time, the solid sample was placed on the lid and

scanned at the range 4000 — 650 cm™™.

2.8 X-ray powder diffraction (XRPD) analysis of MT-1207 and tablet samples

The diffractograms of MT-1207 hydrochloride and pulverised tablet samples were
obtained using an X’Pert Pro MPD X-ray diffractometer (Malvern Panalytical®, Malvern,
United Kingdom). Cu K-alphal radiation was used. The samples were scanned at an angle
range of 4 — 50°(20) with a step size of 0.01°(20) at 40 mV, 40 mA and a sample rotation

speed of 15 rpm.

2.9 Kinetics and mechanism of drug release

Based on the results obtained from in vitro release testing for the optimised
formulations F4, bilayer Fresoos and bilayer Al, the release kinetics of MT-1207 from these
formulations were studied. For this purpose, the data obtained from the in vitro drug release
testing were plotted in various kinetic models. These models were first-order (Equation 1) as
log percentage of MT-1207 remaining undissolved vs time, zero-order (Equation 2) as the
cumulative amount of drug released vs time and Higuchi’s models (Equation 3) as
cumulative percentage of MT-1207 released vs square root of time. Finally, the data were
plotted using the Hixson-Crowell cube root law to evaluate the drug release with changes in

the particle/tablet surface area and diameter (Equation 4) (46).
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LogQ: = LogQo — kit/2.303 [1]

where Q1 is the amount of the drug in the tablet at time t, Qo is the total amount of the drug

and ki is the first-order constant.

C = kot [2]

where C is the concentration of the drug at time t and ko is the zero-order constant.

Q = knt!2 [3]

where Q is the cumulative % of drug released at time t and ky is a constant the value of which

depends on the system design variables (46).

Qo - Q1 =knc x t [4]

where Q is the amount of drug released in time t, Qo is the initial total amount of drug in the
tablet and knc is the rate constant for the Hixson-Crowell equation which refers to the plot of

the cube root of the drug remaining in the tablet vs time.

The mechanism of drug release from F4, Fuesoos and bilayer Al tablets was

determined using the Korsmeyer-Peppas model (214). The data from the in vitro dissolution
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testing were plotted in the Korsmeyer-Peppas equation (Equation 5) as log cumulative
percentage of drug released vs log time. The exponent n was calculated by measuring the

slope of the straight line.

M¢/M., = kt" [5]

where M is the amount of drug released at time t, M. is the total amount of drug, k is a
kinetic constant the value of which is characteristic of the drug/polymer system and n is an
exponent that is used to characterise the mechanism of drug release (214). For cylinder
tablets, n = 0.45 corresponds to drug release controlled by Fickian diffusion, 0.45 < n < 0.89
corresponds to anomalous (non-Fickian diffusion) which refers to a combination of Fickian
diffusion and polymer relaxation mechanisms, while n > 0.89 defines super Case-II transport

where drug release is controlled by polymer relaxation (134, 215, 216).

2.10 Bioanalytical method

MT-1207 in plasma samples collected during the pharmacokinetic studies was
determined by a validated UPLC-MS/MS method using verapamil hydrochloride as an
internal standard. Each time 10 pL of plasma sample were pipetted in 1.5 mL Eppendorf®
tube. 200 pL of verapamil hydrochloride 2 ng/mL in acetonitrile were added and vortex was
carried out for 5 minutes. Centrifugation was then carried out at 15000 rpm for 5 minutes and
100 pL of supernatant were collected for UPLC-MS/MS analysis. The ion source was an
electron spray ionisation (ESI) source. A positive ion scanning method was used for
detection. The solvent gas (nitrogen) flow rate was 1000 L/h, the temperature of the solvent
gas was 500 °C, and the capillary voltage was 3.0 kV. The scanning method was Multiple

Response Monitoring (MRM). The cone voltage was set at 40 V, while the collision energy
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was 20 eV. For quantitative analysis, the ion pairs used had m/z 393.26 — 274.04 (MT-1207)
and m/z 455.25 — 156.06 (internal standard). The samples were applied to an ACQUITY
Ultra Performance Liquid Chromatography system with Xevo TQ-XS Triple Quadrupole
Mass Spectrometer with operating software MassLynx V4.2 (Waters Technology Limited
Company). The column used was an ACQUITY UPLC BEH C18 liquid chromatography
column (2.1 x 50 mm, 1.7 um). The mobile phase consisted of 0.1 % formic acid in water
(mobile phase A) and acetonitrile (mobile phase B). Verapamil hydrochloride was used as the
internal standard for determination. The gradient elution was: 0 — 1.2 min: 20 -45% B, 1.2 —
1.5 min: 45-95% B, 1.5 - 1.8 min: 95 % B, 1.8 — 2.5 min: 95 — 20 % B. The flow rate was

set at 0.5 mL/min. The column temperature was set at 45 °C.

Quantification was carried out using a calibration curve. 10 mg MT-1027 were
accurately weighed and dissolved in DMSO to prepare a stock solution of MT-1207 with a
concentration of 10 mg/mL. This was gradually diluted with a 50 % acetonitrile solution to
obtain standard working solution concentrations of 10, 20, 40, 100, 200, 400, 1000, 2000,
4000 ng/mL. The concentrations of the quality control samples were 30, 320, 3200 ng/mL.
To prepare a quality control working solution, 10 pL were added to 190 uL Beagle dog blank
plasma. Vortex mixing was carried out to obtain the standard curve with drug concentration
values of 0.5, 1, 2, 5, 10, 20, 50, 100 and 200 ng/mL, and plasma with drug concentration
values of 0.5, 1.5, 16 and 160 ng/mL. 20 puL of medicated plasma were transferred into a 1.5
mL Eppendorf® tube and 200 pL of 2 ng/mL verapamil hydrochloride in acetonitrile were
added. Vortex was carried out for 5 minutes, followed by centrifugation at 15,000 rpm for 5
minutes. 100 pL of supernatant were collected for UPLC-MS/MS measurement. The lower
limit of quantitation (LLOQ) was 0.500 ng/mL. The R? of the standard curve was around
0.9978. The accuracy and precision values of the quality control samples were 101.0 % and

3.2 % CV, respectively.
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3.1 Introduction

As was mentioned earlier in Chapter 1 of the thesis, matrix systems are commonly used
as controlled-release formulations. In dissolution-controlled matrix systems, hydrophilic
polymers are used as the matrix formers and are mixed with the API(s) and excipients. The
release of drugs from these systems is controlled by polymer wetting and water diffusion

through the matrix, drug diffusion through the matrix, as well as matrix erosion (46, 47).

Many different hydrophilic polymers can be used to prepare controlled-release matrix
systems. The most commonly used ones are cellulose ether derivatives which include HPMC
(48). HPMC polymers of different viscosities have been employed as release retardants alone
or in combination with HPMC of other viscosities and/or other polymers in many different
applications for both hydrophilic and hydrophobic drugs (45, 46, 49, 50, 64, 67, 217-219).
High viscosity grades of HPMC can be used in tablets to retard drug release from matrices at

a percentage of 10 — 80% w/w (51).

3.1.1 Experimental aim
To date, immediate-release tablets of MT-1207 have been developed and are being
tested in phase Il clinical trials. However, these tablets are designed to be administered two

times a day. Due to the challenges that come with hypertension, it is desirable to reduce the
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dosing frequency as much as possible to improve patient compliance and reduce

polypharmacy.

In the present study, a new sustained-release matrix tablet formulation of MT-1207
hydrochloride was developed. HPMC polymers of different viscosities were used as release
retardants. They were selected as first-choice matrix formers and release retardants, due to
their versatility and multiple successful sustained-release applications. Different tablet
formulations were prepared using wet granulation and were characterised in terms of their
physical properties and in vitro drug release. An optimised tablet formulation which provided
a 24-hour release of MT-1207 in vitro was developed. A pharmacokinetic study was
performed in Beagle dogs through oral administration of the optimised sustained-release and

the immediate-release tablets.

3.2 Experimental Techniques
This section entails the experimental techniques that were used to collect the data in this
chapter. These include procedures listed in Chapter 2 and mentioned below, as well as

additional, chapter-specific techniques that are described in detail:

e HPLC-UV method for the quantitation of MT-1207 samples

e Flowability characterisation of the tablet blends

e Hardness and friability of tablets

e Tablet weight variation

o Differential scanning calorimetry (DSC) analysis of MT-1207 and tablet samples

e Fourier-Transform Infrared (FTIR) spectrophotometric studies

e X-ray powder diffraction (XRPD) analysis of MT-1207 and tablet samples
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e Kinetics and mechanism of drug release

3.2.1 Validation of HPLC and dissolution methods

3.2.1.1 Linearity

The HPLC method was validated for its linearity. For this purpose, three replicates of
the calibration curve were prepared in the concentration range 0.001 — 0.05 mg/mL. The
standard solution of 0.05 mg/mL concentration was prepared through dilution from an initial
MT-1207 stock solution 1 mg/mL in methanol. The rest of the working standard solutions
were prepared by carrying out dilutions from the 0.05 mg/mL standard solution. The matrix
of the standard solutions consisted of a mixture of dissolution medium and methanol at a ratio
of 95:5 (% v/v). The linearity of the method was assessed based on the coefficient of

determination (R?) values of the three calibration curves prepared over three different days.

3.2.1.2 Limit of Detection and Limit of Quantitation
The HPLC method was validated for its LOD and LOQ. The standard deviation of the
y-intercepts of the three linearity calibration curves was calculated. The LOD and LOQ

values were then calculated using Equations 6 and 7.
LOD =3.3 x SD/S [6]
LOQ =10 x SD/S [7]

where SD is the standard deviation of the y-intercepts of the three linearity replicates of the
calibration curve, and S is the slope of the calibration curve derived from the mean peak area

values of the linearity calibration curves.

3.2.1.3 Specificity
The dissolution method was validated in terms of specificity. For this study, the

excipients of the tablets were added in 900 mL 0.1 M phosphate pH 6.8 with 0.2% w/v SDS.
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More specifically, 140 mg alpha-D-lactose monohydrate, 20 mg PVP K30, 70 mg HPMC
K15M, 4 mg colloidal silicon dioxide and 0.5 mg magnesium stearate were added in the
dissolution medium inside a dissolution vessel. The temperature was set at 37 = 0.5 °C and
the rotation speed of the paddles was set at 75 rpm. After 24 hours, a sample was collected
and centrifuged (2300 g, 10 minutes). 1 mL from the supernatant was then transferred into an
HPLC vial and injected into the HPLC system for analysis. The experiment was conducted in

triplicate.

3.2.1.4 Accuracy and intra-day precision

The dissolution method was validated in terms of accuracy and intra-day precision.
The method was validated at 20 %, 50 %, 80 %, 100 % and 120 % of the nominal
concentration value of 20 mg MT-1207 in 900 mL dissolution medium. At each
concentration level, the excipients of the tablets were added in 900 mL of dissolution medium
as in the specificity study, followed by the addition of an appropriate volume of MT-1207 2
mg/mL solution in methanol. The rotation speed of the paddle was set at 75 rpm. After 24
hours, a sample was collected and centrifuged (2300 g, 10 minutes). 1 mL of the supernatant
was then transferred into an HPLC vial and injected into the HPLC system for analysis. The
experiment was carried out in triplicate and the intra-day precision was determined through

% residual standard deviation (% RSD) for the three values per accuracy level.

3.2.1.5 Inter-day precision

The dissolution method was validated for inter-day precision. Two accuracy samples
were prepared on two different days for each of the concentration levels mentioned in Section
2.3.4 and the experiment was carried out as per Section 2.3.4. The % RSD of these values and
the mean of the values from the accuracy experiment was calculated and the inter-day

precision of the method was assessed.
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3.2.2 Scanning electron microscopy (SEM) analysis of MT-1207 reference standard and
micronised MT-1207
The MT-1207 hydrochloride reference standard and micronised MT-1207:silicon
dioxide 5:1 mixture were examined by scanning electron microscopy (Philips® XL30 SEM,
Netherlands) using 10 kV accelerating voltage. Before imaging, the samples were sputtered
with gold using an SC7640 Sputter Coater (Polaron®, United Kingdom). Coated samples

were then observed in the SEM at 10 kV under vacuum conditions at ambient temperature.

3.2.3 Solubility measurements of MT-1207:colloidal silicon dioxide 5:1 mixture
Solubility testing was carried out for the MT-1207 reference standard and the
micronised MT-1207:colloidal silicon dioxide 5:1 mixture. The aim was to determine the
solubility of MT-1207 in different pH values and to define whether micronisation had an
effect on the solubility of MT-1207 agent. The testing was carried out in hydrochloric acid
(HCI) pH 1.2 and 0.1 M phosphate buffer pH 6.8 simulating the pH values in the fasted
stomach and small intestine, respectively. Solubility studies were carried out using the shake-
flask method (220). A known excess quantity of the drug was weighed each time and
dispersed in 5 mL of medium. Then, the dispersions were placed in a Stuart® orbital
incubator and were shaken for 24 hours at 37 °C. Afterwards, 3 mL were placed in Sarstedt®
tubes and centrifuged in an Eppendorf® Centrifuge 5810 R (2700 g, 15 minutes). A two-step
dilution was carried out for the supernatant. For the samples in hydrochloric acid, 500 pL of
the supernatant were each time diluted to 1 mL with water:methanol 50:50 (% v/v) and, then,
100 pL of the diluted solution were further diluted to 1 mL with water:methanol 50:50 (%
v/v). For the samples in 0.1 M phosphate pH 6.8, 500 pL were diluted to 1 mL with methanol
and, then, 100 uL from the diluted solution were further diluted to 1 mL with 0.1 M
phosphate pH 6.8:methanol 50:50 (% v/v). Each time, the final diluent was transferred into an

amber HPLC vial for HPLC analysis.
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3.2.4 Preparation of MT-1207 tablet formulations

The HPMC matrix tablets were prepared using a wet granulation method. The
micronised MT-1207:silicon dioxide mixture was geometrically diluted with alpha-D-lactose
monohydrate and then the rest of the excipients were added. Mixing was carried out for 15
minutes manually. The powder mixture was then transferred into a beaker and the required
amount of isopropyl alcohol (IPA) was added as droplets under manual mixing that was
conducted using a spatula. IPA has low toxicity in humans and is, therefore, classified as
Class 3 solvent, as per United States Pharmacopeia (USP) <467> (221). Afterwards, there
was a wet massing time of 30 seconds. The wet mass was manually pressed through a 12-
mesh stainless-steel sieve. The wet granules were then left in the fume hood to dry for two
hours and were then placed in the tray drier for two hours at 60 °C. The dried granules were
then sieved through a 25-45-170-mesh sieve array and the few fines (particle size < 90um)
were discarded. Magnesium stearate was added as a lubricant in the granulated mixture and
mixing was carried out for 5 minutes. The granules were then compressed into tablets using a
Piccola rotary tablet press machine (Riva®, Argentina). 8 mm flat-faced round punches and
dies were used during the compression process. The compression force applied during the
preparation of the different tablet formulations was 6.5 kN. The target tablet weight was
2245 mg for formulations F1-F4 and 226.5 mg for formulation Al. Formulation F1
contained 18% w/w HPMC K4M, while formulations F2, F3 and F4 contained 18% wi/w,
22% wi/w and 31% w/w HPMC K15M, respectively. The compositions of the different tablet
formulations can be seen in Table 3-1. Three different batches of the optimised formulation
were prepared and characterised to ensure the reproducibility of the manufacturing method.
Finally, formulation Al used in the pharmacokinetic study was prepared based on the

optimised formulation containing 30 mg MT-1207, instead.
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Table 3-1: Compositions of the MT-1207 sustained-release tablets.

Ingredients (mg) Formulation batch
F1 F2 F3 F4 Al
MT-1207 Hydrochloride 20 20 20 20 30
Alpha-D-lactose monohydrate 140 140 130 110 100
Polyvinylpyrrolidone K30 20 20 20 20 20
HPMC K15M - 40 50 70 70
HPMC K4M 40 - - - -
Colloidal silicon dioxide 4 4 4 4 6
Magnesium stearate 0.5 0.5 0.5 0.5 0.5
Tablet Weight 224.5 224.5 224.5 224.5 226.5

3.2.5 Flowability characterisation of the powder mixtures

Apart from bulk/tapped density testing, also the angle of repose testing was used to
characterise the flowability of the different granulated powder mixtures. The fixed funnel
method was used, as per USP <1174> (222). Each time, an amount of powder was added
inside a funnel and left to flow through it. As the tip of the powder cone reached the bottom
of the funnel, the funnel was carefully moved upwards. When the diameter of the cone
reached slightly more than 6 cm the diameter of the base and the height of the cone were
measured using a ruler. These values were then used to calculate the angle of repose. The
flowability of the mixture was characterised based on the values of Carr index, Hausner ratio

and angle of repose as per USP (222).

3.2.6 Invitro release of MT-1207 from sustained-release tablets

In vitro dissolution studies were carried out using a USP Il dissolution apparatus
(Copley®, Nottingham, United Kingdom) equipped with paddles. The apparatus was set at a
constant rotation speed of 75 rpm. Dissolution studies were carried out in 900 mL of 0.1 M

phosphate buffer pH 6.8 with 0.2% w/v SDS at 37 £ 0.5 °C. Sinkers were used to prevent
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floating of tablets and their adhesion to the bottom of the vessels. Sampling was carried out
manually at certain time intervals (0.08, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 16, 18, 20,
22 and 24 hours), followed by centrifugation of the samples (2300 g, 10 minutes). Then, each
time, 1 mL from the supernatant was transferred into an HPLC vial and 20 uL were injected
into the HPLC for analysis. The in vitro release study was carried out in triplicate for each

formulation.

3.2.7 Swelling and erosion studies

Swelling and erosion studies were carried out for the F4 tablets in dissolution
medium, 0.1 M phosphate pH 6.8 with 0.2% w/v SDS. The USP Il dissolution apparatus was
used. Each time, the pre-weighed tablet (initial weight, Wo) was immersed in 900 mL
dissolution medium within a dissolution vessel. The temperature was maintained at 37 + 0.5
°C. The paddle speed was set at 75 rpm. At certain time intervals (1, 2, 4, 6, 8, 12, 16, 20 and
24 hours) the tablet was taken out of the dissolution vessel and excess water was carefully
blotted from its surface. The wet tablet was weighed and the wet weight value, W:, was

obtained. The % swelling index of the tablets was calculated using Equation 8:

% Swelling index = (Wt — W) x 100/Wo [8]

The same tablets that were used to calculate the swelling index were also used to
calculate the % erosion value. After weighing, the wet tablets were placed inside an oven and
the temperature was set at 60 °C. The tablets were each time dried until constant weight. The
dry weight value, Ws, was recorded. The % erosion of the tablets at each timepoint was

calculated using Equation 9:
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% Erosion = (Wo — Wf) x 100/Wo [9]

All experiments were done in triplicate and the results were recorded as mean +

standard deviation.

3.2.8 Invivo animal study

An in vivo animal study was carried out as per the principles of the Declaration of
Helsinki in Beagle dogs (body weight 10 + 2 kg) for MT-1207 30 mg sustained-release (Al)
and 10 mg immediate-release tablets. Eight healthy beagle dogs were used, half male and half
female. According to gender and weight, they were randomly divided into two groups, 4 in
each group (2 males and 2 females). After fasting for 12 hours (h), the two groups of animals
were given MT-1207 tablets orally. In the first half of the first group (Group 1-A), the
sustained-release tablets were administered once a day, one tablet at a time, and blank blood
was taken before administration. After administration, at 0.25 h, 0.5 h, 1 h,1.5h,2h, 3 h, 4
h,6h,8h, 12 h, 16 h, 24 h and 32 h timepoints approximately 1.5 mL of venous blood were
each time collected. In the second half of the first group (Group 1-B) immediate-release
tablets were administered three times a day, one tablet at a time, with an interval of 8 hours.
Blank blood was collected before administration and then at 0.25 h, 0.5 h, 1 h,2h, 4 h, 8 h
after the first administration (second administration), 8.25 h, 8.5 h, 9 h, 11 h, 13 h, 16 h (third
dose), 16.25 h, 16.5 h, 17 h, and 24 h. Approximately 1.5 mL of venous blood were collected
at each timepoint. Two groups of animals were cross-administered with another formulation
after 7 days of wash-out period. In the second group (Group 2), the immediate-release tablets
were administered once a day, three tablets at a time, and blank blood was taken before
administration, and at 0.25 h, 0.5 h, 1 h, 1.5 h, 2 h, 3 h, 4 h, 8 h, and 24 h timepoints.

Approximately, 1.5 mL of venous blood was collected at each timepoint. In all the cases,
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each sample was placed in a test tube containing heparin, centrifuged and the plasma was
separated and stored at -20 °C. MT-1207 in plasma samples was determined using UPLC-

MS/MS.

The bioanalytical method that was used for the analysis of plasma samples was the

same to the one described in Chapter 2 of the thesis.

3.2.9 Invitro and in vivo data analysis
The similarity or difference between the in vitro drug release profiles of the different
formulations was assessed using the difference factor (f1) and similarity factor (f2), as per the

FDA guidelines (223).

