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Abbreviations

API Active pharmaceutical ingredient

BCS Biopharmaceutical classification system
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DDS Drug delivery system

DMSO Dimethyl sulfoxide

DSC Differential scanning calorimetry

EC Ethyl cellulose

EPR Electron paramagnetic resonance
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HBS Hydrodynamically balanced system
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NMR Nuclear magnetic resonance

NSAID Non steroidal antiinflammatory drugs

PCM N-3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yloxy
= 3-Carbamoyl-proxyl
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rpm rotations per minute



SEM
TEC
TEM
TMA
TMS
TPI
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Scanning electron microscopy
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Transmission electron microscopy
Thermal mechanical analysis
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United States Pharmacopeia



Chapter 1 Introduction

1. Introduction

The peroral administration of drugs represents nowadays the most common way of
drug application not least due to its high patient acceptance. Applicable devices may
be classified into single unit dosage forms such as tablets, dragées and capsules as
well as multi particulate dosage forms like for example pellets, granulates and
powders [1]. In principle immediate release drug delivery systems have to be
distinguished from modified release dosage forms. Immediate release DDSs are,
particularly with regard to drugs with a short biological half-life, associated with a fast
increase and decrease and hence fluctuations of drug plasma levels. Therefore,
therapeutic drug plasma levels are under-run or exceeded, leading to a reduction or
loss in drug effectiveness or an increased incidence of side effects. Modified release
DDSs include systems with pH-dependent, extended, delayed or pulsed drug
release. Sustained, extended or prolonged release drug delivery systems are terms
used synonymously to describe this group of controlled drug delivery devices. By
contrast, delayed release dosage forms have to be distinguished from the ones
mentioned above as they exhibit a more or less pronounced lag time before drug
release.

Extended release oral DDSs offer the opportunity to provide constant or nearly
constant drug plasma levels over a certain time period after administration [2]. As
therapeutic drug plasma concentrations are maintained over prolonged periods by
applying extended release dosage forms, an attenuation of adverse effects, the
application frequency and thus improved patient compliance can be achieved,
especially when used in long-term treatment [3,4]. Sustained release drug delivery
systems include single-unit and multiple-unit dosage forms as well as coated and
matrix devices [5]. Sustained release oral dosage forms have to conform to the
following requirements:

- Increase the duration of drug’s action in the body
- Controlled drug delivery over a long period of time
- Improved effectiveness of drug therapies

- Safe drug release without the risk of dose dumping.
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Drugs administered by using a sustained release oral dosage form are subjected to
the following parameters:

- The necessity to maintain constant plasma levels over prolonged time periods
- A broad therapeutic window ensuring that in case of undesirable burst release
of the nominal dose the health of the patient is not endangered [6].

The maximum achievable sustained drug release is restricted by the transit time of
the dosage form in the gastro intestinal tract, which is subjected to interindividual
variations of 12 hours up to 48 hours [7]. The transit time is effected by the age, the
gender, the body mass index and the state of health of the individual as well as the
composition of meals and dietary conditions. Additionally the impact of administered
drugs such as opioid analgesics or metoclopramide affecting the gastric motility has
to be taken into account.

The present thesis intended to analyze drug release mechanisms from two different
types of extended release dosage forms, namely coated tablets and matrix devices.
Regarding coated tablets it is possible to modify the drug release by the application
of polymer coats which determine either pH-dependent or pH- independent drug
liberation [8]. In this thesis, a main focus is on the pH-independent drug release from
tablets with membrane controlled drug delivery.

Polymers used for the manufacturing of these dosage forms include ethyl cellulose,
ammonio methacrylate copolymers such as Eudragit® RL and Eudragit® RS as well
as ethyl acrylate methyl methacrylate copolymer Eudragit® NE. Since the variation in
coating thickness is in some cases limited due to formation of cracks at lower coating
levels, alterations in coating formulation play a major role in adjustment of drug
release profiles. In this connection many efforts have been made to affect drug
release rate by choosing different excipients as pore forming components in coating
formulations. For achieving a controlled porosity in the tablet coating leachable small
water-soluble molecules may be incorporated in the film. For this purpose
components like sucrose, urea, potassium chloride and sodium chloride are used
[9-11]. Moreover, systems using non-ionic surfactants like polysorbate 20 or even
varying amounts of plasticizer were described [12,13]. The latter solution implies the
risk of brittle or sticky coatings in case of too low or to high plasticizer amounts.
Avoiding these issues the use of polymer blends consisting of a water insoluble and
in the end remaining polymer such as ethyl cellulose and a leachable water soluble

2



Chapter 1 Introduction

polymer like i.e. polyethylene glycol, poly(vinyl alcohol)-poly(ethylene glycol)-graft-
copolymer, polyvinyl pyrrolidone or hydroxypropyl methylcellulose represents an
interesting approach for achieving membrane controlled drug delivery [14-17]. Drug
liberation may be adjusted by the combination of polymers exhibiting the desired
physicochemical characteristics such as solubility in different parts of the Gl tract,
permeability and mechanical strength [18]. In this case, drug release profiles are
dependent on the amount and solubility of the pore-forming polymer, the coating
thickness, the osmotic pressure difference and the solubility of the drug.

The main polymer used in the formulations presented in this thesis is Kollicoat® SR, a
polyvinyl acetate exhibiting an averagemolecular weight of 450.000. It is marketed as
Kollicoat® SR 30 D, a ready to use coating suspension composed of 27 % poly(vinyl
acetate) stabilized with 0.3 % sodium lauryl sulphate and 2.7 % povidone, which acts
as a pore former [19].

H\[\ﬂ\
H
n

O O

Fig. 1.1 Chemical structure of Kollicoat® SR (n ~ 5226).

CHj

Kollicoat® SR is characterized by water insolubility and a low minimum film forming
temperature of 18 °C. It shows exceptional sustained release characteristics for both
water soluble and poorly water soluble drugs and provides drug release independent
of pH and ionic strength of the release medium [20-22].

An exceptional characteristic of Kollicoat® SR lies in its high tensile strength.
Elongation at break is up to about 400 % with an amount of 15 % propylene glycol as
a plasticizer [23]. Thus, the compression of pellets without rupture of the polymer film
is possible by adding 10% TEC or propylene glycol respectively [24,25].

Though Kollicoat® SR represents a relatively new controlled release polymer on the
market it has already been used as the water insoluble part in membrane controlled
drug delivery coatings of some formulations [25,26]. When in contact with dissolution
medium, PVP dissolves leaving pores for the drug diffusion through the polymer film.
Since April 2004 a Kollicoat® SR monograph is registered in the European
Pharmacopoeia [27].
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In addition to the application as a polymeric coat Kollicoat® SR is used as a
granulation agent due to its binding characteristics [28].

Drug release profiles of Kollicoat® SR coated tablets were adjusted by the addition of
soluble, pore forming polymer Kollicoat® IR. The latter represents a spray dried
powder of poly(ethylene glycol)-poly(vinyl alcohol) graft copolymer. It is produced by
grafting of vinyl acetate onto polyethylene glycol (PEG) and subsequent
saponification of the poly(ethylene glycol)-poly(vinyl acetate) graft copolymers. PEG
units and PVA units are related to each other as 25 %:75 %, forming a comb-like
structure. Kollicoat® IR was launched in 2002 and approved by BfArM in 2005 and by
the FDA in 2008.

Fig. 1.2 Chemical structure of Kollicoat® IR
(m~175,n~ 136, x =2 - 3).

Kollicoat® IR is characterized by a high water solubility and a high dissolution rate.
The low viscosity of coating solutions causes a fast and simple processibility. PEG-
PVA grafted copolymer forms highly flexible films, as the plasticizer is covalently
bonded to the polymer.

A main field of application lies in the function of a fast dissolving film forming polymer
for taste masking or protection against humidity and light [29]. Janssens et al. utilized
the good water solubility of Kollicoat® IR in the development of solid dispersions via
melt extrusion to improve the bioavailability of poorly water soluble drugs [30,31].
Some approaches have been performed by the use of Kollicoat® IR in orally fast
dissolving films for drug application [32,33].

In membrane controlled drug delivery systems PEG-PVA grafted copolymer acts as a
pore forming agent, whereas drug release rates may be adjusted by a change in
Kollicoat® IR concentration [34]. Combined with PVAc a pH independent sustained
release coating is obtained that is characterised by a much lower risk of dose
dumping due to its highly flexible film.