The peak plasma concentration of MT-1207 (Cmax), the time to reach Cmax (Tmax) and
the area under the concentration-time curve from 0 hours to 24 hours (AUCo.24n) and to
infinity (AUCo.») values were calculated from the plasma concentration vs time profile using
WinNonlin® version 6.4. Furthermore, the half-life (t12), clearance (CL), apparent volume of
distribution (Vq4), and mean residence time (MRT) values of MT-1207 after administration of
the tablets following the different dosing regimens were also calculated using WinNonlin®
version 6.4. Finally, the bioequivalence between the sustained-release and immediate-release
tablets was investigated by calculating the ratio of AUCo-24n Values of the sustained-release

tablet dosing regimen and the two separate immediate-release tablet dosing regimens.

T-test and one-way analysis of variance (ANOVA) were carried out for the statistical
analysis of results using Microsoft Excel® software. A statistically significant difference was

reflected by a P value less than 0.05.
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3.3 Results and Discussion

3.3.1 HPLC method development for the quantitation of MT-1207 agent in dissolution

samples

The peak shape of MT-1207 in the medium used for dissolution testing was

acceptable in terms of peak height and asymmetry factor (Figure 3-1) under the HPLC

conditions stated in Section 2.2. Also, the calibration curve (Figure 3-2) gave a R? value of

0.9998 which demonstrated its good linearity when the standard solutions were prepared in

dissolution medium.
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Figure 3-1: Chromatogram of MT-1207 0.05 mg/mL standard solution in 0.1 M phosphate

pH 6.8 with 0.2% w/v SDS. The MT-1207 peak was eluted at around 5.0 minutes. The solvent

front was eluted at around 2.5 minutes.

58




®
T

(e2]
T

y =1291.9x - 0.2533

R2=0.9998

Peak Area (mAU*min)
D
o
1

T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05

Concentration (mg/mL)

Figure 3-2: Calibration curve of MT-1207 in 0.1 M phosphate pH 6.8 with 0.2% w/v SDS at

a concentration range of 0.001 - 0.05 mg/mL.

3.3.2 HPLC and dissolution method validation

3.3.2.1 Linearity

The HPLC method was validated for linearity in the concentration range of 0.001 —
0.05 mg/mL. Three replicates of the calibration curve in this concentration range were
prepared over three different days. The R? should be equal to or higher than 0.99. This
validation was also considered for the dissolution method since the standard matrix was used

for the quantification of MT-1207 dissolution samples.

The calibration curves that were used for linearity validation and their data can be
seen in Tables A-1, A-2, A-3 and Figures A-1, A-2, A-3, respectively. In all three replicates
taken over three different days, the R? was higher than 0.999, therefore the HPLC method

was considered validated in terms of linearity.

3.3.2.2 LOD and LOQ determination
The calibration curves that were used for linearity validation were also employed for

the LOD and LOQ calculations. The mean of the peak areas was calculated, and a calibration
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curve of the mean peak area values and the respective concentration values was plotted. Its
slope was used as the S value in Equations 6 and 7. Furthermore, the standard deviation of
the y-intercepts was calculated and was used as the SD value of the LOD and LOQ equations,

as per the ICH guidelines (224).

The calibration curve data and plot that were used for LOD and LOQ determination
can be seen in Table A-4 and Figure A-4, respectively. The slope (S) of the calibration curve
was 1294. The standard deviation (SD) of the y-intercepts was 0.0576. The S and SD values

were used to calculate the LOD and LOQ of the method using Equations 6 and 7.

LOD = 3.3 x 0.0576/1294 = 0.0001 mg/mL = 0.1 pg/mL

LOQ =10 x 0.0576/1294 = 0.0004 mg/mL = 0.4 pg/mL

3.3.2.3 Specificity testing results

A sample chromatogram of the specificity samples can be seen in Figure A-5. As per
the FDA guidance for method validation, the assay should be ensured to be free from
interfering substances, including excipients and other matrix components (225). For all three
replicates, no interfering peak was eluted anywhere near the retention time of MT-1207.

Therefore, the dissolution method was considered validated in terms of specificity.

3.3.2.4 Accuracy, intra-day and inter-day precision results

The accuracy of the dissolution method was assessed at 20 %, 50 %, 80 %, 100 % and
120 % of the target MT-1207 concentration achieved after 100 % drug release from the
tablets. Three replicates were prepared at each concentration level. As per the FDA
guidelines, a method is considered accurate for each level if the mean concentration of the
accuracy samples is within 85 - 115 % of the nominal concentration value (226). A method is

considered precise when the % coefficient of variation (or % residual standard deviation, %
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RSD) between the accuracy samples analysed within a day and three samples analysed within

different days is less than or equal to 15 % (226).

Three replicates were prepared for each of the 20 %, 50 %, 80 %, 100 % and 120 %
concentration levels of MT-1207 for accuracy and intra-day precision validation purposes
within the same day. Also, three replicates were prepared over three different days for inter-
day precision purposes. As seen in Table A-5, all accuracy values fell within 85 — 115 % of
the nominal concentration, therefore, the method can be considered validated in terms of
accuracy for these concentration levels. Furthermore, in Tables A-5 and A-6, the % RSD
values were quite lower than 15 % for both intra-day and between-day runs. Therefore, the

dissolution method was considered validated in terms of intra-day and inter-day precision.

3.3.3 Scanning electron microscopy and solubility characterisation of MT-1207
Solubility testing was carried out in hydrochloric acid pH 1.2 and phosphate buffer
pH 6.8 to obtain information on the solubility of the drug at different pH values. MT-1207
was more soluble in hydrochloric acid than in phosphate buffer (Table 3-2). Since the latter
was chosen as the dissolution medium in the present study, a small amount of SDS was added

into phosphate buffer to ensure sink conditions during dissolution testing.
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Table 3-2: Solubility values of non-micronised MT-1207 hydrochloride reference standard
and micronised MT-1207 hydrochloride:colloidal silicon dioxide 5:1 mixture in HCI pH 1.2

(n=9) and 0.1 M phosphate buffer pH 6.8 (n = 9). Results are expressed as mean + standard

deviation.
Sample Name MT-1207 Solubility (mg/mL)

Non-micronised MT-le20172hydrochIor|de in HCI 192 +0.05

Micronised MT-1207 hydrochloride:colloidal
silicon dioxide 5:1 mixture in HCI pH 1.2 1.3420.08

Non-micronised MT-1207 hydrochloride in 0.1 M 0.01
phosphate pH 6.8 '

Micronised MT-1207 hydrochloride:colloidal

silicon dioxide 5:1 mixture in 0.1 M phosphate pH 0.03+0.01

6.8

There was no statistically significant difference between the recorded solubility values
of non-micronised MT-1207 and micronised MT-1207:silicon dioxide mixture in the
different media (t-test, p > 0.05) (Table 3-2). These results agree with literature findings since
particle size reduction of drugs at this scale was not expected to lead to increased aqueous
solubility unless it caused amorphisation of the API (227, 228). Particle size reduction could,
however, enhance the dissolution rate of MT-1207, due to increased drug surface area for
interaction with liquid media (229, 230). In Figure 3-3, it can be seen that the drug crystals
have an elongated shape. The long-axis particle size values of the non-micronised drug and
micronised drug that was used to make the tablets were 11.97 £ 7.42 um and 4.02 + 1.90 pm,
respectively (n = 100 particles for each batch). The particle size distribution was narrower in
the micronised batch than in the non-micronised drug and was used for the preparation of

both immediate and sustained release tablets.
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Figure 3-3: SEM image of (A) MT-1207 reference standard and (B) micronised MT-

1207:silicon dioxide 5:1 mixture.

3.3.4 Characterisation of flowability and compressibility of the tablet powder blends
Before compression, the granulated powder blends were assessed in terms of
compressibility and flowability through bulk/tapped density and angle of repose testing, as

per USP.

The flowability of a powder blend is most important since it determines whether the
filling of the powder in the dies of the tabletting machine is uniform, thus ensuring uniform
tablet weight and dimensions and drug content uniformity (49). The flowability of a powder
blend can be assessed through Carr index, Hausner ratio and/or angle of repose.
Compressibility is also important since it defines the ability of a powder to compress upon
application of pressure (67). Carr index is a good indicator of the powder flowability and
compressibility (231). Therefore, a Carr index value between 5 % and 16 % is desirable to
achieve both good flowability and compressibility (67). F1, F4 and Al powder blends had
Carr index values of 14.7, 12.2 and 13.3 %, respectively (Table 3-3), which indicated a
combination of good flowability and compressibility. F3 powder blend gave a Carr index

value of 15.4 % which indicated fair flowability. The F2 powder blend had a relatively high
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compressibility index value of 23.5 %, but, still, its flowability was characterised as passable,

which ensured its free flow in the feeder of the tabletting machine and the dies.

Table 3-3: Flowability characterisation results.

For-lr-lill?II:ttion C(()Cr:naprgﬁsr:g:aity Hsl;;r(ljer Angle (EI)Repose Flowability (as per USP)
(%)
F1 14.7 1.17 34.2 Good
F2 235 1.31 33.2 Passable to Good
F3 154 1.18 38.7 Fair to Good
F4 12.2 1.14 42.0 Passable to Good
F4 Repeat 2 12.9 1.15 39.0 Fair to Good
F4 Repeat 3 14.0 1.16 35.6 Good
Al 13.3 1.15 36.4 Good

Hausner ratio is another measure of the flow properties of a powder blend (232). It
provides information on the extent of the powder densification upon compression. Powders
with a higher tendency to densify have higher Hausner ratio values. All powder blends had
Hausner ratio values that indicated fair to good flowability and were in complete alignment
with the respective Carr index values. For each tablet batch, both values were calculated
through bulk/tapped density testing, as per USP. The Hausner ratio values ranged between
1.14 and 1.18 for the powder mixtures of formulations F1, F4 and Al (Table 3-3) which
confirmed their good flowability and compressibility, along with the respective Carr index
values. The F3 powder blend gave a Hausner ratio of 1.18 which indicated a good
flowability. The F2 powder blend, gave a relatively high Hausner ratio of 1.31, but, still, its

flowability was characterised as fair and in alignment with the respective Carr index value.
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The angle of repose can also be used to characterise the flow properties of solids. It is
a characteristic related to powder cohesion or resistance to movement between particles
(222). High angle of repose values correspond to high powder cohesiveness and, thus, poor
flow properties. The angle of repose values for the F1, F3, F4 Repeat 3 and Al powder
mixtures were 34.2°, 33.2°, 35.6° and 36.4°, respectively (Table 3-3). These test findings
were aligned with the bulk/tapped density results for the flowability of the blends. In F2 and
F4 batches, there was a deviation of the angle of repose value from bulk/tapped density
results. For F2 the angle of repose value (33.2°) defined a good flowability, while the rest of
the results indicated a fair flowability. For F4, the angle of repose value, 42.0°, defined a
passable flowability of the powder, while the bulk/tapped density results indicated a good
flowability of the same blend. Finally, for the F4 Repeat 2 blend, the angle of repose value
indicated fair flowability, instead of the good flowability indicated by the respective Carr
index value. Such subtle variations can occur within these empirical type tests, but they

remain broadly consistent.

3.3.5 Post-compression parameters of tablet formulations

The hardness of the prepared tablet formulations was assessed (Table 3-4). Increasing
HPMC content and viscosity grade from formulations F1 to F4 resulted in higher hardness
values. This could be due to the binding properties of HPMC, so, increasing its content
probably resulted in stronger solid bridges within the tablets and, thus, higher hardness (52,
233). The hardness test was also carried out for F4 Repeats 2 and 3 (Table 3-4). There was no
statistically significant difference in tablet hardness between the three F4 batches (one-way
ANOVA, p > 0.05). Also, the hardness of Al tablets bound to be used for animal studies was

similar to that of F4 tablets (one-way ANOVA, p > 0.05).
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Table 3-4: Tablet hardness and friability testing results (n = 10 tablets for each formulation).

Results are presented as mean + standard deviation.

For-lr-r?sllaettion Diameter (mm) Th(ir%i;:; 53 Ha(rsgn)ess TensiziPS;;ength % Friability
F1 8.01+0.03 351+0.03 | 9.18+0.86 2057.2 +186.7 0.18
F2 7.98 +0.04 349+0.02 | 10.79+0.50 | 2413.7+114.0 0.09
F3 7.99 +0.03 352+0.04 | 11.69+0.58 | 2595.9 +134.6 0.06
F4 7.99 +0.03 3.50+0.07 | 13.89+1.70 | 3100.2 + 336.6 0.01

F4 Repeat 2 8.00 = 0.03 350+0.05 | 1494+141 | 3332.0+287.4 0.01

F4 Repeat 3 7.99 +0.03 3.50+0.02 | 13.18+1.51 | 2943.7 + 339.6 0.14
Al 7.98 +0.04 352+0.06 | 14.81+0.40 | 3295.0+125.2 0.04

All tablet batches gave friability values that were well within the acceptable range of

1.0 % set in USP (Table 3-4). This confirmed their good quality and their ability to withstand

the expected, abovementioned mechanical shocks.

All tablet batches gave acceptable mean weight values and acceptance values, with

regards to tablet weight variation (Table 3-5). Therefore, for all formulations, the tablets

could probably have a uniform weight of drug substance per weight of dosage unit.
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Table 3-5: Tablet weight variation testing results (n = 10 tablets per formulation).

Formulation Mean TIZ%IS: g’l\;?:g)h t (% of Standard Deviation Acceptance Value
F1 100.4 2.8 6.7
F2 100.1 3.8 9.2
F3 99.9 0.8 2.0
F4 100.2 14 3.4
F4 Repeat 2 99.8 1.3 3.1
F4 Repeat 3 99.6 3.8 9.2
Al 100.0 1.2 9.2

3.3.6 DSC analysis
The thermal behaviour of an MT-1207 reference standard and that of the tablet

formulations was assessed using DSC.

DSC thermograms of MT-1207 and the different formulations can be seen in Figures
3-4 and 3-5. MT-1207 hydrochloride crystal (Figure 3-4) showed a sharp endothermic peak at
around 210 °C which was attributed to its melting point, while degradation seemed to take
place at around 275 °C. In the thermograms of the tablet formulations (Figure 3-5) different
peaks were noted. The peaks at around 150-160 °C corresponded to the dehydration of alpha-
D-lactose monohydrate towards beta-lactose and melting point of PVP K30, and the peak at
around 220 °C corresponded to the melting point of beta-lactose. A relatively broad
endothermic peak was seen at the temperature range 178-197 °C. This was proposed to
correspond to the melting point of the MT-1207 hydrochloride crystal. The reduction in the
crystal melting point could potentially be due to the mixing process which, as per the
Schroeder-van Laar theory, results in a lower melting point of the drug, through the reduction

of the crystal solidification temperature when the drug is part of a eutectic system consisting
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of a mixture of binary phase change materials. Additionally, the peak broadening and

reduction in the heat of fusion that was recorded for the peak of MT-1207 could be due to the

fact that, for the given molar fraction of the drug in the liquid state of the binary system, the

interactions between the molecules of the drug are weaker than the interactions between the

drug and the excipient molecules. Therefore, less energy is required for phase change (234).
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Figure 3-4: DSC thermogram of MT-1207 hydrochloride reference standard.
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Figure 3-5: DSC thermograms of (A) Formulation F1, (B) Formulation F2, (C) Formulation

F3 and (D) Formulation F4.
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3.3.7 FTIR analysis

In Figure 3-6, the FTIR spectra of MT-1207 hydrochloride reference standard (Figure

3-6A), HPMC K15M (Figure 3-6B), colloidal silicon dioxide (Figure 3-6C) and pulverised

tablets (Figure 3-6D) can be seen.
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Figure 3-6: Fourier-Transform Infrared (FTIR) spectra of (A) MT-1207 hydrochloride

reference standard, (B) HPMC K15M, (C) colloidal silicon dioxide and (D) pulverised

tablets [Transmittance vs Wavenumber (cm™)].

FTIR characterisation is useful in determining whether chemical reactions between the

API and the excipients occur during mixing, granulation and tabletting (235). The chemical

structure of MT-1207 does not contain functional groups that would readily react with the

excipients. The peaks in the 2800-3000 cm™* region (Figure 3-6A) that correspond to aliphatic

and aromatic C-H stretch can also be seen unchanged in the pulverised tablet spectrum

(Figure 3-6D). Furthermore, the peaks in the 1250-1300 cm™ region that correspond to C-N

stretch can be seen in the spectra of both the MT-1207 reference standard and pulverised

tablets. Finally, the fingerprint region of the pulverised tablets was a simple mixture of the
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fingerprint regions of MT-1207 hydrochloride (Figure 3-6A), colloidal silicon dioxide
(Figure 3-6B) and HPMC K15M (Figure 3-6C) with no additional peaks observed. These
results illustrated that there were no significant chemical interactions between MT-1207 and

the excipients.

3.3.8 XRPD analysis

The diffractograms of MT-1207 hydrochloride reference standard and formulations F1
and F4 were acquired and can be seen in Figures 3-7A and 3-7B, respectively. The peaks of
MT-1207 anhydrous crystal are assigned in Figure 3-7C. The diffractograms of the sustained-
release tablet formulations were identical. In Figure 3-7C, it can be seen that the peaks of the
F4 diffractogram over the angle("2theta) values of 11.5, 15 and 18 corresponded to the
respective peaks of the MT-1207 hydrochloride reference standard, while all the other peaks
of the F4 diffractogram corresponded to the peaks of alpha-D-lactose monohydrate. The
reduction in peak height and broadening of the MT-1207 peaks in the F1 and F4
diffractograms (Figures 3-7B and 3-7C) could be attributed to the smaller crystal particle size
of the MT-1207:colloidal silicon dioxide used in the tablets, compared to that of the reference
standard. Also, it can be attributed to potential lattice strain conferred by the mixing, wet
granulation and tablet compression processes during tablet preparation. All the peaks present
in the diffractogram of F4 could be attributed to either MT-1207 anhydrous crystal or alpha-
D-lactose monohydrate. Therefore, it can be asserted that within the sensitivity of the analysis

that the drug was present in the tablets solely in the form of the anhydrous crystal.
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Figure 3-7: Diffractograms of (A) MT-1207 hydrochloride reference standard, (B)
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(red), F4 (blue) and alpha-D-lactose monohydrate (green) combined [Intensity (Counts) vs

Position(*2Theta)].

3.3.9 Invitro release of MT-1207 from sustained-release tablets

The in vitro release profiles of the immediate-release tablets and the different
sustained-release tablet batches can be seen in Figure 3-8. HPMC has been used as a release
retarding polymer due to its ability to swell when in contact with water. In the present study,
HPMC polymers of different molecular weight and viscosity values were used in the different
formulations. HPMC K4M was the initial choice of release retarding polymer. In the
literature, this viscosity grade of HPMC has been effective in retarding the in vitro release of
different drugs from sustained-release formulations (49, 64, 236). However, when HPMC
K4M was used as a sole release retardant at a percentage of 18% w/w (formulation F1) it was

unable to significantly retard the release of MT-1207. For this reason, in the rest of the
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batches, HPMC K4M was replaced by HPMC K15M, a polymer of higher molecular weight

and viscosity.
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Figure 3-8: In vitro release profiles of MT-1207 from immediate-release tablets, and

formulations F1, F2, F3, F4 and Al in 0.1 M phosphate pH 6.8 with 0.2% w/v SDS (n = 3).

In Figure 3-8, it can be seen that a sustained release of MT-1207 was achieved from
tablets with HPMC K15M. In the literature, it has been noted that drug release rate from
matrix tablets decreases with increasing HPMC concentration and viscosity, due to increasing
strength and thickness of the gel layer that is formed upon swelling of the polymer and the
diffusion of the drug through the polymer chains being retarded (236, 237). Lactose, in
contrast, promotes drug release through promoting matrix hydration, gel formation and free
volume (238). Increasing the concentration of HPMC K15M from F2 to F4 resulted in a
slower release of MT-1207 which was maintained linear over a longer time. The results of the
present study are, therefore, fully aligned with the literature (237). There was a statistically
significant release in the release profiles between F3 and F4 (f. = 33, f> = 44). The desired
release profile of the drug was acquired from formulation F4 (31% w/w HPMC K15M),

reaching approximately 93 % release after 24 hours of dissolution with the linearity of release
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being maintained for 20 hours. This is most desirable since it could potentially ensure
constant, effective levels of MT-1207 in plasma following absorption of the drug through the
gastrointestinal tract (46). Therefore, formulation F4 was selected as the optimised
formulation and was forwarded to the in vivo study. Furthermore, no statistically significant
difference was noted between the release profiles from the three different F4 batches (one-
way ANOVA, p > 0.05) (fy < 15 and f, > 50 between the in vitro release profiles of the three
batches) (Figure 3-9). Therefore, it was concluded that the manufacturing process and the
formula gave rise to tablets with reproducible properties. Finally, formulation Al was
prepared based on F4 with a change in the MT-1207 dose to 30 mg. There was no statistically
significant difference in the in vitro release profile of MT-1207 between the F4 and Al
formulations (t-test, p > 0.05) (f. = 7, f» = 75). Therefore, the properties of F4 and Al tablets

were identical.
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Figure 3-9: In vitro release profiles of MT-1207 (% of MT-1207 released vs time) from the

three F4 batches in 0.1 M phosphate pH 6.8 with 0.2% w/v SDS (n = 3).
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3.3.10 Swelling and erosion study

The swelling and erosion behaviour of tablets is most important since it can affect
drug release kinetics. In Figure 3-10, the results from the swelling and erosion studies of F4
tablets can be seen. The tablets showed significant swelling in the dissolution medium with
the tablet weight increasing by 170.6% wi/w after 8 hours of dissolution. A rapid swelling
phase was initially noted, since 110.3% w/w swelling took place within 2 hours of
dissolution, followed by a relatively slower increase between 2 and 8 hours of dissolution.
After 8 hours of dissolution, the tablet erosion reached 64.0% w/w indicating that most of the
tablet mass had eroded at the time where maximum swelling of the tablets was achieved.
After that timepoint, a noteworthy reduction of the erosion rate was recorded, possibly
because maximum swelling was reached and, therefore, the thickness of the hydrogel and the
viscosity of the surrounding viscous solution were maximised. These results, along with the
in vitro release findings, indicate that diffusion and swelling may have contributed, to some
extent, to the release of MT-1207 from the F4 tablets, but drug release was predominantly
erosion-controlled.
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Figure 3-10: In vitro swelling and erosion profiles of formulation F4 in 0.1 M phosphate pH
6.8 with 0.2% w/v SDS (% swelling and % erosion vs time, n = 3).
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3.3.11 Kinetics and mechanism of MT-1207 release from formulation F4

Through the selection of an appropriate molecular weight of HPMC in the matrix and
the rate of matrix hydration, the rate of polymer disentanglement can be controlled.
Therefore, the mechanism of drug release is dependent on the sum of drug diffusion and
polymer relaxation and erosion. The release profile of F4 tablets was plotted against different
models to elucidate the kinetics of drug release, while the Korsmeyer-Peppas model was used
to obtain information on the mechanism of drug release. All models were used to analyse the

data of up to 60 % of the release curve (215, 218).