Chapter 1 Introduction

Regarding matrix tablets as the second type of oral dosage form characterized in this
thesis, various polymers exhibiting different physicochemical properties have been
investigated in last decades as matrix forming excipients to retard drug liberation. In
this connection, hydrophilic, hydrophobic and plastic matrices have to be
distinguished. The most commonly used polymers in for the realization of hydrophilic
matrix systems are cellulose ethers such as hydroxyethyl cellulose, hydroxypropyl
cellulose and hydroxypropyl methylcellulose. After contact with aqueous dissolution
medium a gel layer controlling the drug release is formed. Hydrophobic matrix
systems are often consisting of waxy materials, whereas the drug liberation is
controlled by the drug diffusion through the porous material and erosion of the matrix.
In contrast to this, inert, plastic matrix systems do not exhibit erosion. The diffusion of
aqueous medium into the matrix device represents the rate limiting step unless pore
forming agents are added [35]. Polymers such as ammonio methacrylate copolymer
(Eudragit® RSPO) have been applied in the past to realize this kind of matrix
systems.

For the preparation of plastic matrix systems characterized in this thesis Kollidon® SR
was used as a matrix forming agent. Kollidon® SR represents a physical mixture of
80 % poly(vinyl acetate) and 20 % poly(vinyl pyrrolidone) (Figs. 1.1 and 1.3).

Fig. 1.3 Chemical structure of poly(vinyl pyrrolidone) (n = 396 — 486).

(=
e

n

Kollidon® SR shows strong dry binding characteristics, whereas the optimized ratio of
PVP and PVAc provides a partly water soluble binder with a high plasticity [36].
Poly(vinyl pyrrolidone) improves the compressibility and acts as a pore forming agent
allowing a controlled drug diffusion. Kollidon® SR based matrix tablets with a high
crush resistance preventing the misuse of opioid analgetics such as oxycodon have
been prepared [37]. Excerted compression forces for the manufacturing of these
tablets are comparatively low. Formulations with solely poly(vinyl acetate) as matrix
forming excipient as well as in combination with HPMC, maize starch, lactose,

calcium phosphate have been published [38-40]. Due to the low glass transition
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temperature of PVAc even a preparation of matrix tablets via melt extrusion can be
considered [41].

Two different model drugs were chosen to analyze the impact of drug solubility on
drug release characteristics. In this context, Propranolol HCI represents a mixture of
R- and S-1-(Isopropylamino)-3-(naphthalen-1-yloxy)propan-2-ol hydrochloride. As a
non-selective antagonist on B1- and p2-adrenoceptors and is used as an anti-
arrhythmic and blood pressure lowering drug.

Fig. 1.4 Chemical structure of R,S - Propranolol HCI.
DS
O/\{\TI@B
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Due to its relativly good water solubility of 220 mg/ml in 0.1 N HCI and 254 mg/ml in

phosphate buffer as well as a sufficient permeability in vivo, Propranolol HCI is
classified as a BCS | drug [42,43]. In consequence of a strong first pass effect the
bioavailibility of Propranolol HCI is decreases to 30 % - 55 %, depending on the age
of the subject [44]. In general, extended release Propranolol HCI formulations are
subjected to a lower bioavailability compared to conventional tablets. Nevertheless,
various bioequivalence studies comparing immediate and sustained release
Propranolol HCI formulations found equivalent or increased Propranolol HCI plasma
levels [45,46]. Propranolol HCI was selected as a model drug to show the drug
release from the developed DDSs which is only marginally influenced by solubility
issues. Therefore, these systems were expected to mainly exhibit the influence of the

drug delivery system on drug release retardation.

On the other hand, Theophylline exhibits poor water solubility characteristics of
8.3 mg/ml and has been classified as BCS IV [43]. Theophylline has been reported to
act as an adenosin A1 receptor antagonist which is additionally inhibiting
phosphodiesterases and releases calcium from intracellular reservoirs to the
cytoplasma. Its use is mainly focused on the treatment of medium to severe asthma

bronchiale as it contributes to the release of bronchial spasms [47].
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o Fig. 1.5 Chemical structure of Theophylline.
H

N N
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As Theophylline exhibits a small therapeutic window, the development of a dosage
form ensuring reliable and controlled drug release rates has up to now been in the
focus of interest. In contrast to Propranolol HCI, Theophylline was expected to show
a more pronounced retardation in release patterns when formulated with the same

DDSs due to its decreased solubility.