The release data of formulation F4 were plotted in zero-order, first-order, Higuchi,
Hixson-Crowell and Korsmeyer-Peppas models. The R? values of the different model plots
can be seen in Table 3-6. The data fitted best to the zero-order model (R? = 0.9992). When
the data were plotted against the Korsmeyer-Peppas model, the n value (calculated from the
slope of the curve) was 0.98 (Table 3-6) which corresponded to a zero-order mechanism of
release of MT-1207 from F4. Therefore, it can be assumed that both the kinetics and
mechanism of the release of MT-1207 from F4 tablets were zero-order. The Kinetic analysis
findings were aligned with the swelling and erosion study results which, being well correlated
with the in vitro release profiles, also indicated an erosion-controlled drug release from the

F4 tablets.

Table 3-6: Formulation F4 kinetic analysis results.

Coefficient of

Models Kinetic constant determination (R?)
First-order 0.142 0.9835
Zero-order 0.001 0.9992

Higuchi 22.479 0.9849

Hixson-Crowell 0.103 0.9689

Korsmeyer-Peppas
Coefficient of
determination (R?)
4.586 0.9985 0.98

Kinetic constant Exponent (n)
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3.3.12 In vivo animal study

The sustained-release and immediate-release tablets of MT-1207 were cross-
administered orally in four Beagle dogs. Figure 3-11 illustrates the pharmacokinetic profiles
of MT-1207 in the dog plasma after oral administration of one MT-1207 30 mg sustained-
release tablet, three 10 mg immediate-release tablets with 8-hour interval between each and
three 10 mg immediate-release tablets administered at one time. The pharmacokinetic
parameters recorded on the respective dosing regimens in Beagle dogs can be seen in Table
3-7. As per preliminary data, the minimum effective concentration of MT-1207 in plasma has
been determined to be approximately 1 ng/mL (Internal communications with Shenyang
Haiwang Biotechnology Co Ltd; unreferenced). A sustained pharmacokinetic profile of MT-
1207 can be seen after oral administration of the sustained-release (SR) tablet, compared to
the pharmacokinetic profiles of the immediate-release (IR) tablets. There was a statistically
significant decline (t-test, p < 0.05) in the Cmax value from 62.5 ng/mL (recorded in 3 x 10
mg IR o.d.) to 37.01 ng/mL for 30 mg SR o.d. This, along with the increase recorded in Tmax
from 1 and 1.63 hours (10 mg IR t.i.d. and 3 x 10 mg IR o.d., respectively) to 4.38 hours in
30 mg SR, indicated a sustained release of the drug, along with no evidence of dose dumping
after the oral administration of sustained-release tablets (44). Hence, HPMC K15M was able,
as indicated in the in vitro data, to provide a sustained release of MT-1207 from the tablets in
vivo. The drug level remained at similar concentration values for about 3 hours (3 — 6 hours
after administration) before declining, which indicated the prevalence of drug elimination
over absorption. With regards to the extent of absorption, it was noted that in all the
abovementioned cases the AUCo.24n and AUCo. values recorded were statistically the same
(one-way ANOVA, p > 0.05) (Table 3-7). In addition to this, the bioequivalence between the
sustained-release and immediate-release tablets was investigated by calculating the AUCo.24n

ratio of the sustained-release tablet dosing regimen and the immediate-release tablet dosing
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regimens. As per the EMA guidelines, the prerequisite for bioequivalence is that the AUCo-t

ratio of the test and reference products should fall within the range 80.00 — 125.00 % (239).

The AUC.24n ratios of the sustained-release tablet and the t.i.d. and o.d. immediate-release

tablet dosing regimens were 98.12 % and 90.05 %, respectively. Based on these findings, it

can be assumed that the whole amount of drug was released from the sustained-release tablets

in vivo and was absorbed to the same extent as when the same dose was administered in

immediate-release tablets, irrespective of the dosing regimen.

Table 3-7: Pharmacokinetic parameters of MT-1207 after oral administration of a single

MT-1207 30 mg sustained-release tablet (30 mg SR 0.d.), 10 mg immediate-release tablets

(one tablet at a time) three times a day (10 mg IR t.i.d.) and three 10 mg immediate-release

tablets administered at the same time (3 x 10 mg IR 0.d.) to Beagle dogs (n = 4).

Dosing Cmax AUCo-24n AUCo. CL

Regimen | W2 [ Tmac() | iy | (gL | (engimu) | VEWRD | (mikg) | MRT ()
533 g‘g 3.44+1.49 | 4.38+2.14 | 37.01+8.29 |213.6+59.8 | 222.1+56.4 | 723.3+448.1 | 140.9+31.1 | 6.40+1.09
Iéot”i”g 3.4741.49 | 1.00+0.71 | 32.22+23.28 | 217.7+81.6 | 229.7+86.7 | 540.1+247.0 | 116.8+57.3 | 13.05+3.77
3x10

mg IR | 1.69+0.20 | 1.63+0.25 | 62.50+18.65 | 237.2+53.8 | 250.8+57.8 | 299.7+58.8 | 124.1+26.5 | 2.84+0.27
o.d.
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Figure 3-11: Plasma concentration of MT-1207 in Beagle dogs after oral administration of

30 mg SR tablet 0.d., 10 mg IR tablet t.i.d. and 3 x 10 mg IR tablet 0.d. (n = 4).

The distribution of MT-1207 in the body is an important parameter considered during
pharmacokinetic analysis. The apparent volume of distribution, Vg, reflects the space of the
body seemed to be occupied by the drug (240). Vg increases with increasing distribution of
the drug to peripheral tissues. The mean residence time, MRT, reflects the average time
during which the drug resides in the body. In the present case, even though the SR tablet
showed the highest value for the apparent volume of distribution which was about 2.5 times
higher than the IR tablet, there was no statistically significant difference (one-way ANOVA,
p > 0.05) between the Vg values of MT-1207 recorded in SR o.d., IR t.i.d. and 3 x IR o0.d
(Table 3-7). Furthermore, with regards to MRT, the value obtained for 3 x IR 0.d. increased
more than 2 times for the same dose of MT-1207 administered as a sustained-release tablet
(Table 3-7) and the difference between the two values was statistically significant (t-test, p <
0.05). This indicates that the time during which the drug resides in the body was increased

significantly when MT-1207 was administered in the form of a sustained-release tablet,
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compared to immediate-release tablets. There was a statistically significant difference in

MRT between all three groups (one-way ANOVA, p < 0.05).

The half-life, ti2, of MT-1207 was prolonged to 3.44 hours when the sustained-
release tablet was administered in the dogs, 2 to 2.5 times higher than when three immediate-
release tablets administered at the same time (Table 3-7). When immediate-release tablets
were administered at 8-hour intervals, the MT-1207 ty, was similar to that recorded after
administration of the sustained-release tablet. With regards to clearance, there was no
statistically significant difference (one-way ANOVA, p > 0.05) between the clearance values

that were recorded in Beagle dogs for the three different dosing regimens (Table 3-7).

Hepatic metabolism is generally higher in Beagle dogs than in humans (240, 241).
Phase I clinical trials were carried out for MT-1207 at a certain dose range. At the 20 — 40 mg
dose range, the ti» value of MT-1207 was 7.28 — 7.38 hours in humans (206). Considering
that formulation Al gave a ty2 in Beagle dogs that was 2-2.5 times higher than that of the
immediate-release tablets, the formulation could be considered as a once-a-day treatment,

provided that a similar increase in ty2 occurs in humans.

3.4 Conclusions

In the present study, a new sustained-release tablet for the novel antihypertensive drug
MT-1207 was successfully developed. To date, no once-a-day formulation has been reported
for this novel drug candidate. HPMC K15M was able to provide a sustained release of MT-
1207 in vitro and in an animal model. Amongst the different formulations, the optimised
formulation (F4) containing 31% w/w HPMC K15M was chosen for a study in Beagle dogs
since it provided a 24-hour in vitro release of MT-1207 that demonstrated a sustained release
of the drug. Its MT-1207 30 mg counterpart formulation (Al) was tested in Beagle dogs. The

half-life of the drug was extended, while the amount of drug absorbed was the same as that of
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the immediate-release tablets. Based on the pharmacokinetic data from Beagle dogs and
phase | clinical trials, this formulation can be considered for once-a-day treatment of

hypertension, an advance that could have significant commercial and patient health benefits.

The results presented in this study demonstrated the promising application of Al tablets
for the once-a-day oral delivery of MT-1207. However, after further consideration, it was
decided to proceed with further optimisation of the formulation. This was because the Beagle
dog study indicated a much faster release of MT-1207 from the tablets in vivo than that
recorded in vitro. This could be ought to the poor wet strength of the tablets which was
determined to be 0.10 + 0.02 N (n = 3 tablets) after 24 hours of in vitro dissolution for the
tablets that did not fully disintegrate. The low tablet wet strength could have contributed
towards a fast disintegration of the tablets in vivo, followed by a rapid release of MT-1207.
Another reason why the in vitro release of MT-1207 from Al tablets was more sustained in
vitro than in vivo could have been the selection of the dissolution medium. 900 mL 0.1 M
phosphate pH 6.8 with 0.2% w/v SDS may not have ensured sink conditions during the in
vitro release testing, even though the USP requirements for sink conditions were met by the

dissolution method.

Having considered the above, it was decided to proceed with further formulation
optimisation through the incorporation of ethylcellulose into the tablet polymer matrix.
Ethylcellulose is a hydrophobic polymer and its incorporation into the matrix tablet
formulation could contribute to further retardation of drug release via a reduction in the
hydration rate of the matrix conferred by a decline in water molecule penetration into the
matrix, due to the hydrophobic nature of the polymer (242). This, in turn, could lead to a
reduced erosion of the matrix, thus improving its integrity. Furthermore, in the literature,
hydrophilic and hydrophobic polymers have been reported to show a synergistic effect in

retarding drug release from matrix tablets (243). However, significant retardation of drug
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release could result in an incomplete absorption and poor bioavailability of MT-1207 in vivo
because of the premature evacuation of the tablets from the stomach and, thus, the upper GIT.
Therefore, it was decided to incorporate a gastroretentive layer into the tablet formulation.
The gastroretentive bilayer tablets should have sufficiently long GRT to achieve a complete
release and absorption of MT-1207 in vivo. Additionally, the dissolution medium used for the
tablet in vitro release testing purposes was switched to 0.1 M acetate pH 4.0. The solubility of
MT-1207 in this medium was determined to be 6.5 mg/mL and was, therefore, sufficiently

high to ensure sink conditions during the in vitro release studies (207).
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4.1 Introduction

As was mentioned earlier in Chapter 1 of the thesis, gastroretentive drug delivery
systems are systems that are able to effectively be retained in the stomach and release drugs
in the gastric fluids. They offer several advantages, including prolonged GRT of dosage
forms in the stomach up to several hours, increased therapeutic efficacy of drugs by
improving drug absorption, and suitability for targeted delivery in the stomach. They can
enhance the controlled delivery of drugs by continuously releasing the drug for an extended
period at the desired rate and to the desired absorption site until the drug is completely

released from the dosage form (102-104).

GRDDS are feasible for drugs that have low absorption in the lower part of the GIT,
are unstable and/or poorly soluble at alkaline intestinal pH, have a short half-life, narrow
absorption window in the proximal small intestine, plasma fluctuations and/or show local
activity at the upper part of the intestine for the eradication of Helicobacter pylori (101, 106-

110, 112-114, 244).

In non-effervescent floating systems, highly swellable cellulose derivatives or gel-
forming polymers are used. Non-effervescent systems include the HBS, single- and double-
layer floating tablets, and microballoons/hollow microspheres. Significant advantages of non-
effervescent floating systems include the non-dependence of the floating mechanism on
gastric pH which is variable and can be problematic in patients with achlorhydria, and the
fact that the stability of acid- or base-labile drugs is secured through the exclusion of a gas-

generating agent (106).

To achieve efficient floatation for gastric retention purposes, usually, hydrophilic
polymers such as HPMC, sodium alginate, PEO are used (106, 110, 142-144). To avoid long

floating lag times, low-density materials should be used in the gastroretentive layer to achieve
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rapid buoyancy of tablets. Additionally, rapid buoyancy could be supported by low
compression force values that will allow for a higher tablet porosity which could lead to a
low tablet density, more rapid polymer wetting and swelling that will further reduce the
density of the dosage form (110). However, in a recent study, Kollidon® SR was used in a
gastroretentive layer along with camphor. Due to the inherently low density of Kollidon® SR
and the improved wet strength of the layer, due to the presence of a hydrophobic polymer,
along with the reduction in the tablet density, due to camphor sublimation, a 12-hour floating

was successfully reached in vitro, even at a rotation rate of 200 rpm (134).

Both hydrophilic and hydrophobic polymers have proved effective in achieving
gastric retention, especially when combined with gas-generating or sublimating agents.
However, to the best of our knowledge, the application of a combination of hydrophilic and
hydrophobic polymers for gastric retention purposes in gastroretentive tablets without the use
of gas-generating or sublimating agents has not been reported in the literature. The swelling
properties of hydrophilic polymers, combined with a low-density hydrophobic polymer the
presence of which will strengthen the forming gel, could eliminate the need for gas-
generating or sublimating agents, and result in a gastroretentive formulation that would be
easy to prepare and would be able to be retained in the stomach long enough to serve as a
once-a-day controlled-release formulation, whilst withstanding the stomach destructive

forces.

4.1.1 Experimental aim

In the previous chapter, a promising once-a-day tablet formulation of MT-1207 was
developed and characterised in vitro and in vivo. However, the data from the Beagle dog
study demonstrated that the plasma concentration fell rapidly after the 8-hour timepoint
following the oral administration of tablets. This could mean that drug release in vivo was

potentially much faster than in vitro which could impede the ability of the formulation to
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ensure that the MT-1207 plasma concentration remained within therapeutic levels over 24

hours.

In the present study, MT-1207 non-effervescent bilayer tablets were prepared. The
bilayer tablet development was split between two different parts: gastroretentive layer

development and optimisation, and drug layer optimisation.

The two major components of the gastroretentive layer were PEO and Kollidon® SR.
These materials have been used in different studies for the preparation of gastroretentive
formulations (106, 109, 134, 245). The low density and swelling capability of PEO render it a
good choice for the preparation of floating systems. Kollidon® SR consists of polyvinyl
acetate (80 %), polyvinylpyrrolidone (19 %), sodium lauryl sulfate (0.8 %) and silica (0.2 %).
The low density of Kollidon® SR could further contribute to the floatation of gastroretentive
systems, while its hydrophobic nature could ensure more controlled hydration of the layer
and a higher wet strength that would ensure its structural integrity in vitro and in vivo.
Therefore, the combination of these two polymers in the gastroretentive layer was deemed
promising. Apart from these excipients, also spray-dried lactose and HPMC K100M were

used.

Different gastroretentive layer and gastroretentive bilayer tablets were prepared and
characterised for their hardness, friability, tablet weight variation, in vitro buoyancy, and wet
strength after in vitro buoyancy testing. The gastroretentive layer tablet study was a
preliminary one to help gain an understanding of the factors affecting the tablet floatation and
wet strength. This helped design a factorial experiment with the appropriate choice of factors
and dependent variables that led to the optimisation of the gastroretentive layer of the bilayer
tablet formulation. The optimised non-effervescent gastroretentive layer should ideally be

easy to prepare, ensure an immediate and robust 24-hour tablet floatation in vitro and gastric
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retention in vivo, and be able to be used in combination with different drug layers without

significant alteration in the tablet buoyancy behaviour.

In the drug layer, ethylcellulose was incorporated as an additional release retardant
with the aim of further sustaining the release of MT-1207 from the tablets, whilst maintaining

a sufficiently high wet strength throughout 24 hours of in vitro release testing.

4.2 Experimental Techniques
This section entails the experimental techniques that were used to collect the data in
this chapter. These include procedures listed in Chapter 2 and mentioned below, as well as

additional, chapter-specific techniques that are described in detail:

e HPLC-UV method for the quantitation of MT-1207 samples

e Flowability characterisation of the tablet blends

e Hardness and friability of tablets

e Tablet weight variation

o Differential scanning calorimetry (DSC) analysis of MT-1207 and tablet samples

e Fourier-Transform Infrared (FTIR) spectrophotometric studies

e X-ray powder diffraction (XRPD) analysis of MT-1207 and tablet samples

e Kinetics and mechanism of drug release

4.2.1 Validation of HPLC and dissolution methods

4.2.1.1 Linearity
The HPLC method was validated for linearity. For this purpose, three replicates of the
calibration curve were prepared in the concentration range 0.001 — 0.1 mg/mL. The 0.1

mg/mL standard solution was prepared by dissolving the appropriate amount of MT-1207

86



hydrochloride reference standard in 0.1 M acetate buffer pH 4.0. The rest of the working
standard solutions were prepared by conducting dilutions from the 0.1 mg/mL standard
solution. The matrix of the standard solutions was 0.1 M acetate buffer pH 4.0. The linearity
of the method was assessed based on the R? values of three calibration curves prepared over

three different days.

4.2.1.2 Limit of Detection (LOD) and Limit of Quantitation (LOQ)
The HPLC method was validated for the LOD and LOQ. The standard deviation of
the y-intercepts of the three linearity calibration curves was calculated. The LOD and LOQ

values were then calculated using Equations 6 and 7.

4.2.1.3 Specificity

The dissolution method was validated in terms of specificity. For this study, the
excipients of the bilayer tablets were added in 500 mL 0.1 M acetate buffer pH 4.0. More
specifically, 80 mg alpha-D-lactose monohydrate, 30 mg PVP K30, 70 mg HPMC K15M, 70
mg ethylcellulose, 500 mg PEO 8M, 300 mg Kollidon® SR, 1 mg iron (11l) oxide, 50 mg
spray-dried lactose, 20 mg HPMC K100M, 10 mg colloidal silicon dioxide and 2 mg
magnesium stearate were added in the dissolution medium inside a vessel and the rotation
speed of the paddle was set at 75 rpm. After 24 hours, a sample was collected and centrifuged
(2300 g, 10 minutes). 1 mL from the supernatant was then transferred into an HPLC vial and

injected into the HPLC system for analysis. The experiment was conducted in triplicate.

4.2.1.4 Accuracy and intra-day precision

The dissolution method was validated in terms of accuracy and intra-day precision. The
method was validated at 20 %, 50 %, 80 %, 100 % and 120 % of the nominal concentration
value of 30 mg MT-1207 in 500 mL 0.1 M acetate pH 4.0. At each concentration level, the

excipients of the tablets were added in 500 mL dissolution medium as in the specificity study,
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followed by the addition of the appropriate amount of MT-1207 hydrochloride reference
standard. The rotation speed of the paddle was set at 75 rpm. After 24 hours, a sample was
collected and centrifuged (2300 g, 10 minutes). 1 mL of the supernatant was then transferred
into an HPLC vial and injected into the HPLC system for analysis. The experiment was
carried out in triplicate and the intra-day precision was determined through % RSD for the

three values per accuracy level.

4.2.1.5 Inter-day precision

The dissolution method was validated for inter-day precision. Two additional
accuracy samples were prepared on two different days for each of the concentration levels
mentioned in Section 4.2.1.4 and the experiment was carried out as per the same section. The
% RSD of these values and the mean of the values from the accuracy experiment was

calculated and the inter-day precision of the method was assessed.

4.2.2 Preparation of preliminary gastroretentive layer tablets and MT-1207
gastroretentive bilayer tablets
For the gastroretentive layer, the appropriate amounts of the different components
(except for magnesium stearate) were each time weighed and mixed manually for 15 minutes.
Then, magnesium stearate was added in the powder mixture and mixing was carried out for 5

minutes.

The preparation of the drug sustained-release layer included a wet granulation step
and was the same to that used to prepare the single-layer HPMC matrix tablets in Section

3.24.

A Piccola rotary tablet press machine (Riva® Argentina) was used for the
compression process. For the preliminary experiments where gastroretentive layer tablets

were prepared, the gastroretentive layer powder mixture was each time added into the die
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manually and compressed using a compression force of either 7.5 kN or 8.5 kN. 13 mm flat-
faced round (for G1 — G3) and 17 x 9 mm concave oblong (for G4 — G20) punches and dies
were used during the compression process, each time depending on the tablet weight. For the
factorial experiment and preparation of the optimised bilayer tablet purposes, the
compression process was conducted in two steps. The gastroretentive powder mixture was
first added into the die manually and a pre-compression step was applied, followed by the
addition of the granulated drug layer on top of the pre-compressed gastroretentive layer.
Compression was then carried out to prepare the bilayer tablets using compression force
values of 5 kN, 7 kN, 7.5 kN or 10 kN. 13 mm flat-faced round and 17 < 9 mm concave
oblong punches and dies were used during the compression process, each time depending on

the tablet weight.

The compositions of the preliminary gastroretentive layers and the drug layers

prepared can be seen in Tables 4-1 and 4-2.
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Table 4-1: Compositions of the gastroretentive layers G1 — G20.

Gastroretentive | PEO 8M | Kollidon® SR Spray-dried | HPMC Co_II_0|da| Magnesium Total
layers (ma) (mg) lactose K100M . S|'I|con stearate weight (mg)
(mg) (mg) dioxide (mg) (mg)

Gl 100 260 40 - 0.9 0.9 401.8

G2 260 100 40 - 0.9 0.9 401.8

G3 260 150 40 - 0.9 0.9 451.8

G4 360 200 80 - 1.5 1.5 643.0

G5 360 200 40 - 1.0 1.0 602.0

G6 410 200 40 - 1.5 1.5 703.0

G7 410 250 40 - 1.5 1.5 703.0

G8 410 250 - - 1.5 1.5 663.0

G9 460 250 - - 1.6 1.6 713.2

G10 460 250 40 - 1.7 1.7 753.4
Gl1 460 300 40 - 1.8 1.8 803.6
G12 480 300 40 - 1.8 1.8 823.6
G13 480 300 20 - 1.8 1.8 803.6
Gl4 480 300 40 20 1.8 1.8 823.6
G15 460 250 80 - 1.7 1.7 793.4
G16 460 250 80 20 1.8 1.8 813.6
G17 460 280 60 20 1.8 1.8 823.6
G18 460 280 60 - 1.8 1.8 803.6
G19 410 280 60 60 1.8 1.8 813.6
G20 460 280 - 20 1.8 1.8 763.6

Table 4-2: Compositions of the bilayer tablet ethylcellulose-containing drug layers.
Components (mg) | FHe703s | FHE7030 | FHES030 | FHE6S020 | FHES020 | FHES015 | FHES010 | FHES005 | FHES003 | FHES001
MT-1207 30 | 3 | 30 | 3 | 30 | 30 | 3 | 30 30 30
Hydrochloride
Alpha-D-lactose | po 1 45 | 55 | 60 | 70 | 65 | 70 | 65 | 67 | 69
monohydrate
PO'VV'“VPLpggm“dO”e 0 5 5 10 10 10 10 20 20 20
HPMC K15M 70 70 60 60 50 60 60 60 60 60
Ethylcellulose 10 cps | 35 30 30 20 20 15 10 5 3 1
Iron (111) oxide 1 1 1 1 1 1 1 1 1 1
CoII0|_daI_S|I|con 5 5 5 5 5 5 5 5 5 6
dioxide
Magnesium stearate 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Total layer weight | 1875 | 1875 | 1875 | 1875 | 1875 | 1875 | 1875 | 1875 1875 | 1875
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4.2.3 Design of the factorial experiment for the gastroretentive layer

A face-centred central composite design was employed for the gastroretentive layer
factorial experiment to assess the impact of the factor alterations on the in vitro buoyancy
behaviour of the gastroretentive bilayer tablets. Based on the preliminary experiments for the
gastroretentive layer, the factors that were selected for the experiment were: the amount of
PEO (mg) (X1), the % of spray-dried lactose (SDL) (X2) and the compression force (X3). The
percentages of Kollidon® SR and HPMC K100M were maintained stable and were selected
based on preliminary experiment findings. In the setup, each factor was examined over three
levels (-1, 0, 1). Therefore, 27 different combinations were prepared and characterised (Table
4-3). The investigated dependent variables of the experiment were the floating lag time (the
time taken for the tablets to start floating) and the total floating time (the total time during
which the tablets remained buoyant and were able to re-surface after application of vertical

pressure using a spatula) of the bilayer tablets.
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Table 4-3: Experimental layout of the gastroretentive layer factorial experiment.

. PEO 8M % of | Compression | Kollidon® HPMC | Drug Gastroretentive ;%tlzlt
Formulation | Amount K100M | layer :
SDL Force (kN) SR (mg) layer (mg) weight

(mg) (mg) | (mg) (mg)
1 480 7 7.5 290 20.5 187.5 850.5 1038
2 480 0 7.5 256 18.2 187.5 757.8 945.3
3 480 7 5 290 20.5 187.5 850.5 1038
4 480 0 5 256 18.2 187.5 757.8 945.3
5 480 7 10 290 20.5 187.5 850.5 1038
6 480 0 10 256 18.2 187.5 757.8 945.3
7 320 7 7.5 193.8 13.7 187.5 570 757.5
8 320 0 7.5 173.4 12.2 187.5 507.8 695.3
9 320 7 5 193.8 13.7 187.5 570 757.5
10 320 0 5 173.4 12.2 187.5 507.8 695.3
11 320 7 10 193.8 13.7 187.5 570 757.5
12 320 0 10 173.4 12.2 187.5 507.8 695.3
13 160 7 7.5 95.2 6.7 187.5 282.7 470.2
14 160 0 7.5 85.7 6 187.5 252.9 440.4
15 160 7 5 95.2 6.7 187.5 282.7 470.2
16 160 0 5 85.7 6 187.5 252.9 440.4
17 160 7 10 95.2 6.7 187.5 282.7 470.2
18 160 0 10 85.7 6 187.5 252.9 440.4
19 480 3.5 7.5 272 19.2 187.5 802.8 990.3
20 320 35 7.5 181.3 12.8 187.5 535.2 722.7
21 160 35 5 90.7 6.4 187.5 267.7 455.2
22 480 3.5 5 272 19.2 187.5 802.8 990.3
23 320 35 5 181.3 12.8 187.5 535.2 722.7
24 480 3.5 10 272 19.2 187.5 802.8 990.3
25 320 35 10 181.3 12.8 187.5 535.2 722.7
26 160 35 7.5 90.7 6.4 187.5 267.7 455.2
27 160 3.5 10 90.7 6.4 187.5 267.7 455.2

SigmaPlot® 13 software was used to analyse the data generated from the testing of the

different gastroretentive layer combinations. Polynomial models were generated for both

dependent variables. The best-fitting model was selected based on the R? and adjusted R?

values. Also, the selected optimised gastroretentive layer was tested for its in vitro buoyancy
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behaviour, and its floating lag time and total floating time experimental values were
compared to the ones predicted by the models to further assess the suitability of the models to
accurately predict the dependent variable values for different gastroretentive layer
combinations. Furthermore, the influence of factors and factor interactions on the dependent
variables was evaluated by ANOVA and the significance of their effect on the variables was

assessed based on the calculated p-values.

The following mathematical Equation 10 was employed to describe mathematically
the relationship between each of the dependent variables and the different factors, and the

effects of the latter on the former:

Y = bo + b1X1 + b2Xz + baXz + b12X1 Xz + b13X1 X3 + b2sXoXs + D11X12 + b2oXo? + bssXs? [10]

where Y is the dependent variable, bo is the intercept and the other b; values are constants
describing the relationship between Y and the different factors (X1, X2, X3), as well as the
effects of changes occurring in two factors simultaneously. Xi? terms refer to the factor
quadratic effect that has been included in the model for non-linear correlations. After the
model equation for each of the dependent variables was generated and the effects of the
factors and their interactions determined, an optimised gastroretentive layer was designed and
prepared at a compression force that would ensure optimal floating lag time and total floating

time values upon in vitro buoyancy testing.

4.2.4 In vitro buoyancy
The floating behaviour of the gastroretentive layer tablets for the preliminary
gastroretentive layer experiment and that of the gastroretentive bilayer tablets for the factorial

experiment and optimised gastroretentive layer selection purposes was assessed in 500 mL
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fasted state simulated gastric fluid (FaSSGF) pH 1.6 in a USP Il dissolution apparatus. The
apparatus was set at a paddle rotation speed of 75 rpm and a temperature of 37 £ 0.5 °C. The
in vitro buoyancy of the gastroretentive tablets was characterised by the floating lag time and
total floating time parameters. Furthermore, the in vitro buoyancy of the optimised
gastroretentive ethylcellulose-containing bilayer Fresoos tablets was tested in HCI pH 1.0,
phosphate buffer pH 3.0 and phosphate buffer 6.0 to assess any potential pH effects on the

floating capabilities of the tablets.

4.2.5 Tablet dimension and wet strength measurements

The dimensions of the hydrated bilayer tablets after in vitro buoyancy testing were
measured using a Vernier calliper. Then, the compression wet strength of the hydrated
gastroretentive layer tablets and the bilayer tablets was measured using a TA.XT Plus texture
analyser (Stable Micro Systems®, Godalming, United Kingdom). A 50-kg load cell and a 2-
cm-diameter flat-tipped cylinder probe were used for the test. Peak force was recorded in

Newtons (N) at 85 % strain using the force-displacement curves.

4.2.6 Tablet density and porosity determination

The true density of the optimised bilayer tablets was determined using a helium
pycnometer (AccuPyc® I1 1340, Micromeritics Instrument Cooperation, Norcross, GA, USA)
(n = 3 tablets). The instrument was calibrated using a standard stainless-steel sphere before
measurements. The tablets were then accurately weighed and placed inside the chamber. The
sample solid phase volume was calculated through the pressures observed upon filling the
sample chamber and then discharging into another empty chamber. The temperature inside
the chamber was maintained at 21.95 °C. The measurements were repeated for five cycles.

The volume and the apparent (skeletal) density of the tablets were determined.
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The porosity and pore size of the optimised bilayer tablets, as well as their skeletal
and bulk density, was determined via mercury intrusion porosimetry (Autopore® 1V 9500,
Micromeritics Instrument Cooperation, Norcross, GA, USA) (n = 3 tablets). The tablets were
accurately weighed before measurements. The pressure was varied from 0 to 70 psi. A 10 s

equilibration time was set for each data point.

4.2.7 SEM analysis of the optimised gastroretentive layer of the tablets in different media

Images of the optimised gastroretentive layer were collected at different timepoints of
the bilayer tablet in vitro buoyancy runs in HCI pH 1.0, phosphate pH 3.0 and phosphate pH
6.0 using SEM (Philips® XL30 SEM, Netherlands). The timepoints selected were 12 and 22
hours for the tablets in all media, 31 hours for the tablets in phosphate pH 3.0 and phosphate
pH 6.0 and an additional 43.5-hour timepoint for the tablets in phosphate pH 6.0. Before
imaging, the tablet samples were dried at 40 °C until constant weight and then sputtered with
gold using an SC7640 Sputter Coater (Polaron®, United Kingdom). Coated samples were
then observed in the SEM at an accelerating voltage of 10 kV under vacuum conditions at

ambient temperature.

4.2.8 Viscosity study

Viscosity measurements were conducted using an Anton Paar® MCR 302 rheometer
(Anton Paar, United Kingdom) set at a rotation speed of 2 s™* and a temperature of 37 °C. The
cone-and-plate setting was used. In vitro buoyancy runs of the optimised ethylcellulose-
containing bilayer tablets were conducted in HCI pH 1.0, phosphate pH 3.0 and phosphate pH
6.0. Approximately 7 mL of sample were collected manually at certain timepoints (1, 4, 8,
12, 22 h in all media, 31 h in phosphate pH 3.0 and phosphate pH 6.0, and 43.5 h in
phosphate pH 6.0). Each time, after the viscosity measurement, the sample was transferred
back to the dissolution vessel. The runs and viscosity measurements were conducted in

triplicate in each medium.
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4.2.9 Invitro release of MT-1207 from gastroretentive bilayer tablets

In vitro release testing was carried out using a USP 1l dissolution apparatus (Copley®,
United Kingdom). The apparatus was set at a constant paddle rotation speed of 75 rpm. In
vitro release testing was conducted in 500 mL 0.1 M acetate buffer pH 4.0 at 37 £ 0.5 °C.
Stainless-steel sinkers were used to maintain the tablets at the bottom of the dissolution
vessels to eliminate the effect of tablet floating (location of tablets within the vessels) on drug
release (107, 246). Sampling was carried out manually at predetermined time intervals (1, 2,
4,6, 8, 12, 16 and 24 hours), followed by centrifugation of the samples (2300 g, 10 minutes).
Then, each time, 1 mL from the supernatant was transferred into an HPLC vial and 20 uL
were injected into the HPLC for analysis. The in vitro release study was conducted in
triplicate for each formulation. Additionally, an in vitro release experiment was conducted at
a paddle rotation speed of 200 rpm for the bilayer tablets containing the optimised

ethylcellulose-containing drug layer (Fresoos) and the bilayer Al tablets.

4.2.10 Data analysis

The t-test and one-way ANOVA statistical analyses of the data collected from the
factorial experiment, the in vitro buoyancy study at media of different pH values and the
viscosity analysis were conducted using SigmaPlot® 13. A statistically significant difference
was reflected by a P value less than 0.05. Except for the factorial experiment, in the cases
where one-way ANOVA analysis gave a p-value less than 0.05, post hoc Bonferroni t-tests
were conducted for pairwise comparisons. The similarity or difference between the in vitro
drug release profiles of the different formulations was assessed using the f; and f, factors, as
per the FDA guidelines (223). Values of f1 up to 15 (0 — 15) and f2 values greater than 50 (50
— 100) ensured sameness or equivalence of MT-1207 in vitro release profiles of different

formulations.
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4.3 Results and Discussion

4.3.1 Flowability testing of gastroretentive and drug layer powder mixtures

Bulk/Tapped density testing was performed for the gastroretentive and drug layer

powder mixtures to assess their flowability and compressibility. The assessment was based

on the Carr index and Hausner ratio values calculated for each powder. A Carr index value

between 5 % and 16 % is desirable to achieve both good flowability and compressibility (67).

All gastroretentive and drug layer powder mixtures gave Carr index and Hausner ratio

values that indicated a passable to good flowability (Tables 4-4, 4-5 and 4-6), as per USP

(222), along with potentially good compressibility since the Carr index values were higher

than 10 %. Therefore, the gastroretentive and drug layer powder mixtures were forwarded to

tabletting.

Table 4-4: Bulk/Tapped density testing results for the gastroretentive layer powder mixtures

of the preliminary gastroretentive layer experiments (G1 — G20).

Gastroretentive layer

Carr Index (%)

Hausner Ratio

Flowability (USP)

Gl 16.0 1.19 Fair
G2 11.8 1.13 Good
G3 13.2 1.15 Good
G4 13.8 1.16 Good
G5 14.9 1.18 Good
G6 14.3 1.17 Good
G7 13.1 1.15 Good
G8 14.8 1.17 Good
G9 14.9 1.18 Good
G10 15.2 1.18 Good
G11 14.7 1.17 Good
G12 15.5 1.18 Fair to Good
G13 13.1 1.15 Good
Gl14 14.3 1.17 Good
G15 15.3 1.18 Good
G16 15.1 1.18 Good
G17 15.2 1.18 Good
G18 12.6 1.14 Good
G19 16.3 1.19 Fair
G20 21.6 1.26 Passable
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Table 4-5: Flowability characterisation results of the different gastroretentive layer powder

mixtures of the factorial experiment.

Gastroretentive layer | Bulk Densit . Flowabilit
powder mixtureZ (g/mL) Y| cart Index (%) | Hausner Ratio (as per USIg)

1,35 0.3635 17.3 1.21 Fair

2,4,6 0.3599 13.2 1.15 Good

7,911 0.4040 10.0 1.11 Good
8, 10, 12 0.3941 114 1.13 Good
13, 15, 17 0.3670 12.0 1.14 Good
14,16, 18 0.3501 14.7 1.17 Good
19, 22, 24 0.3733 13.5 1.16 Good
20, 23, 25 0.3870 13.6 1.16 Good
21, 26, 27 0.3493 14.8 1.17 Good
Optimised 0.3711 12.8 1.15 Good

Table 4-6: Flowability characterisation results of the different drug layer powder mixtures.

0 OV?J:? rﬁiﬁg res BUI(Z /?ne[])s ity Carr Index (%) | Hausner ratio | Flowability (as per USP)
Fre7o3s 0.2801 22.4 1.29 Passable
FrEe7o30 0.2850 15.7 1.19 Fair
FrEeso30 0.3045 17.8 1.18 Fair to Good
FHEes020 0.2842 14.4 1.20 Fair to Good
FHEs020 0.2863 18.1 1.22 Fair
FHeso15 0.2902 13.6 1.16 Good
Freso10 0.2766 19.1 1.24 Fair
Freso0s 0.2794 15.8 1.17 Fair to Good
FHes003 0.2940 15.5 1.18 Fair to Good
FHeso01 0.2711 22.2 1.28 Passable

4.3.2 Invitro buoyancy and wet strength testing of the gastroretentive layer tablets

As part of the in vitro buoyancy assessment during the preliminary gastroretentive layer

experiments, the floating lag time and total floating time values of the gastroretentive layer

tablets were recorded. It was desired for the floating lag time to be as little as possible since

low values could prevent a premature evacuation of the tablet from the stomach (106). The

total floating time refers to the amount of time the tablets can remain buoyant. A 24-hour
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floatation of the tablets was desired to ensure their gastric retention for a day. Each time, after
the in vitro buoyancy test was completed, the wet strength of the tablets was measured. It was
generally desirable for the tablet wet strength to be higher than 3.2 N which is the estimated
gastric destructive force of Beagle dogs (247). This could potentially help ensure the integrity
of the tablets in Beagle dogs and in humans the maximum gastric destructive force of whom
has been estimated to be 1.89 N (248). Two compression force values (7.5 kN, 8.5 kN) were

applied in the preparation of gastroretentive layer tablets.

As can be seen in Tables 4-7 and 4-8, increasing amounts of PEO led to the formation
of tablets with longer total floating time values. This indicated the potential significance of
PEO as a factor that may influence the total floating time of the gastroretentive tablets. Being
a hydrophilic polymer, PEO hydrates and swells upon contact with the dissolution medium
which results in a reduction of the tablet density, due to an increase of the tablet volume and
internal porosity (106). As a result of this, the tablets can float and remain buoyant. On the
other hand, Kollidon® SR did not seem to have a clear effect on the floating lag time or total
floating time of tablets. However, higher percentages of Kollidon® SR led to higher wet
strength of the tablets measured after completion of the in vitro buoyancy runs. Furthermore,
the presence of lactose in the gastroretentive layer was probably important in achieving a
robust floatation of the tablets. G20 did not give a clear total floating time since, after
seemingly floating, they immediately sank to the bottom of the dissolution vessels upon
application of vertical force using a spatula. Finally, the compression force influenced the
floating lag time of some of the gastroretentive layer formulations. This could be due to the
reduced porosity and, thus, increased density of the tablets prepared using a high compression

force (110).
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Table 4-7: In vitro buoyancy, wet strength and swollen dimension measurement data of the

gastroretentive layer tablets (G1 — G20) compressed using a force of 7.5 kN (n = 3 tablets).

Results are presented as mean + standard deviation.

Gastroretentive Floati_ng Lag Total Floating Wet va.olle_n Long va_ollep Short Swollen
layer Time Time (Hours) Strength | Axis Diameter | Axis Diameter | Thickness
(Seconds) (N) (mm) (mm) (mm)
Gl 1.7+£29 45+0.1 N/A N/A N/A N/A
G2 0 12.7+0.3 N/A N/A N/A N/A
G3 150.3 + 25.2 13.0£0.3 N/A N/A N/A N/A
G4 4.7+4.2 18.8+0.3 7.3+£1.9 28.2+0.2 159+0.3 11.3+0.2
G5 4.7+4.2 18.8+0.3 94+1.1 28.1+0.1 16.1+£0.1 11.1+0.1
G6 0 19.2+£0.7 9.3£0.6 26.7+0.3 141+£0.1 10.2£0.3
G7 0 200+2.2 155+4.0 27.3 0.8 146 +£0.4 11.3+£0.6
G8 0 20.8+0.3 11.1+£13 26.2+1.3 13.8+£1.0 11.5+04
G9 0 18.7+0.3 9.7+34 27.1+0.8 15.1+£0.8 124 +£0.3
G10 0 23.9%0.1 95+£1.1 26.5+0.7 140£0.1 124 +£05
G11 0 23.7+0.6 106 +4.1 275+0.5 141+£1.0 122+1.1
G12 0 22.8+2.0 12.8+2.0 26.0+1.0 142 £0.3 12.7+0.5
G13 0 <20 12.8+3.8 25.2+0.8 13.7+£1.2 11.7£0.6
G14 0 22.3+2.9 16.3+2.4 26.0+1.7 12.8+0.8 129+0.7
G15 0 24304 57+14 27.7+0.3 13.9+£0.7 12.3£0.6
G16 0 248 +0.3 7.1+14 27.3+0.6 142 +£0.3 125+0.9
G17 0 25.3+0.4 99+15 25.7+1.2 13.6£0.5 13.6+£0.8
G18 0 23.7+3.1 12.1+£5.5 25.3+15 128+1.3 119+£138
G19 0 24.1+0.7 89+1.1 255+0.7 13.9+0.1 13.6 £ 0.6
G20 0 <16 10.8+£0.3 25.8+0.2 13.2+£1.0 126+£15
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Table 4-8: In vitro buoyancy, wet strength and swollen dimension measurement data of the

gastroretentive layer tablets compressed using a force of 8.5 kN (G10 — G12 and G14 — G18)

(n = 3 tablets). Results are expressed as mean + standard deviation.

Gastroretentive Float[ng Lag Totgl Wet Sw_ollep Long Sw_ollen Short Swollen
layer Time _ Floating Strength | Axis Diameter | Axis Diameter Thickness
(Seconds) | Time (Hours) (N) (mm) (mm) (mm)
G10 11.3+3.2 232114 11.6+5.2 25.8+0.4 13.5+0.7 10.8+0.4
G11 16.0+ 8.7 23.7+£0.6 11.2+3.3 26.3+29 13.8+0.8 12.7+0.6
G12 0 23.3+1.2 115+2.2 26.7+15 13.6+0.5 125+0.5
Gl4 19.7+95 23.8+1.3 13.0+3.8 269 %25 13.7+1.0 13.8+1.0
G15 43.7+18.8 24.8 £ 0.6 74+1.1 27.3+1.2 140+0.2 120+05
G16 48.0 £13.0 > 26.0 7.0+£05 275109 143+0.3 12.1+0.7
G17 0 25.3+2.9 88+21 253125 13.8+0.3 122+1.0
G18 0 24.1+£0.7 109+ 1.6 253+1.0 13.6+0.4 13.0+1.0

There was no statistically significant difference (one-way ANOVA, p > 0.05) in the

swollen tablet dimensions between the different oval biconvex gastroretentive layer

formulations (G4 — G19) after completion of the in vitro buoyancy testing. The dimensions of

the swollen tablets were close to or higher than 12.8 mm in all axes (long axis, short axis,

thickness) which is the estimated mean diameter of the resting human pyloric sphincter (249).

These results showed that, apart from floating, the gastroretentive layers also showed

expandable system properties that could potentially contribute to the gastric retention of the

dosage form.

This preliminary study provided information on the gastroretentive layer floating

performance using different formulation compositions and compression forces. The study

was crucial in designing the factorial experiment that was used to determine the optimised

formula for the gastroretentive layer of the bilayer tablets.
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4.3.3 Factorial experiment

The three different factors (amount of PEO, % of spray-dried lactose and compression
force) potentially affecting the floating lag time and total floating time of the non-
effervescent bilayer tablets were selected based on the gastroretentive layer preliminary
study. The two dependent variables (floating lag time and total floating time) were selected to
assess the in vitro buoyancy behaviour of the gastroretentive tablets. The results of the

factorial experiment run for the different formulations can be seen in Table 4-9.
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Table 4-9: Factorial experiment results for the different formulations, regarding their

floating lag time and total floating time (n = 3 tablets). Results are expressed as mean *

standard deviation.

Formulation Floating Lag Time (seconds) Total Floating Time (Minutes)
1 0.9+£0.0 1783.7 £45.0
2 1.1+0.2 1286.3 +41.7
3 0.0+£0.0 2050.0+7.5
4 0.0+£0.0 1617.3+84.2
5 9096.4 + 67.6 603.0+14
6 9069.5 + 50.3 594.3 +41.5
7 12.8+2.0 1508.3 £ 100.4
8 1.9+0.2 1300.0+£11.5
9 0.7+£0.0 1719.7+6.4
10 0.1+£0.1 1379.0 £ 27.5
11 3682.5 + 90.7 867.0+34.4
12 12579.4 £ 207.8 686.7 + 49.4
13 216.7 £ 206.7 850.0 + 130.1
14 267.6 £ 34.0 588.3 £ 29.9
15 0.0£0.0 1120.3+113.9
16 231.5+1.7 922.7 £ 165.4
17 11950.9 + 740.4 684.0+177.4
18 22981.0 + 10356.2 556.0 +£ 110.9
19 1.8+0.3 1479.5 +62.9
20 254.0 + 64.1 1341.3 +187.9
21 0.0+£0.0 1207.0 £ 8.5
22 0.0£0.0 1624.7 + 28.6
23 0.0+£0.0 1613.0 £ 188.4
24 1585.8 + 183.2 848.7 +55.4
25 1717.8 £190.4 988.0 + 19.0
26 2445+3.3 892.0 £ 215.2
27 10676.0 + 408.2 653.3+37.1

Optimised 1.5+0.8 1498.0 £ 75.4

The quadratic model was the best-fitting model for floating lag time (p < 0.001) and the
relationship between the variable and the different factors was depicted in Equation 11. The
compression force was the main factor significantly affecting the tablet floating lag time in
both a linear and a non-linear positive manner (one-way ANOVA, p < 0.05 for the linear term
and p < 0.01 for the non-linear term). Increasing the compression force led to significantly

longer floating lag time values. This could be attributed to an increase in the tablet density
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that was probably linked to a reduced tablet porosity in higher compression forces (109, 250).
Additionally, the ANOVA analysis demonstrated a potential interaction between the amount
of PEO 8M and the compression force with a significant negative effect on the variable (p <
0.05). This trend was particularly noticed at a compression force of 7.5 kN, where larger
amounts of PEO 8M contributed to shorter floating lag times. This finding was in contrast to
a previous report where increasing amounts of PEO resulted in longer floating lag times
(109). The material used in the present study had a lower bulk density of 0.3811 g/cm® and a
larger mean particle size of 247.7 um, compared to previous work (134). The low density and
relatively large particle size of PEO may have contributed towards lower tablet density and
higher tablet porosity values with increasing amounts of the material in the gastroretentive

layer, thus leading to shorter floating lag time values.

FLT = 21589.495 - (16.601 x Xi) - (760.991 x X,) - (6665.087 x X3) + (1.687 x X1X2) -

(5.338 x X1X3) - (187.326 x XoXs) + (0.0647 x X12) + (186.544 x X22) + (725.058 x Xs2)[11]

The model did not fit as well to the experimental data as might have been desired, since
the R? value was 0.829 and the adjusted R? value was 0.738. Despite this, it was still able to
demonstrate which factor and factor interaction had a significant impact on the floating lag
time of the gastroretentive tablets. However, given the model fit, it was only used in an
informative way to demonstrate which factors had an impact on floating lag time rather than
to a predictive capacity. Based on the experimental data, a compression force value between
5 and 7.5 kN would be a good choice to ensure a minimal floating lag time which is the target
for gastroretentive floating systems (109). When considering the choice of the optimal
compression force, though, apart from the floating lag time, the tablet hardness and the wet

strength of the tablets after the in vitro buoyancy test also need to be considered. In Table

104



4-10, it can be seen that increasing compression force values had a statistically significant
positive effect on the tablet hardness and wet strength, especially for high-weight tablets
containing 320 mg and 480 mg PEO (one-way ANOVA, p < 0.001 and post hoc Bonferroni,
p < 0.05 for pairwise comparisons regarding tablet hardness, one-way ANOVA, p < 0.01 and
post hoc Bonferroni, p < 0.05 for pairwise comparisons regarding wet strength). The tablet
hardness should be high enough to ensure the mechanical integrity of tablets during handling,
while the wet strength of the tablets should be higher than 3.2 N which is the estimated
gastric destructive force experienced in the stomachs of Beagle dogs (247). Therefore, based
on the experimental data, a compression force value close to 7.5 kN should be chosen as the
optimal one since it would help ensure a short floating lag time of the tablets, alongside

sufficient hardness and wet strength.
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Table 4-10: Post-compression parameters of the factorial experiment bilayer tablets and wet

strength characterisation results after the in vitro buoyancy run (n = 3 tablets). Results are

reported as mean + standard deviation.

Long Short Tablet Hardness Tensile Wet Strength

Formulation | Tablet Shape | Diameter | Diameter | Thickness (ka) Strength (kPa) After In Vitro

(mm) (mm) (mm) g g Buoyancy (N)
1 Oval biconvex 17 9 8.64 £0.00 | 19.32 +0.06 1014.2 £ 3.3 126+4.3
2 Oval biconvex 17 9 7.61+0.02 | 16.97+0.74 | 1036.8 +42.1 13.8+1.0
3 Oval biconvex 17 9 9.29+0.01 | 11.09+0.14 534.8+7.2 42+0.3
4 Oval biconvex 17 9 8.21+0.01 | 12.27 +0.17 684.7 + 8.2 7.5+£25
5 Oval biconvex 17 9 8.02+0.02 | 25.79+0.72 | 1480.8 +44.6 22.0+0.9
6 Oval biconvex 17 9 7.11+0.01 | 27.86+1.38 | 1853.2+94.5 235+2.6
7 Oval biconvex 17 9 6.49+0.01 | 14.25+0.65 | 1061.9 +50.3 7.7+£1.9
8 Oval biconvex 17 9 6.10+0.00 | 13.39+0.52 | 1081.5+42.1 9.6+22
9 Oval biconvex 17 9 6.41+£0.02 | 7.69+0.57 582.6 £ 45.5 55+0.9
10 Oval biconvex 17 9 6.60£0.01 | 8.09 +£0.49 590.6 + 35.6 79+15
11 Oval biconvex 17 9 6.23+0.02 | 19.61+1.78 | 1541.7 +137.0 146 £2.6
12 Oval biconvex 17 9 581+0.01 | 17.62+0.12 1516.6 £ 7.4 16.2+1.4
13 Round 13 13 3.41+£0.01 | 8.39+0.06 1180.6 £ 4.4 4.6+2.3
14 Round 13 13 3.27+0.03 | 7.42+0.14 1091.6 + 29.9 6.3+0.3
15 Round 13 13 3.73+0.01 | 4.70+0.38 604.5 + 49.8 7.2+2.8
16 Round 13 13 3.54+0.00 | 4.32+0.35 586.4 + 48.0 1.8+0.1
17 Round 13 13 3.28+£0.00 | 10.70+0.40 | 1568.0 £59.2 6.8+2.3
18 Round 13 13 3.09+0.01 | 1055+0.25 | 1642.8 +33.6 42+ 17
19 Oval biconvex 17 9 835+0.01 | 19.71+0.27 | 981.3+15.0 13.3+2.8
20 Oval biconvex 17 9 6.21+0.01 | 1299+0.59 | 938.4+404 10.0£3.5
21 Round 13 13 3.68+0.05 | 4.61+0.53 602.9 £ 76.0 3.1+£06
22 Oval biconvex 17 9 8.49+0.01 | 10.82+0.15 527.9+7.6 35+£09
23 Oval biconvex 17 9 6.71+0.01 | 8.13+0.08 530.7 £5.7 6.6 £2.0
24 Oval biconvex 17 9 7.97+0.03 | 26.71+0.83 | 1408.4 +49.9 9.2+0.8
25 Oval biconvex 17 9 6.09+0.01 | 16.42+0.64 | 1214.8+44.8 147+4.4
26 Round 13 13 3.35+0.01 | 8.15+0.26 1167.7 + 33.8 56+3.1
27 Round 13 13 3.17+0.02 | 11.28+0.53 | 1708.4+92.1 7951
Optimised | Oval biconvex 17 9 744+0.01 | 16.91+£0.35 | 1594.1+31.9 87116

With regards to the total floating time, a quadratic model was again the best fit. The

relationship between the variable and the factors and factor interactions can be seen in

Equation 12.

106




TFT = -1014.457 + (8.808 x X1) + (107.952 x X5) + (280.496 x Xs) + (0.0523 x X1Xo) -

(0.394 x X1X3) - (6.229 X X2X3) - (0.00704 x X12) - (5.797 % X22) - (18.883 x X3?) [12]

The amount of PEO in the gastroretentive layer was the main factor affecting the total
floating time of the tablets in both a linear and a non-linear trend (one-way ANOVA, p <
0.001 for the linear term and p < 0.01 for the non-linear term). The buoyancy of
gastroretentive formulations has been reported to be strongly dependent on the swelling of
the hydrocolloid particles that come in contact with the gastric fluids (251). This is because,
upon hydration, PEO swells, thus increasing tablet volume and reducing the density. At some
point, the hydration volume is maximised, and polymer disentanglement and erosion become
dominant, thus leading to volume reduction. Higher proportions of PEO can increase the
tablet volume attained upon hydration and the time required for the hydration volume to
become maximum, thus resulting in prolonged floating times (110). Furthermore, increased
amounts of PEO may result in the formation of a stronger gel (109) which could slow the gel
erosion process and can be a limiting factor for the magnitude and maintenance of the
hydrated tablet size (134). The tablet size is linked to hydrated tablet density and, thus,
floatability. Hence, these factors may have contributed to the increasing tablet total floating

time values recorded with increasing amounts of PEO in the gastroretentive layer.

Apart from the amount of PEO, the compression force was also a significant factor
affecting the total floating time in a non-linear manner (one-way ANOVA, p < 0.05). Higher
compression forces can lead to a reduced internal porosity of the tablets. In hydrophilic
matrix tablets, it has been demonstrated that the reduced tablet porosity could lead to a
reduced water transport rate through the matrix during contact with aqueous media (252).
This could result in longer times to achieve maximum hydration volume, as well as lower
levels of maximum hydration volume, compared to tablets compressed using lower forces

(110). Furthermore, visual observation of the tablet floating behaviour upon application of
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vertical pressure showed that tablets compressed using lower compression forces had a higher
tendency to re-surface on the medium. This trend was also noted in a study by Goole et al.
(253) and may have contributed towards a more efficient and robust floatation leading to

longer total floating times in lower compression force values.

A significant negative effect on the total floating time was conferred by the interaction
between the amount of PEO and the compression force (one-way ANOVA, p < 0.001). As
discussed, these two factors had opposite effects on the dependent variable. The prevailing
negative effect of the combined factors on the total floating time was because the negative
effect of the compression force on the variable was dominant for higher tablet weights and,
therefore, higher amounts of PEO, especially for the tablets that contained 320 mg and 480
mg PEO (one-way ANOVA, p < 0.001, and post hoc Bonferroni p < 0.01 for pairwise
comparisons). Clear differences were recorded in the total floating time for the same tablet
formulas under different compression force values (Table 4-9). Finally, the percentage of
spray-dried lactose in the gastroretentive layer had a minor positive effect on the total floating

time of the tablets, but it was not statistically significant (one-way ANOVA, p > 0.05).

The total floating time quadratic model fitted the experimental data well, indicated by
an R? value of 0.923 and an adjusted R? value of 0.883. However, it was realised that, if the
non-significant linear term of compression force was eliminated from the equation, the model
fit to the data would improve. Therefore, Equation 13 was generated with an R? value of

0.921 and an adjusted R? value of 0.887.

TFT = 41.919 + (8.470 x X1) + (100.213 x X2) + (0.0523 x X1X2) - (0.348 x X1Xs) - (5.197

X X2X3) - (0.00704 x Xi?) - (5.797 x X2?) - (1.548 x X5?) [13]

Kollidon® SR was a major component of the gastroretentive layer. The preliminary

gastroretentive layer study demonstrated that it did not have a significant effect on the
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floating lag time and total floating time of tablets. However, high percentages of Kollidon®
SR did lead to higher tensile strength and higher wet strength values of the tablets. Based on
these results, the percentage of Kollidon® SR selected for all the factorial experiment runs
(34.0 %) was deemed crucial in ensuring an adequately high wet strength of the tablets, apart

from a sufficiently high compression force.

Based on Equation 13, as well as floating lag time, tablet hardness and tablet wet
strength considerations, a candidate optimised gastroretentive layer was designed and a
compression force of 7 kN was selected for the tablet preparation. The gastroretentive tablets
were prepared using a simple direct compression process. The composition of the optimised
layer is in Table 4-14. The bilayer tablets containing this layer were characterised in terms of
their in vitro buoyancy properties. As can be seen in Table 4-9, the tablets demonstrated a
negligible floating lag time and a total floating time that was longer than 24 hours and close
to the theoretical value calculated via Equation 13. This further confirmed the suitability of
the model to predict the total floating time values of formulation combinations. Also, the
hardness and tensile strength values of the tablets were sufficiently high to ensure their
mechanical integrity (Table 4-10), while their wet strength value of 8.7 + 1.6 N after the in
vitro buoyancy test could contribute to their integrity in vivo. Finally, in terms of the swollen
tablet dimensions, after sinking, the tablets had a long axis diameter of 25.8 + 0.8 mm, a short
axis diameter of 13.7 £ 0.6 mm and a thickness of 13.2 £ 1.1 mm (n = 3 tablets). These
dimensions were larger on average than the estimated average pyloric sphincter diameter of
12.8 mm (194, 254). This could further contribute towards extended gastric retention of the
tablets, alongside their prolonged buoyancy. Therefore, this gastroretentive layer was selected

as the optimal.

The in vitro buoyancy of bilayer Al tablets in FaSSGF pH 1.6 was characterised since

they were also considered promising as a once-a-day oral formulation for MT-1207. Their
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floating lag time was 1.8 = 0.5 seconds and their total floating time was 1599.7 + 130.0
minutes. Additionally, after the in vitro buoyancy run, their wet strength was sufficiently high
(6.9 £ 1.4 N), and, in terms of their swollen dimensions, their long axis diameter was 26.1
0.7 mm, their short axis diameter was 13.5 + 0.5 mm and their thickness was 12.9 £ 0.5 mm
(n = 3 tablets). The negligible floating lag time and total floating time longer than 24 hours
confirmed the promising gastroretentive application of the bilayer Al tablets. Furthermore,
there was no statistically significant difference in the floating lag time and total floating time
values between the bilayer Al, Fneeoos and Frezoss (floating lag time of 1.0 + 0.9 s, total
floating time of 1557.3 + 126.9 minutes) tablets (one-way ANOVA, p > 0.05). These findings
indicate that the in vitro buoyancy behaviour of the bilayer tablets was mainly dependent on
the gastroretentive layer with no significant effect from the drug layer. Therefore, the
versatility of the selected optimised gastroretentive layer and its ability to be combined with

different drug layers for gastroretentive formulation development purposes was confirmed.

4.3.4 Post-compression characterisation of tablets

The hardness values of the prepared tablet formulations containing the different drug
layers can be seen in Table 4-11. There was no trend in the tensile strength between different
formulations. Therefore, the content of ethylcellulose did not seem to have a significant effect
on tablet tensile strength, despite the fact that it has binder properties (51). The reason for this
could be that, in many of these formulations, PVP K30 was also included as a binder which
could have affected the tensile strength of the tablets. All formulations demonstrated
sufficiently high tablet hardness and tensile strength values to ensure their mechanical

integrity during transportation or other stresses.
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Table 4-11: Hardness and friability testing results for the bilayer tablets containing different

drug layers (n = 10 tablets). The thickness, hardness and tensile strength results are

presented as mean + standard deviation.

. Lo'ng AXIS Shprt Axis Thickness Tensile Friability
Formulation | Diameter Diameter (mm) Hardness (kg) Strength (kPa) (%)
(mm) (mm)
FrEe7035 17 9 7.47+0.05 | 20.26 £0.36 | 1191.8+34.1 0.02
FrEe7030 17 9 748+0.04 | 17.12+0.81 | 972699 0.01
FrEeso30 17 9 745+0.01 | 1518+0.42 | 9540+26.4 0.01
FrEes020 17 9 743+0.02 | 1436+0.32 | 903.2+21.1 0.01
FrEes020 17 9 742+0.02 | 1511+0.35 | 9524219 0.01
FrEeso15 17 9 7.41+0.02 | 14.64+0.41 | 923.4+26.2 0.01
FrEeso10 17 9 744+0.01 | 1296+0.14 | 814685 0.01
FrEeso0s 17 9 7.34+0.01 | 16.91+0.35 | 1062.7 +21.2 0.02
FrEeso03 17 9 7.34+0.02 | 16.03+0.14 | 1023.9+9.3 0.02
Freso01 17 9 7.34+0.02 | 15.64+0.22 | 999.7+ 129 0.02
Bilayer Al 17 9 768+0.01 | 1495+0.18 | 923.7+11.1 0.02

The thickness of the tablets containing the optimised gastroretentive layer ranged

between 7.3 and 7.7 mm and the diameter of the semicircle on each side of the oval biconvex

tablets was 1 mm.

The friability of all bilayer tablets was less than 1.0 % (Table 4-11). This test provided

another confirmation of the ability of the tablets to withstand the expected mechanical shocks

during handling and transportation, as per USP (213).

All tablet batches gave acceptable mean weight values and acceptance values below

15.0, with regards to tablet weight variation (Table 4-12). Therefore, for all formulations, the

tablets were considered uniform in weight, as per USP (210).
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Table 4-12: Tablet weight variation testing results for the bilayer tablets containing different

drug layers (n = 10 tablets).

Formulation | Mean Tablet Weight (% of label claim) | Standard Deviation | Acceptance Value
FrE7035 99.9 2.8 6.7
FrEe7030 100.0 1.2 2.9
FrEes030 100.1 1.3 3.2
FrEs020 100.1 1.1 2.7
Freso20 100.2 2.0 4.7
FHEs015 100.2 1.9 45
FHEs010 100.1 1.5 3.6
Freso0s 100.1 1.8 4.3
Fres003 100.2 1.5 3.6
FrEs001 100.3 1.3 3.0

Bilayer Al 100.2 1.4 3.4

4.3.5 Physicochemical characterisation of MT-1207 and the optimised tablets
Physicochemical characterisation of MT-1207 and the drug layer of the optimised
bilayer FHeesoos tablets was conducted to assess any physical and chemical interactions that
may have taken place between the API and the different excipients in the tablets. DSC and
XRPD analyses were conducted to examine the presence of physical interactions, as well as
the impact that the whole tablet preparation process may have had on the integrity of the MT-
1207 anhydrous crystal. ATR-FTIR analysis was conducted to conclude whether any
significant chemical interactions may either have taken place between the API and the

excipient(s) during the tablet preparation process or have existed within the tablet.

The thermal behaviour of the MT-1207 reference standard and that of the Fresoos drug
layer was assessed using DSC (Figure 4-1). In Figure 4-1A, the sharp endothermic peak at
around 210 °C potentially corresponded to the melting point of the MT-1207 hydrochloride
anhydrous crystal. On the other hand, different peaks were recorded in the thermogram of the

drug layer of the optimised bilayer Fresoos tablets (Figure 4-1B). The peaks at around 150 —

112




160 °C were potentially linked to the dehydration of alpha-D-lactose monohydrate towards
beta-lactose and the melting point of PVP K30, while the peak at around 200 °C
corresponded to the melting point of beta-lactose. Additionally, a broad small endothermic
peak was seen at 183.69 °C. This was proposed to correspond to the melting point of the MT-
1207 hydrochloride crystal that was present in the tablets. The peak, however, was much
broader than that of the reference standard and the heat of fusion was much lower. As
mentioned in Chapter 3, the reduction in the crystal melting point could potentially be due to
the mixing process which, as per the Schroeder-van Laar theory, results in a lower melting
point of the drug crystal, through the reduction of the crystal solidification temperature when
the drug is part of a mixture of binary phase change materials. Additionally, the peak
broadening and reduction in the heat of fusion that was recorded for the peak of MT-1207
could be due to the fact that, for the given molar fraction of the drug in the liquid state of the
binary system, the interactions between the molecules of the drug are weaker than the
interactions between the drug and the excipient molecules. Therefore, less energy is required

for phase change (234).
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Figure 4-1: DSC thermograms of (A) MT-1207 hydrochloride reference standard and (B)

optimised drug layer of the bilayer tablets.
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While DSC was able to indicate the presence of a drug crystal in the tablets, it was
unable to provide information on the crystal structure. Towards that end, XRPD analysis was
conducted for the MT-1207 hydrochloride reference standard, the drug layer of the optimised
bilayer Fresoos tablets and alpha-D-lactose monohydrate which was the only crystalline
excipient used. The diffractograms of the different powders can be seen in Figure 4-2. In the
drug layer diffractogram, the peaks over the angle(°2theta) values of 11.5, 15 and 18 were
linked to the respective peaks of the MT-1207 hydrochloride reference standard, while all the
other peaks were linked to the peaks of alpha-D-lactose monohydrate and the brass specimen
holder. The peaks in the drug layer diffractogram were broader and shorter than those of its
single-material counterparts. This could be attributed to the smaller crystal particle size of the
MT-1207:colloidal silicon dioxide used in the tablets, compared to that of the reference
standard. Also, it can be attributed to potential lattice strain conferred by the mixing, wet
granulation and tablet compression processes during tablet preparation. No additional peaks
were recorded in the drug layer diffractogram, apart from those corresponding to the MT-
1207 anhydrous crystal, the alpha-D-lactose monohydrate crystal and the brass specimen
holder. Therefore, it can be asserted that, within the sensitivity of the analysis, the drug was

present in the tablets solely in the form of its anhydrous crystal.
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Figure 4-2: Diffractograms of MT-1207 hydrochloride reference standard (red), alpha-D-
lactose monohydrate (green) and the drug layer of the optimised bilayer Fueeoos tablets

(blue).

FTIR characterisation can be useful in indicating whether chemical interactions
between the API and the excipients may have occurred during mixing, granulation and
tabletting (235). The peaks in the 2800-3000 cm™ region in the FTIR spectrum of MT-1207
(Figure 4-3) corresponded to the aliphatic and aromatic C-H stretching bonds and were also
seen unchanged in the optimised drug layer spectrum. Furthermore, the peaks in the 1250-
1300 cm™ region corresponding to the C-N stretch can be seen in the spectra of both MT-
1207 reference standard and optimised drug layer. Finally, the fingerprint region of the drug
layer was a simple mixture of the fingerprint regions of MT-1207 hydrochloride and the rest
of the excipients the FTIR spectra of which were recorded in our previous study (255). No
additional peaks were recorded. These results illustrated that there were no significant

chemical interactions between MT-1207 and the excipients.
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Figure 4-3: FTIR spectra of (A) MT-1207 hydrochloride reference standard and (B) drug

layer of the optimised bilayer Fnesoos tablets.

4.3.6 Tablet density and porosity characterisation

Information on the density and porosity of the optimised bilayer Fuesoos tablets was
provided through helium pycnometry and mercury intrusion porosimetry analyses. The tablet
volume was 2.0119 + 0.0033 cm?. The total mercury intrusion volume was 0.2381 + 0.0050
mL/g, the volume pore diameter was 1.40 + 0.14 um and the tablet porosity was 23.7 £ 0.5
%. As per a previous report, this level of tablet porosity can be considered to be relatively
high, with tablet porosity values higher than 20 % linked to low tensile strength (109).
However, this was not the case in the present study since the optimised bilayer Fxesoos tablets

were characterised to have sufficiently high hardness and tensile strength values (Table 4-11).

Both helium pycnometry and mercury intrusion porosimetry methods provided tablet
skeletal density information. The values reported using the different methods were consistent.
The tablet skeletal density was estimated to be 1.2875 + 0.0015 g/cm® using helium
pycnometry and 1.3051 + 0.0497 g/cm? using mercury intrusion porosimetry. However, the
tablet bulk density determined using mercury intrusion porosimetry was 0.9957 + 0.0326

g/cm®. The bulk density calculation takes the air-filled pore spaces within the tablets into
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account, in contrast to the skeletal density measurements. Therefore, since the tablet density
on average was lower than 1.004 g/cm?, it was inferred that this was most likely the reason

for the nearly immediate floatation of the optimised bilayer tablets in aqueous media.

4.3.7 Invitro buoyancy in media of different pH values

The buoyancy capability of floating gastroretentive tablets is critical in ensuring
robust gastric retention in vivo. Non-effervescent gastroretentive formulation applications
benefit from the fact that their floating lag time is not affected by the gastric pH, thereby
enabling their suitability for patients with achlorhydria (106). Furthermore, other factors,
such as sugar and salt stomach contents during fed state, have been reported to affect the
swelling properties of polymers such as HPMC, and, thus, the floatation of gastroretentive
formulations (106). However, to the best of our knowledge, no study has investigated the

effect of pH on the total floating time of non-effervescent gastroretentive formulations.

In the present study, the in vitro buoyancy of the optimised gastroretentive bilayer
FHeeoos tablets was assessed in media of different pH values, namely, HCI pH 1.0, phosphate
buffer pH 3.0, and phosphate buffer pH 6.0. The media were selected to cover a pH range 1.0
— 6.0 where human gastric pH usually falls in during fasted and fed states, although
sometimes it can assume higher values (256). The floating lag time and total floating time

values recorded in each of the different media can be seen in Table 4-13.
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Table 4-13: In vitro buoyancy testing results for the optimised gastroretentive bilayer Fuesoos
tablets in HCI pH 1.0, phosphate pH 3.0, and phosphate pH 6.0. Results are presented as

mean % standard deviation.

. Floating Lag Time Total Floating Time
Medium (Se?conc?s) (Minuteg)
HCIpH 1.0 1.00 £ 0.88 1335.7 +149.3
Phosphate pH 3.0 1.70+0.44 1854.0 £ 152.0
Phosphate pH 6.0 1.72+0.15 2232.3 +88.2

There was no statistically significant difference between the tablet floating lag time
values recorded in the different media (one-way ANOVA, p > 0.05). This was expected since
the immediate buoyancy of the tablets was most likely achieved due to their bulk density, that
being lower than 1.004 g/cm?®, as demonstrated during the gas pycnometry study. However,
there was a statistically significant difference in the total floating time values of the tablets in
the different media (one-way ANOVA, p < 0.001). The pairwise comparisons conducted as
part of the post hoc Bonferroni t-test demonstrated significant differences between the tablet
total floating time values recorded in HCI pH 1.0 and phosphate pH 3.0 (p < 0.01), HCI pH
1.0 and phosphate pH 6.0 (p < 0.001), and phosphate pH 3.0 and phosphate pH 6.0 (p <

0.0).

To the best of our knowledge, a significant pH effect on the total floating time of non-
effervescent gastroretentive formulations has not been reported in the literature. Apart from
MT-1207, the rest of the tablet components were non-ionic and, thus, their dissolution and/or
swelling behaviour could not have been affected by the medium pH. Therefore, the reason for

the recorded differences could lie with other physicochemical attributes of the excipients.

From the factorial experiment for the gastroretentive layer, it was concluded that the
major factors affecting the total floating time were the amount of PEO, the compression force

and the interaction between these two factors. Previous studies have demonstrated that PEO
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most likely undergoes degradation in strongly acidic pH. McGary first reported relevant
findings where it was concluded that PEO degradation was accelerated in aqueous solutions
in the presence of strong acids, as determined by a reduction in solution viscosity (257). The
reason for this was probably not only acid hydrolysis of the polymer taking place, but also an
additional free-radical mechanism. It was believed that hydroperoxides that are present in the
polymer could undergo ionic rearrangement within the polymer structure that may result in
chain scission (257). Additionally, the results of a study conducted by Crowley et al. showed
that small quantities of ascorbic acid could significantly reduce the molecular weight of PEO
through an acid catalysed chain scission reaction (258). Finally, Yang et al. reported that the
acid effect on PEO could be enhanced at higher temperatures. FTIR spectra of Pluronic P123
aqueous solutions in the presence of 2 M HCI showed two additional peaks at temperatures
equal to or higher than 36 °C, compared to the spectra of the same solutions analysed at
lower temperatures. The presence of these peaks could be attributed to the C-O-C stretch
mode of small PEO segments derived from ether bond cleavage. Therefore, it seemed that
temperature values equal to or higher than 36 °C could contribute to the PEO acid-induced

degradation (259).

PEO was a major component of the gastroretentive layer of the bilayer tablets and a
significant factor affecting their floatation. Based on the abovementioned information from
previous studies, it was hypothesized that the statistically significant differences between the
tablet total floating time values recorded in the different media could be attributed to
differences in the rate and extent of PEO degradation in the media. To investigate this
hypothesis, an SEM analysis of the gastroretentive layer of the tablets was performed at
selected timepoints during in vitro buoyancy testing to visualise the layer and how it may
have changed over time, alongside a viscosity analysis of the solutions at different timepoints

to provide quantitative information on their PEO content at certain timepoints.
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Figure 4-4 illustrates SEM images of the optimised gastroretentive layer of the bilayer
tablets in their dry state. The surface of the gastroretentive layer appeared to be quite porous
with most of it covered by irregular, porous particles, proposed to be PEO, that were well

mixed with spherical Kollidon® SR particles.

Figure 4-4: SEM images of the optimised gastroretentive layer of the dry bilayer tablets.

Figure 4-5 illustrates SEM images of the gastroretentive layer of the bilayer tablets
during in vitro buoyancy in the different media at the 12-hour timepoint. The surface of the
gastroretentive layer appeared fibrous in all media. These fibres probably contained
amorphous PEO polymer that occurred from drying of the swollen PEO gel that had formed
during the in vitro buoyancy test. The spherical particles present in the different images
corresponded to Kollidon® SR particles. The small, irregular particles probably corresponded
to PEO that crystallised during the drying process (260). Based on the above, it could be
assumed that at the 12-hour timepoint of the in vitro buoyancy test there was a strong

presence of PEO in the gastroretentive layer of the tablets in the different media.
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Figure 4-5: SEM images of the optimised gastroretentive layer of the bilayer tablets after 12
hours of in vitro buoyancy testing in (A) HCI pH 1.0, (B) phosphate pH 3.0, and (C)

phosphate pH 6.0.

Figure 4-6 illustrates the SEM images of the gastroretentive layer of the bilayer
tablets during in vitro buoyancy in the different media at the 22-hour timepoint which was the
average sinking time of the tablets in HCI pH 1.0. It seemed that the presence of fibres in the
gastroretentive layer of the tablets was much weaker after 22 hours of in vitro buoyancy
testing in HCI pH 1.0, compared to the 12-hour timepoint in the same medium and the 22-
hour timepoint in the other media. As seen in Figure 4-6B and Figure 4-6C, the surface of the
tablet gastroretentive layer was characterised by a strong presence of fibres and small
irregular particles that were believed to correspond to amorphous and crystallised PEO,
respectively. The presence of fibres was more evident in the gastroretentive layer of the
tablets tested in phosphate pH 6.0. Therefore, it could be assumed that the presence of PEO in
the gastroretentive layers of the tablets tested in phosphate pH 3.0 and phosphate pH 6.0 was

still strong at the 22-hour timepoint of the in vitro buoyancy experiment.
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Figure 4-6: SEM images of the optimised gastroretentive layer of the bilayer tablets after 22
hours of in vitro buoyancy testing in (A) HCI pH 1.0, (B) phosphate pH 3.0, and (C)

phosphate pH 6.0.

Figure 4-7 illustrates the SEM images of the gastroretentive layer of the bilayer
tablets during in vitro buoyancy in phosphate pH 3.0 and phosphate pH 6.0 at the 31-hour
timepoint which was the average sinking time of the tablets in the former. As seen in Figure
4-7A, the presence of PEO in the form of fibres and irregular particles was still noticeable in
the gastroretentive layer of the tablets after 31 hours of in vitro buoyancy test in phosphate
buffer pH 3.0. However, the presence of PEO was much weaker, compared to the 22-hour
timepoint of the tablet in vitro buoyancy test in phosphate buffer pH 3.0, and the 31-hour

timepoint of the tablet in vitro buoyancy test in phosphate buffer pH 6.0 (Figure 4-7B).
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Figure 4-7: SEM images of the optimised gastroretentive layer of the bilayer tablets after 31

hours of in vitro buoyancy testing in (A) phosphate pH 3.0, and (B) phosphate pH 6.0.

Figure 4-8 shows SEM images of the gastroretentive layer of the bilayer tablets
during in vitro buoyancy in phosphate pH 6.0 at the 43.5-hour timepoint which was the
average sinking time of the tablets in the medium. The presence of PEQ in the form of fibres
was still clear, even after 43.5 hours of in vitro buoyancy testing. However, the surface of the
layer had become quite porous which indicated that erosion may have taken place during the

in vitro buoyancy testing between the 31- and 43.5-hour timepoints.

123



Figure 4-8: SEM images of the optimised gastroretentive layer of the bilayer tablets after

43.5 hours of in vitro buoyancy testing in phosphate pH 6.0.

The SEM imaging indicated potential differences in the presence of PEO in the
gastroretentive layer of the tablets between the different media in which in vitro buoyancy
testing was performed, as well as between different timepoints of the test within the same
medium. Therefore, the statistically significant differences in the tablet total floating time
values between the different media could be linked to differences in the rate and extent of
PEO degradation in the different aqueous solutions. However, the SEM imaging only
provided qualitative information and data for testing this hypothesis. To obtain more solid
information on the trueness of the hypothesis, the acquisition of quantitative data was deemed

crucial.

Viscosity analysis of the different media in different timepoints during the tablet in
vitro buoyancy testing was performed to obtain quantitative information on potential changes
and/or differences in the PEO content over time during the buoyancy test and between the

different media, respectively (Figure 4-9).
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Figure 4-9: Viscosity of HCI pH 1.0, phosphate pH 3.0 and phosphate pH 6.0 media during
in vitro buoyancy testing of the optimised gastroretentive bilayer tablets (n = 3). Results are

presented as mean + standard deviation.

Up to 12 hours, there was no statistically significant difference between the different
media in terms of the recorded viscosity values (one-way ANOVA, p > 0.05). This was in
alignment with the SEM images at the same timepoint (Figure 4-5) where the tablets seemed

to have a strong presence of PEO in the gastroretentive layer in the different media.

At the 22-hour timepoint, which was the approximate average sinking time of the
bilayer tablets in HCI pH 1.0, statistically significant differences were recorded in the
viscosity values between all different media (one-way ANOVA, p < 0.001, post hoc
Bonferroni, p < 0.001). These findings, too, were aligned with the SEM images for the same
timepoint (Figure 4-6) which indicated differences in the PEO content of the gastroretentive
layer of the tablets in the different media. The SEM images for tablets in HCI pH 1.0 at the
22-hour timepoint showed the weak presence of PEO in the gastroretentive layer at this

average sinking time of the tablets in the medium. Additionally, at the 31-hour timepoint,
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which was the approximate average sinking time of the bilayer tablets in phosphate pH 3.0,
there was a statistically significant difference between the viscosity values recorded in
phosphate pH 3.0 and phosphate pH 6.0 (t-test, p < 0.01). These findings were again in
alignment with the respective SEM images (Figure 4-7) which indicated potential differences
in the PEO content of the gastroretentive layer of the tablets in the different media. Therefore,
it can be asserted that the differences in the in vitro buoyancy behaviour of the bilayer tablets
in the different media could be attributed to differences in the rate and extent of PEO
degradation in the different media depending on their acidity. This potential acid-induced
degradation could further be conferred by the temperature since 37 °C is considered high
enough to induce chain scission within the polymer, based on previous, abovementioned

findings (259).

A final viscosity measurement was conducted in phosphate pH 6.0 after 43.5 hours of
in vitro buoyancy testing which was the approximate average sinking time of the tablets in
that medium. There was no statistically significant difference between the viscosity values
recorded at 31 hours and 43.5 hours (t-test, p > 0.05). This indicated that polymer degradation
in this nearly neutral medium was probably very slow and that polymer swelling had
probably peaked by 31 hours, thus resulting in similar medium viscosity values at the two
timepoints. This result was in agreement with the SEM images of the gastroretentive layer
collected at the same timepoint (Figure 4-8) since the presence of PEO in the layer had been
estimated to be still significant. Therefore, in this case, the tablets probably sank due to their
extensive hydration which has also been reported to affect the duration of the buoyancy of

floating systems (157).

These findings demonstrate the potential of pH effect on the buoyancy behaviour of
non-effervescent gastroretentive formulations. These results further stress the importance of

taking the physicochemical and stability properties of formulation components into account
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during the development of gastroretentive formulations. The results of the present study
demonstrate that PEO-based floating systems should potentially be administered after a meal,
not only because of the lower gastric emptying rates and the disruption of the migrating
myoelectric complex (MMC) during the stomach fed state, but also because of the elevated
gastric pH during that state. The weakly acidic to neutral pH conditions of the human
stomach during the fed state could potentially promote the buoyancy of PEO-based
formulations, due to a much slower degradation of the polymer, compared to the strongly
acidic conditions prevailing during the fasted state. However, potential effects of other
factors, such as sugar and/or salt stomach contents, on the buoyancy of PEO-based

formulations should also be investigated.

4.3.8 Invitro release study
4.3.8.1 Validation of the HPLC and dissolution methods

4.3.8.1.1 Linearity

The HPLC method was validated for linearity in the concentration range of 0.001 —
0.1 mg/mL. Three replicates of the calibration curve in this concentration range were
prepared over three different days. The R? should be equal to or higher than 0.99 for all three
replicates for the method to be considered validated for linearity (261). This validation was
also considered for the dissolution method since the standard solution matrix was the same as

that of MT-1207 dissolution samples.

The calibration curves that were used for linearity validation and their data can be
seen in Tables A-7, A-8 and A-9, and Figures A-6, A-7 and A-8, respectively. In all three
replicates taken over three different days, the R? was higher than 0.999. Therefore, the HPLC

method was considered validated in terms of linearity.
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4.3.8.1.2 LOD and LOQ determination

The calibration curves that were used for linearity validation were also employed for
the calculation of the method LOD and LOQ values. The mean of the peak areas was
calculated, and a calibration curve of the mean peak area values and the respective
concentration values was plotted. Its slope was used as the S value in Equations 6 and 7.
Furthermore, the standard deviation of the y-intercepts was calculated and was used as the

SD value of the LOD and LOQ equations, as per ICH guidelines (224).

The calibration curve data and plot that were used for the LOD and LOQ
determination can be seen in Table A-10 and Figure A-9, respectively. The S of the
calibration curve was 1344.5. The SD of the y-intercepts was 0.0434. The S and SD values

were used to calculate the LOD and LOQ of the method using Equations 6 and 7.

LOD = 3.3 x 0.0434/1344.5 = 0.000107 mg/mL = 0.1 pg/mL

LOQ = 10 x 0.0434/1344.5 = 0.000323 mg/mL = 0.3 pg/mL

4.3.8.1.3 Specificity results

A sample chromatogram of the specificity samples can be seen in Figure A-10. As per
the FDA guidance for method validation, the assay should be ensured to be free from
interfering substances including excipients and other matrix components (226). For all three
replicates, the chromatogram was the same as the one in Figure A-10 where no interfering
peak was eluted anywhere near the retention time of MT-1207. Therefore, the dissolution

method was considered validated in terms of specificity.

4.3.8.1.4 Accuracy, intra-day and inter-day precision results
The accuracy of the dissolution method was assessed at 20 %, 50 %, 80 %, 100 % and

120 % of the target MT-1207 concentration achieved after 100 % release from the tablets in
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500 mL 0.1 M acetate buffer pH 4.0 (0.06 mg/mL). Three replicates were prepared at each
concentration level. As per the FDA guidelines, a method can be considered accurate for each
level if the mean concentration of the accuracy samples is within 85 — 115 % of the nominal
concentration value (226). A method is considered precise when the % RSD between the
three accuracy samples analysed within a day and three samples analysed within different

days is less than or equal to 15 % (226).

As seen in Table A-11, all accuracy values fell within 85 — 115 % of the nominal
concentration range, therefore the method was considered validated in terms of accuracy for
these drug concentration levels. Furthermore, in Tables A-11 and A-12, the % RSD values
were quite lower than 15 % for both intra-day and between-day runs. Therefore, the method
was considered validated in terms of intra-day and inter-day precision for these drug

concentration levels.

4.3.8.2 In vitro dissolution study

In the previous in vitro release study reported in Chapter 3, 0.1 M phosphate pH 6.8
with 0.2% w/v SDS was used as the dissolution medium for the in vitro release testing. Based
on that study results, single-layer Al tablets containing HPMC K15M as the release retardant
were selected as the optimised formulation. Even though a 24-hour release of MT-1207 from
the tablets was demonstrated in vitro, the results in Beagle dogs indicated a much more rapid
release of the API in vivo (255). Since the solubility of MT-1207 in the medium was 0.4
mg/mL, it was considered a potential limiting factor for drug release, although sink
conditions were theoretically established, as per the USP guidelines (262). Therefore, the
phosphate dissolution medium was replaced by 0.1 M acetate buffer pH 4.0 where MT-1207

had a solubility value of 6.5 mg/mL.
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The Al tablets were tested for their in vitro drug release in the new medium. As seen
in Figure 4-10, MT-1207 was completely released from the tablets within 12 hours. This
finding contrasts with the 24-hour release profile that was recorded in 0.1 M phosphate pH
6.8 with 0.2% w/v SDS. The release profile in the acetate buffer was closer to the in vivo
data. Furthermore, the inability of HPMC K15M to retard the release of MT-1207 from the

single-layer tablets over 24 hours in acetate pH 4.0 was demonstrated.
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Figure 4-10: In vitro drug release profiles of Al, single-layer Fresoos and the bilayer tablet
formulations in 0.1 M acetate pH 4.0 at 75 rpm (n = 3 tablets). Results are presented as

mean = standard deviation.

As part of the once-a-day formulation optimisation, bilayer tablets were prepared and
their in vitro drug release was assessed. Ethylcellulose 10 cps was incorporated as an
additional release retardant in the drug layer, due to its hydrophobic polymer properties.

HPMC K15M and ethylcellulose are intended to be able to retard the release of drugs from a
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formulation in different ways. HPMC K15M swells upon contact with aqueous media and
forms a thick gel layer that is able to slow drug diffusion through the polymer chain network
(236, 237). Ethylcellulose can be effective in retarding drug release through a reduction in the
penetration of solvent molecules into the matrix, due to the hydrophobicity of the polymer.
This, in turn, could lead to reduced drug solubilisation and diffusion through the polymer

matrix (83, 84).

The release profiles of MT-1207 from the different bilayer tablet formulations can be
seen in Figure 4-10. The concentration of ethylcellulose varied from 0.5 to 19% wi/w in the
different formulations. Furthermore, bilayer Al tablets were prepared and tested for their in
vitro drug release. Incorporation of the gastroretentive layer into the formulation led to a
statistically significant difference in the in vitro drug release profiles between the bilayer and
single-layer Al formulations (f1 = 40, f» = 36). The bilayer Al tablets were able to provide a
24-hour sustained release of MT-1207 in vitro with more than 80 % of the API released at the
24-hour timepoint. Therefore, it was deemed promising as a sustained-release tablet
formulation for the once-a-day oral delivery of MT-1207. Additionally, there was no
statistically significant difference in the in vitro release profiles between the bilayer Al
tablets and the bilayer tablets with the highest content of ethylcellulose (Fnezoss) (f1 = 13, f2 =
59). Therefore, the factor which significantly affected the release of MT-1207 from the
tablets was not ethylcellulose, but the presence of the gastroretentive layer. This significant
effect could be attributed to a much lower surface area of the drug layer that was exposed to
the dissolution medium during the in vitro release testing. This was in contrast to previous
studies which have reported the effectiveness of ethylcellulose as a release retardant, due to
its very high hydrophobicity, compared to other hydrophobic polymers that have also been
reported as release retardants. The relatively small particle size of ethylcellulose 10 cps

(mean particle size of 100.6 um; ethylcellulose of higher viscosities have particle sizes of 300
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um or more) could also have contributed to retardation of drug release (263, 264). Other
reports have also attributed this capability of ethylcellulose to percolation theory, where a
small particle size of polymeric release retardant(s), relative to drug particle size, contributed
to lower polymer percolation thresholds, thus potentially resulting in slowing of drug release
at lower polymer concentrations (265, 266). Finally, variations of the HPMC K15M content
in the drug layer between different formulations did not seem to induce any statistically

significant effects on the in vitro release profile of MT-1207 (f, = 10, f> = 68).

Even though ethylcellulose did not seem to have a significant effect on the in vitro
drug release, it could potentially affect the release of MT-1207 in vivo. Despite the
insignificant differences in the in vitro release profiles between the different ethylcellulose-
containing formulations, Fneso1s and Fresoos Were the only formulations that provided a
complete release of MT-1207, i.e., higher than 80 %, as per the EMA guidelines (267).
FHesoos Was the only formulation where all three tablets released more than 80 % of MT-1207
over 24 hours. Based on this additional consideration, Fresoos Was selected as the optimised

ethylcellulose-containing drug layer to be formulated into the gastroretentive bilayer tablets.

An in vitro release experiment using a paddle rotation speed of 200 rpm was
conducted for bilayer FHesoos and bilayer Al tablets. This rotation speed has been reported to
better simulate the in vivo conditions of fasted Beagle dogs (148). The results for both
formulations demonstrated a sustained release of MT-1207 from the tablets over 24 hours
even under those high shear conditions (Figure 4-11). For both formulations, the in vitro drug
release profiles at 200 rpm were statistically similar to respective data recorded at 75 rpm (fy
=2 and f2 = 89 for Fueeoos bilayer tablets, f1 = 6 and f2 = 76 for bilayer Al tablets). Since the
drug release was unaffected by conditions mimicking the Beagle dog destructive forces, it

was probably largely independent of matrix erosion. Therefore, bilayer Fhesoos and bilayer Al
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were selected as the optimised formulations. The details of the final optimised bilayer tablet

formulations can be seen in Table 4-14.
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Figure 4-11: In vitro release profiles of MT-1207 from bilayer Fresoos and bilayer Al tablets

at paddle rotation speeds of 75 rpm and 200 rpm (n = 3 tablets). Results are presented as

mean = standard deviation.
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Table 4-14: The optimised bilayer tablet formulation (Fnesoos and Al) details.

Gastroretentive layer
Components Amount (mg)
PEO 8M 380
Spray-dried lactose 47
Kollidon® SR 228
HPMC K100M 16.2
Colloidal silicon dioxide 1.5
Magnesium stearate 1.5
Total layer weight (mg) 674.2
Drug layer FHEs005 Al
Components Amount (mg) Amount (mg)
MT-1207 Hydrochloride 30 30
Alpha-D-lactose monohydrate 65 99
Polyvinylpyrrolidone K30 20 20
HPMC K15M 60 70
Ethylcellulose 10 cps 5 -
Iron oxide 1 1
Colloidal silicon dioxide 6 6
Magnesium stearate 0.5 0.5
Total layer weight 187.5 226.5
Total tablet weight 861.7 900.7

4.3.9 Kinetics and mechanism of drug release from bilayer Freeoos and bilayer Al tablets

The release profiles of the bilayer Fresoos and bilayer Al tablets were plotted against
different models to elucidate the kinetics of drug release from each formulation, while the
Korsmeyer-Peppas model was used to obtain information on the potential mechanism of drug
release. The release data that were plotted against the different models were those up to 60 %

of the respective release curves (215, 218).

The release data of formulations bilayer Fresoos and bilayer A1 were plotted in the
first-order, zero-order, Higuchi, and Hixson-Crowell models. The highest R? value recorded
was used to determine the best fit for each of the release profiles. The drug release from
bilayer Fresoos tablets followed a combination of first-order (R? = 0.9989) and Higuchi (R? =

0.9963) kinetics. When the data were plotted against the Korsmeyer-Peppas model, the n
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value (calculated from the slope of the curve) was 0.66 (Table 4-15) which, despite the
complex geometry of the drug layer and the tablets, most likely indicated a non-Fickian
diffusion mechanism of release of MT-1207 from Freesoos. Therefore, it can be proposed that
the kinetics of drug release from bilayer Fuesoos is best described as the release of MT-1207
from an intact matrix the rate of which declined over time due to a reduction in the drug
concentration within the tablet matrix. The mechanism of the release of MT-1207 from
bilayer Fresoos tablets hence resembles a combination of drug diffusion and polymer matrix
erosion. The same assumptions on the kinetics and mechanism of drug release were also
followed for the kinetic analysis of drug release from bilayer Al tablets (Table 4-16).
However, there was a statistically significant difference in the n values recorded for the
different formulations when the data were plotted against the Korsmeyer-Peppas model (t-
test, p < 0.01). Therefore, matrix erosion was more significant for the release of MT-1207
from bilayer Al tablets than for its release from bilayer Fnesoos ones. The small percentage of
ethylcellulose in Fresoos may have contributed towards a more intact drug layer during
dissolution, an attribute that was desirable since it could potentially further ensure the

integrity of the drug layer in vivo and, consequently, a robust controlled drug release.

Table 4-15: Bilayer Fresoos kinetic analysis results.

Coefficient of

Models Kinetic constant determination (R?)
First-order 0.0914 0.9989
Zero-order 0.0041 0.9729

Higuchi 22.4790 0.9963

Hixson-Crowell 0.1321 0.9593

Korsmeyer-Peppas
Coefficient of
determination (R?)
1.0133 0.9992 0.66

Kinetic constant Exponent (n)
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Table 4-16: Bilayer Al kinetic analysis results.

Coefficient of

Models Kinetic constant determination (R?)
First-order 0.0877 0.9997
Zero-order 0.0040 0.9825

Higuchi 22.3140 0.9971

Hixson-Crowell 0.1389 0.9569

Korsmeyer-Peppas
Coefficient of
determination (R?)

0.9999 0.72

Kinetic constant

0.0560

Exponent (n)

4.4 Conclusions

The aim of the present study was to optimise the MT-1207 sustained-release formulation
(Al) prepared in the study of the previous chapter. As part of the formulation optimisation,
gastroretentive bilayer tablets were developed. The gastroretentive layer consisted of a
combination of hydrophilic and hydrophobic polymers which had not been employed for
gastric retention purposes before. The gastroretentive layer optimisation was performed
through preliminary experiments, followed by a factorial experiment that demonstrated the
factors significantly affecting the in vitro buoyancy behaviour of the tablets. Based on the
data, an optimised gastroretentive layer was selected. The novel gastroretentive layer was
prepared via a simple direct compression process and provided an immediate and robust
tablet buoyancy that lasted longer than 24 hours in FaSSGF pH 1.6 in vitro. As part of the
drug layer optimisation, ethylcellulose was incorporated as an additional release retardant.
The optimised ethylcellulose-containing bilayer formulation, as well as bilayer Al tablets,
gave a robust 24-hour sustained release of MT-1207 which demonstrated the significance of
the gastroretentive layer in achieving a 24-hour sustained release of the API in vitro, due to
the much smaller surface area of the drug layer exposed to the dissolution medium.

Furthermore, the fact that the floating lag time and total floating time values recorded for
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bilayer tablets with different drug layers were similar demonstrated the versatility of the
novel gastroretentive layer and its potential to maintain a robust tablet buoyancy that would
not be affected by the drug layer. This finding, alongside the optimised gastroretentive layer
in vitro buoyancy properties, demonstrated that the combination of hydrophilic and
hydrophobic polymers could have promising gastroretentive tablet applications. Finally, the
in vitro buoyancy testing of the optimised ethylcellulose-containing bilayer tablets in media
of different pH values demonstrated the positive effect of increasing pH on the buoyancy of
PEO-based non-effervescent gastroretentive formulations. Based on these results, PEO-based
formulations should potentially be administered orally after a meal to encounter the weakly

acidic to neutral pH of the stomach contents during the fed state.

The two optimised bilayer formulations from the present study (bilayer Fuesoos, bilayer
Al) were forwarded to an in vivo study in Beagle dogs which was conducted during fed state

conditions.

137



5 Chapter 5: In Vivo Pharmacokinetic Study of the Optimised

Gastroretentive Bilayer Tablet Formulations in Beagle Dogs

Acknowledgement of research work done by collaborators

A special thanks to Professor Xijin Chen (School of Basic Medicine and Clinical Pharmacy,
China Pharmaceutical University) for his help with the in vivo study on the pharmacokinetics

of MT-1207.

5.1 Introduction
Beagle dogs are commonly selected to assess the in vivo performance of oral

formulations, including gastroretentive systems (95, 106, 108, 114, 142, 268, 269).

5.1.1 Experimental aim
In Chapter 4, two promising non-effervescent gastroretentive bilayer tablet
formulations of MT-1207 (bilayer Fresoos and bilayer Al) were prepared and characterised in

terms of their physicochemical, in vitro buoyancy and in vitro release properties.

In this study, the in vivo performance of these gastroretentive formulations was tested

in Beagle dogs.

5.2 Methodology

An in vivo animal study was conducted in Beagle dogs with a body weight of (10 + 2)
kg) for MT-1207 30 mg gastroretentive bilayer Fresoos and bilayer Al tablets, and 10 mg
immediate-release tablets. The study was conducted by researchers in China Pharmaceutical
University (Nanjing, China) in collaboration with the author. It complied with the principles
of Laboratory Animal Care and was approved by China Pharmaceutical University Animal

Management and Ethics Committee.
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Four healthy male Beagle dogs provided by Nanjing Chai Men Biotechnology Co.,
Ltd. (Nanjing, China) were used. Each time, the Beagle dogs were fasted overnight, and
blank blood was collected shortly before the study. The Beagle dogs were then given free
access to a meal and, after 30 minutes, one gastroretentive bilayer tablet or three immediate-
release tablets were administered orally. 1.5 mL of venous blood were taken at 0.25 h, 0.5 h,
1h,2h,4h,6h,8h, 12 h, 24 h and 32 h after administration and centrifuged in a tube with
heparin. A one-week washout period was applied between the different dosing regimens. In
all cases, each sample was placed in a test tube containing heparin, centrifuged and the
plasma was separated and stored at -70 °C. The concentration of MT-1207 in plasma samples

was determined using UPLC-MS/MS as detailed in Chapter 2.

5.3 Results and Discussion

The gastroretentive bilayer Fuesoos and bilayer Al tablets were administered to four
Beagle dogs after a meal. This choice was made as gastric pH is higher during the stomach
fed state, which could potentially promote the gastric retention of the formulations, based on
the SEM and viscosity findings from the in vitro buoyancy testing in media of different pH.
Furthermore, the presence of food in the stomach disrupts the MMC and housekeeper waves,
thereby leading to a prolonged gastric residence time of the stomach contents (103, 131, 140,

172).

Figure 5-1 illustrates the pharmacokinetic profiles of MT-1207 in the dog plasma after
oral administration of one MT-1207 30 mg bilayer Fresoos tablet, one MT-1207 30 mg bilayer
Al tablet, and three MT-1207 10 mg immediate-release tablets. The pharmacokinetic
parameters recorded on the respective dosing regimens in Beagle dogs can be seen in Table
5-1. Sustained-release pharmacokinetic profiles of MT-1207 in dog plasma were recorded
after oral administration of bilayer Freeoos and bilayer Al tablets. There was a statistically

significant difference in the tiy> (one-way ANOVA, p < 0.05) and Tmax values (one-way
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ANOVA, p < 0.01) recorded between the different dosing regimens with pairwise
comparisons demonstrating significant differences between each of the gastroretentive
bilayer dosing regimens and the immediate-release one (ti: post hoc Bonferroni, p < 0.05,
Tmax: post hoc Bonferroni, p < 0.01). There was no statistically significant difference between
the ty» values reported for the gastroretentive dosing regimens (post hoc Bonferroni, p >
0.05). Furthermore, there was no statistically significant difference in the Cmax Vvalues
recorded between the different dosing regimens (one-way ANOVA, p > 0.05). This could be
attributed to the fact that, during fed state conditions, gastric emptying rates tend to be lower,
compared to the fasted state (103, 140, 270, 271). Consequently, the amount of MT-1207
released in the stomach during the fed state was probably emptied gradually and at a slower
rate, thereby resulting in smaller peak plasma concentration values. Additionally, the
abovementioned parameter values were not statistically different to those recorded after oral
administration of Al tablets in our previous study (one-way ANOVA, p > 0.05) (255). With
regard to clearance, there was no statistically significant difference between the values
recorded for the different dosing regimens in the present pharmacokinetic study (one-way

ANOVA p > 0.05).
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Table 5-1: Pharmacokinetic parameters of MT-1207 after oral administration of a
single MT-1207 30 mg gastroretentive bilayer Fresoos tablet (FHesoos 0.d.), a single MT-1207
30 mg gastroretentive bilayer Al tablet (Bilayer Al o.d.), and three MT-1207 10 mg

immediate-release tablets administered at the same time (3 < 10 mg IR 0.d.) to Beagle dogs

(n=4).

Dosing Cmax AUCo-24n AUCo- CL
Regimen | 12 | Tmac® - ymiy | engimL) | engimuy | VKD (nkgy | MRT )
F:Eg"% 5.10+1.37 | 6.00+1.63 | 22.29+11.50 | 226.6+97.9 | 232.7+100.4 | 78.1+23.2 | 11.4+54 |9.23+1.05
2'1'a3’3r 4.76+1.13 | 6.50+1.00 | 31.74+18.92 | 288.9+167.5 | 295.1+169.7 | 60.6+19.1 | 9.7+4.9 |8.71+0.32
3x10

mg IR | 2.470.09 | 2.25+1.26 | 49.72+33.70 | 283.6£183.2 | 295.1+189.9 | 78.9+212 | 11.6+8.9 |5.36+1.01
o.d.

0 O
1
1

-0 Bilayer FHE6005
-m- Bilayer A1

—4— |R Tablets

MT-1207 Concentration (ng/mL)

0 5 10 15 20 25 30 35
Time (Hours)

Figure 5-1: Plasma concentration of MT-1207 in Beagle dogs after oral administration of

bilayer Fresoos tablet 0.d., bilayer Al tablet 0.d., and 3 x 10 mg IR tablet 0.d. (n = 4).

141




The bioequivalence between the gastroretentive and immediate-release tablets was
investigated by calculating the AUCo.24n ratio of each. The ratio values calculated for the
bilayer Fxesoos and bilayer Al formulations were 92.31 £+ 29.33 % and 112.35 + 35.20 %,
respectively. These values fell within the 80.00 — 125.00 % range outlined in the EMA
guidelines for the AUCo- ratios that allows for bioequivalence to be established between the
test and reference products (239). This is an indication that there can be bioequivalence
between the gastroretentive formulations and the immediate-release tablets, and that MT-
1207 was fully released from the former. However, the relatively high standard deviations
linked to the AUC.24n ratio values need to be considered. This variation in the AUC values
between the different Beagle dogs could be attributed to the built-in subject variability of this
animal model. Previous studies have demonstrated considerable inter- and intra-animal
variations in the gastric pH of different Beagle dogs (272, 273). Such variations in the present
study could potentially have noticeable effects on the solubility of MT-1207 in the stomach
contents, thereby introducing inter-subject variability in its solubilisation, release, and

consequent absorption and bioavailability.

The distribution of MT-1207 in the Beagle dog body was reflected by the V4 and MRT
parameters. Vg indicated the extent of distribution of MT-1207 in the peripheral tissues, while
MRT indicated the average time that the drug resided in the body. There was no statistically
significant difference in the Vq values recorded for the different dosing regimens (one-way
ANOVA, p > 0.05). All Vg4 values were sufficiently high to indicate extensive distribution of
the API in the peripheral tissues. Additionally, there was a statistically significant difference
between the MRT values of the three different dosing regimens (one-way ANOVA, p <
0.001) with pairwise comparisons demonstrating statistically significant differences between
each of the gastroretentive dosing regimens and the immediate-release one (post hoc

Bonferroni, p < 0.001). This indicates that the time during which the drug resided in the body
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and, therefore, potentially provided antihypertensive action was significantly prolonged when
MT-1207 was administered in the form of gastroretentive tablets, instead of immediate-
release tablets. Furthermore, the MRT values of MT-1207 after administration of the
gastroretentive formulations were significantly longer than the MRT value recorded after
administration of single-layer Al tablets in our previous study (one-way ANOVA, p < 0.001;

post hoc Bonferroni, p < 0.05 for pairwise comparisons) (255).

This pharmacokinetic study demonstrated the ability of the gastroretentive formulations
to provide a sustained release of MT-1207 in vivo, as indicated by the significantly prolonged
ti, Tmax and MRT values, compared to the respective ones recorded after administration of
the immediate-release tablets (145). Furthermore, the gastroretentive formulations were able
to fully release the API within 24 hours. These findings, alongside the significant
prolongation of MRT, compared to single-layer Al tablets, indicate the significant role of the
gastroretentive layer in retarding the release of MT-1207, potentially due to the reduced
surface area of the drug layer that was exposed to the stomach contents, and prolonging the
residence of the drug in vivo. Furthermore, the gastroretentive layer potentially ensured
robust gastric retention that was long enough to provide a 24-hour complete release and
absorption of MT-1207 in the upper part of the GIT. In vivo monitoring of the formulations
could give a deeper insight into the ability of the gastroretentive formulations to remain in the
Beagle dog stomach over 24 hours (140, 246), although, the pharmacokinetic study results
provided promising indication towards this occurring. Additionally, the presence of
ethylcellulose had only a minor effect on drug release in vivo which was in alignment with

the in vitro release testing findings.

Another important factor that needs to be considered is the significantly higher average
MT-1207 t1» value of 7.28 — 7.38 hours recorded in humans after administration of 20 — 40

mg of the drug (206). Since MT-1207 is mainly biotransformed via S-methylation in the
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liver, this inter-species discrepancy in the ti» of the drug could be due to the higher hepatic
metabolism of Beagle dogs, compared to humans (241). Therefore, it can be concluded that
both gastroretentive bilayer Fueeoos and bilayer Al formulations are promising for the once-a-

day oral delivery of MT-1207.

5.4 Conclusions

In this chapter, a pharmacokinetic study was conducted in Beagle dogs for the
gastroretentive bilayer Fuesoos and bilayer Al tablet formulations that were selected based on
the in vitro testing results reported in Chapter 4 of the thesis. The gastroretentive
formulations provided a complete 24-hour sustained release of MT-1207 in vivo that could be
inferred by its pharmacokinetic profile, the AUCo-24n values and the significantly prolonged
tie, Tmax, and MRT values, compared to those recorded after administration of MT-1207
immediate-release tablets. Furthermore, the novel gastroretentive layer indicated robust 24-
hour gastric retention capability in vivo, alongside its contribution to the sustained release of
MT-1207 provided by the gastroretentive formulations. Even though its gastric retention
capability should further be assessed in an in vivo monitoring study, this gastroretentive layer
could have promising gastroretentive applications for the once-a-day delivery of different
drugs in the form of either bilayer or single-layer controlled-release tablets. The
gastroretentive bilayer Fheeoos and bilayer Al formulations were deemed promising for the
once-a-day oral delivery of MT-1207 and will, therefore, be forwarded to clinical

development.
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6 Chapter 6: General Conclusions

The aim of this thesis was the development of promising sustained-release tablet

formulations for the once-a-day oral delivery of the novel antihypertensive drug MT-1207.

Initially, single-layer sustained-release HPMC matrix tablets were prepared and
characterised in vitro. Based on the in vitro testing, a sustained-release tablet formulation
(A1) containing 30 mg of MT-1207 was selected to be forwarded to a pharmacokinetic study
in Beagle dogs. Even though the single-layer Al tablets provided a sustained release of MT-
1207 in vivo, it was not certain whether the plasma concentration of MT-1207 was
maintained within therapeutic levels over 24 hours. Therefore, further formulation
optimisation was conducted since the tablets released the API much faster in vivo than in

vitro.

As part of the further formulation optimisation, gastroretentive bilayer tablets were
prepared. The gastroretentive layer contained a novel combination of PEO and Kollidon® SR
which, to the best of our knowledge, has not been reported before as a successful
gastroretentive tablet application, even though the materials have been used for this purpose
in previous reports. The gastroretentive layer optimisation was conducted via preliminary
experiments and a subsequent factorial experiment. The optimised gastroretentive layer was
easy to prepare using direct compression and ensured an immediate in vitro buoyancy of the
bilayer tablets that lasted longer than 24 hours in FaSSGF pH 1.6 and was not affected by
modifications in the drug layer. However, the floating capability of the bilayer tablets was
affected by the pH of the medium in which they were immersed, despite them being non-
effervescent. To the best of our knowledge, the potential pH effect on the total floating time
of non-effervescent PEO-based gastroretentive tablets has not been reported in the literature.

SEM imaging and viscosity testing of the gastroretentive layer of the tablets and the different
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media in which they were immersed, respectively, indicated statistically significant variations
in the total floating time of the tablets between the different media. This was linked to
differences in the rate and extent of PEO degradation that mainly took place in strongly
acidic conditions at temperatures above 36 °C. With regards to the drug layer, ethylcellulose
was incorporated as an additional release retardant to provide a more sustained release of
MT-1207 from the bilayer tablets, compared to single-layer Al tablets. The in vitro testing
results of the different bilayer ethylcellulose-containing and bilayer Al formulations
demonstrated that the significant factor affecting the release of MT-1207 was the presence of
the gastroretentive layer in the formulation. The presence and/or content of ethylcellulose did
not have a statistically significant effect on the in vitro drug release. The gastroretentive
bilayer FHesoos and bilayer A1 formulations provided a 24-hour sustained release of MT-1207
in vitro in 0.1 M acetate pH 4.0, in contrast to single-layer Al tablets which released the API
within 12 hours with a release profile that was closer to in vivo data of the respective
pharmacokinetic study. The two gastroretentive formulations were, therefore, forwarded to a
final pharmacokinetic study in Beagle dogs. Based on the findings reported in regard to the
differences in the total floating time of the tablets in media of different pH, the tablets were
administered in Beagle dogs orally after a meal, since fed conditions would ensure the
exposure of the gastroretentive tablets to relatively high gastric pH values. The results
demonstrated a complete, 24-hour sustained release of MT-1207 from the gastroretentive
bilayer tablet formulations. Furthermore, the MRT values recorded during the gastroretentive
tablet dosing regimens were significantly prolonged, compared to those of the single-layer
Al tablet dosing regimen in Chapter 3 of the thesis. This confirmed the superior ability of the
gastroretentive formulations to retard the release of MT-1207 and prolong its residence in
vivo, conferred by the presence of the gastroretentive layer in the formulation. The presence

of the gastroretentive layer also ensured a robust retention of the tablets in the stomach that
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was potentially long enough to ensure a complete 24-hour sustained release of MT-1207 in
the upper part of the GIT. The in vivo buoyancy capability of the novel gastroretentive layer
was, therefore, demonstrated. Overall, both gastroretentive formulations demonstrated

promising capability for the once-a-day oral delivery of MT-1207.
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7 Chapter 7: Limitations and Future Work

7.1 Limitations
The work that was conducted and reported in the present thesis comes with certain

limitations.

Formulation development and manufacturing took place at a lab scale. Small amounts of
API and excipients were each time used to produce a small number of tablets. The optimised
MT-1207 gastroretentive tablets that were developed in the present study were not
manufactured at an industrial scale. It is not yet known whether the lab-scale manufacturing
process can be reproduced at a large scale. The tablets that will be forwarded to clinical
development must be produced at an industrial scale reproducibly. Therefore, this is a crucial

prerequisite for the continuation of their development.

The MT-1207 gastroretentive bilayer tablets that were selected as optimised, based on
the in vitro testing results, were further assessed in terms of their in vivo performance in
Beagle dogs. While certain inferences could be made regarding the ability of the tablets to
remain in the Beagle dog stomach and release MT-1207 over 24 hours, and what this could
mean for potential clinical application, there are certain limitations that need to be
considered. To get a deeper insight into the gastric retention capability of the tablets, in vivo
monitoring studies should be conducted in Beagle dogs and/or humans (140, 246).
Furthermore, there are differences in the GIT environment between Beagle dogs and humans.
More specifically, the gastric pH is higher in Beagle dogs than in humans (256, 272, 273).
Additionally, the gastric mechanical destructive force of Beagle dogs has been estimated to
be almost two times higher than that of humans (247, 248). These differences could cause
inter-species discrepancies in the rate and/or extent of the release of MT-1207 from the

tablets, linked to solubility differences (for gastric pH) and/or differences in the forces
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applied to the tablets. Furthermore, hepatic metabolism tends to be higher in Beagle dogs
than in humans (241). This could contribute to differences in the bioavailability and/or rate of
elimination of MT-1207 since it is mainly biotransformed via S-methylation. Such a
discrepancy has already been demonstrated for the ti» of MT-1207 since its half-life in

humans has been recorded to be significantly higher than that in Beagle dogs (208).

7.2 Future Work

In the present thesis, two MT-1207 gastroretentive bilayer formulations were prepared
and characterised in vitro and in vivo. These formulations have been deemed promising for
further development. A scale-up procedure should be initiated, and a large-scale
manufacturing process should be developed and optimised, so that the tablets may be
manufactured at an industrial scale reproducibly. Afterwards, this process can be used to

prepare gastroretentive bilayer tablets that will be forwarded to human clinical trials.
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Appendix

This section includes supplementary tables and figures containing results of the HPLC

and dissolution method validation conducted in Chapters 3 and 4 of the thesis.

Chapter 3 HPLC and dissolution method validation

e Linearity

Table A-1: Concentration and peak area values of MT-1207 calibration curve in 0.1 M

phosphate pH 6.8 with 0.2% w/v SDS:methanol 95:5 (% v/v) replicate 1.

Concentration (mg/mL) Peak Area (mAU*min)
0.001 1.5872
0.002 2.6935
0.005 6.0083
0.007 9.0453
0.01 12.8738
0.02 25.9631
0.05 64.9897
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Figure A-1: MT-1207 calibration curve in 0.1 M phosphate pH 6.8 with 0.2% wl/v

SDS:methanol 95:5 (%v/v) replicate 1 (Peak Area vs Concentration).

Table A-2: Concentration and peak area values of MT-1207 calibration curve in 0.1 M

phosphate pH 6.8 with 0.2% w/v SDS:methanol 95:5 (% v/v) replicate 2.

Concentration (mg/mL) Peak Area (mMAU*min)
0.001 1.4479
0.002 2.5809
0.005 6.1665
0.007 9.4091
0.01 13.4194
0.02 26.3017
0.05 65.5137
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Figure A-2: MT-1207 calibration curve in 0.1 M phosphate pH 6.8 with 0.2% w/v

SDS:methanol 95:5 (% v/v) replicate 2 (Peak Area vs Concentration).

Table A-3: Concentration and peak area values of MT-1207 calibration curve in 0.1 M

phosphate pH 6.8 with 0.2% w/v SDS:methanol 95:5 (% v/v) replicate 3.

Concentration (mg/mL) Peak Area (mAU*min)
0.001 1.3857
0.002 2.5248
0.005 6.6079
0.007 8.9321
0.01 12.9395
0.02 25.8331
0.05 63.6373
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Figure A-3: MT-1207 calibration curve in 0.1 M phosphate pH 6.8 with 0.2% wl/v

SDS:methanol 95:5 (% v/v) replicate 3 (Peak Area vs Concentration).

e LOD and LOQ determination

Table A-4: Data of the calibration curve that occurred from calculating the mean of the peak

area values from the linearity calibration curves for the respective concentration points (n =

3). Peak area results are presented as mean + standard deviation.

Concentration (mg/mL) Peak Area (mAUmin)
(Mean % Standard Deviation)
0.001 1.4736 +£0.1032
0.002 2.5997 + 0.0859
0.005 6.2609 + 0.3107
0.007 9.1288 + 0.2492
0.01 13.0776 + 0.2979
0.02 26.0326 + 0.2419
0.05 64.7136 + 0.9682
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Figure A-4. MT-1207 calibration curve in 0.1 M phosphate pH 6.8 with 0.2% wl/v
SDS:methanol 95:5 (% v/v) that was used for the LOD and LOQ determination (Peak Area vs

Concentration). Peak area results are presented as mean * standard deviation.

e Specificity

mAl
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Figure A-5: Chromatogram of specificity sample (n = 3).
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e Accuracy, intra-day and inter-day precision

Table A-5: MT-1207 dissolution method accuracy and intra-day precision validation results

at 20 %, 50 %, 80 %, 100 % and 120 % concentration level of MT-1207.

Initial

Mean

Peak Area | Concentration . Accuracy Standard
Sample Name et Concentration 0 Accuracy o % RSD
(mAU*min) (mg/mL) (mg/mL) (%) (%) Deviation
Accuracy 20 % Rep 1 6.5848 0.00498 0.00443 1125
Accuracy 20 % Rep 2 6.5456 0.00495 0.00443 111.8 111.7 0.8 0.8
Accuracy 20 % Rep 3 6.4871 0.00491 0.00443 110.8
Accuracy 50 % Rep 1 15.6082 0.01189 0.01105 107.6
Accuracy 50 % Rep 2 15.8952 0.01210 0.01105 109.5 107.5 2.0 1.9
Accuracy 50 % Rep 3 15.3055 0.01165 0.01105 105.5
Accuracy 80 % Rep 1 24.7493 0.01887 0.01762 107.1
Accuracy 80 % Rep 2 24.5957 0.01875 0.01762 106.4 106.1 1.2 1.1
Accuracy 80 % Rep 3 24.2210 0.01846 0.01762 104.8
Accuracy 100 % Rep 1 | 32.4177 0.02469 0.02198 112.3
Accuracy 100 % Rep 2 | 30.4709 0.02321 0.02198 105.6 108.2 3.6 3.3
Accuracy 100 % Rep 3 30.7957 0.02346 0.02198 106.7
Accuracy 120 % Rep 1 | 38.7459 0.02955 0.02632 112.3
Accuracy 120 % Rep 2 | 38.7953 0.02959 0.02632 112.4 111.6 1.2 1.1
Accuracy 120 % Rep 3 | 38.0285 0.02900 0.02632 110.2
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Table A-6: MT-1207 dissolution method inter-day precision validation results at 20 %, 50 %,

80 %, 100 % and 120 % concentration level of MT-1207.

Mean Standard
Sample Name Accuracy (%) | Accuracy Deviation % RSD
(%)
Precision 20 % Rep 1 109.0
Precision 20 % Rep 2 107.9 109.8 2.4 2.2
Precision 20 % Rep 3 112.5
Precision 50 % Rep 1 112.8
Precision 50 % Rep 2 114.6 110.9 4.8 4.3
Precision 50 % Rep 3 105.5
Precision 80 % Rep 1 112.2
Precision 80 % Rep 2 114.7 110.5 5.2 4.7
Precision 80 % Rep 3 104.7
Precision 100 % Rep 1 107.4
Precision 100 % Rep 2 106.1 108.3 2.7 2.4
Precision 100 % Rep 3 111.3
Precision 120 % Rep 1 1111
Precision 120 % Rep 2 111.9 1111 0.8 0.8
Precision 120 % Rep 3 110.2

156



Chapter 4 HPLC and dissolution method validation

e Linearity
Table A-7: Concentration and peak area values of MT-1207 calibration curve in 0.1 M

acetate buffer pH 4.0 replicate 1.

Concentration (mg/mL) Peak Area (mAU*min)
0.001 1.4017
0.002 2.7218
0.005 6.7316
0.007 9.0305
0.01 13.4500
0.02 27.2400
0.05 68.3314
0.07 94.9500
0.1 135.1867
140
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Figure A-6: MT-1207 calibration curve in 0.1 M acetate buffer pH 4.0 replicate 1 (Peak Area

vs Concentration).
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Table A-8: Concentration and peak area values of MT-1207 calibration curve in 0.1 M

acetate buffer pH 4.0 replicate 2.

Concentration (mg/mL) Peak Area (MAU*min)
0.001 1.3467
0.002 2.7383
0.005 6.6933
0.007 9.2500
0.01 13.4134
0.02 26.3217
0.05 67.2383
0.07 94.3816
0.1 134.3150
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Figure A-7: MT-1207 calibration curve in 0.1 M acetate buffer pH 4.0 replicate 2 (Peak Area

vs Concentration).
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Table A-9: Concentration and peak area values of MT-1207 calibration curve in 0.1 M

acetate buffer pH 4.0 replicate 3.

Concentration (mg/mL) Peak Area (mAU*min)
0.001 1.3116
0.002 2.6164
0.005 6.4967
0.007 9.2950
0.01 13.2433
0.02 26.4300
0.05 67.0950
0.07 93.6051
0.1 132.7950
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Figure A-8: MT-1207 calibration curve in 0.1 M acetate buffer pH 4.0 replicate 3 (Peak Area

vs Concentration).
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e LOD and LOQ determination
Table A-10: Data of the calibration curve that occurred from calculating the mean of the
peak area values from the linearity calibration curves for the respective concentration points

(n = 3). Peak area results are presented as mean + standard deviation.

Concentration (mg/mL) Peak Area (mAU*min)
0.001 1.3533 + 0.0454
0.002 2.6922 + 0.0660
0.005 6.6406 £ 0.1261
0.007 0.1918 £ 0.1415
0.01 13.3689 + 0.1103
0.02 26.6639 + 0.5019
0.05 67.5550 + 0.6764
0.07 94.3122 + 0.6752
0.1 134.0989 + 1.2104
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Figure A-9: MT-1207 calibration curve in 0.1 M acetate buffer pH 4.0 that was used for the
LOD and LOQ determination (Peak Area vs Concentration). Peak area results are presented

as mean + standard deviation.
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Figure A-10: Chromatogram of specificity sample (n = 3).
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e Accuracy, intra-day and inter-day precision

Table A-11: MT-1207 dissolution method accuracy and intra-day precision validation results

at 20 %, 50 %, 80 %, 100 % and 120 % concentration level of MT-1207 (n = 3).

Initial

Mean

Peak Area | Concentration . Accuracy Standard
. Concentration Accuracy L % RSD
* 0,
(mAU*min) (mg/mL) (mg/mL) (%) (%) Deviation
Accuracy 20 % R1 15.4103 0.01239 0.01200 103.2
Accuracy 20 % R2 15.2197 0.01224 0.01200 102.0 100.1 4.3 4.3
Accuracy 20 % R3 14,1793 0.01142 0.01200 95.2
Accuracy 50 % R1 40.4233 0.03204 0.03000 106.8
Accuracy 50 % R2 40.0211 0.03172 0.03000 105.7 101.9 7.6 7.4
Accuracy 50 % R3 35.2270 0.02795 0.03000 93.2
Accuracy 80 % R1 64.6137 0.05104 0.04800 106.3
Accuracy 80 % R2 64.2838 0.05078 0.04800 105.8 106.2 0.3 0.3
Accuracy 80 % R3 64.6688 0.05109 0.04800 106.4
Accuracy 100 % R1 76.6211 0.06048 0.06000 100.8
Accuracy 100 % R2 79.2104 0.06251 0.06000 104.2 103.7 2.7 2.6
Accuracy 100 % R3 80.6419 0.06364 0.06000 106.1
Accuracy 120 % R1 92.6152 0.07304 0.07200 101.4
Accuracy 120 % R2 95.2354 0.07510 0.07200 104.3 101.5 2.7 2.7
Accuracy 120 % R3 90.2154 0.07116 0.07200 98.8
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Table A-12: MT-1207 dissolution method inter-day precision validation results at 20 %, 50

%, 80 %, 100 % and 120 % concentration level of MT-1207 (n = 3).

Mean Accuracy Standard
0, 0]
Accuracy (%) (%) Deviation Yo RSD
20% Rep 1 100.1
20 % Rep 2 100.0 99.1 1.6 1.6
20 % Rep 3 97.3
50% Rep 1 101.8
50 % Rep 2 98.0 99.6 2.0 2.0
50 % Rep 3 99.0
80 % Rep 1 99.2
80 % Rep 2 108.0 103.9 4.4 4.3
80 % Rep 3 104.6
100 % Rep 1 104.7
100 % Rep 2 99.4 102.2 2.7 2.6
100 % Rep 3 102.5
120% Rep 1 104.7
120 % Rep 2 104.5 105.1 0.9 0.8
120 % Rep 3 106.1
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