For the characterization of solid oral dosage forms up to now various techniques
have been described. In case of coated tablets the analysis of physicochemical
properties of the polymer films plays an essential role. Up to now only a few
publications regarding the thermal characterization of Kollicoat® SR/Kollicoat® IR
films by means of DSC and TMA can be found [48]. For the determination of glass
transition temperatures not only DSC and TMA but also differential thermo analysis,
dilatometry and refractometry come into consideration. Films can be formed by
spreading or spraying of the coating formulation onto plates and subsequent drying.
Another application of the DSC technique lies in the analysis of the interaction
potential of PVAc with incorporated drugs [49].

Molecular and morphological properties of polymeric flms can be obtained by the
utilization of Raman spectroscopy [50,51]. Further characterization of film surfaces
can be performed by using ESEM [50,51]. Compared to SEM, environmental
scanning electron microscopy allows the measuring of humid samples and thus may
provide information on the swelling characteristics of polymer films. Up to the present
no publications regarding the morphological characterization of Kollicoat® SR/
Kollicoat® IR based films are available.

Apart from standard pharmacopoeial methods, various techniques were used for a
deeper analysis of the prepared tablets and the manufacturing process. Tableting
characteristics of Kollidon® SR at different humidities in combination with the model
drug Theophylline have been studied by Hauschild and Picker-Freyer using the 3D
model [52].
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Recently terahertz pulsed imaging has been applied to the characterization of solid
dosage forms. It offers the possibility to analyze film coatings in a non-destructive
manner, as terahertz radiation is capable of penetrating most pharmaceutical
excipients. Thus, detailed information regarding coating thickness, coat uniformity
and reproducibility, phase transitions, polymorph identification and polymorph
quantification is gained [53,54].

MRI proved to be a powerful method concerning the monitoring of swelling processes
of HPMC based matrix tablets [55-57]. °F NMR imaging has been used to determine
drug distributions in swelling HPMC matrix tablets [58]. Unfortunately, the application
of MRI on solid oral dosage forms consisting of poly(vinyl acetate) has been
neglected so far.

Today, electron paramagnetic resonance spectroscopy has been utilized in the field
of pharmaceutical research to determine water penetration behaviour into systems of
interest as well as their homogeneity. It has been applied to HPMC matrix systems to
further characterize drug release processes [59,60]. EPR offers furthermore the
possibility to detect the oxidative degradation of active pharmaceutical ingredients in
the solid state as well as the pH measurement [61]. EPRI was applied to monitor ph
values inside HPMC based matrix tablets affected by incorporated pH modifying
agents, their solubility and leaching behaviour [62]. Furthermore, oxygen permeation
kinetics through HPMC coated tablets was studied using EPR spectroscopy [63].

Summarizing it is obvious, that due to the short period of time since Kollicoat® IR,
Kollicoat® SR and Kollidon® SR entered the market, only a few drug delivery systems
consisting of these polymers have been analyzed more deeply regarding their drug
release mechanism. On the other hand it has to be pointed out, that despite the long
history of solid oral dosage forms some processes governing drug release are still
unexplored. The basic mechanism of drug release from coated oral dosage forms
with membrane controlled drug delivery is related to the diffusion of the solubilized
drug through the polymer coat. In this connection the further characterization of water
penetration behaviour into the tablet initialiting drug solubilization leads to a deeper
understanding of mechanisms related to drug liberation. Surprisingly, despite the
long history of membrane controlled DDSs, the leaching of water-soluble
components from the film and its impact on drug release pattern has not been
investigated in detail.
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Furthermore, not only extended release oral dosage forms but gastroretentive drug
delivery systems based on PVAc were put in the focus of this work. The retention
mechanism for the gastroretentive tablets proposed in this thesis was based on the
ability of these devices to float. At this juncture matrix devices were compared to
coated floating tablets, whereas in the latter the required lower density was obtained
by carbon dioxide development inside the tablet core. As Kollicoat® SR/Kollicoat® IR
blends were utilized likewise for the development of coated floating tablets, it was
possible to apply some of the results obtained in the previous characterization of
drug release processes from non-floating tablets. Despite the development of various
DDSs proposed for gastric retention in the last three decades, still some questions
concerning the retention mechanism of the dosage form remained unanswered.
Although magnetic resonance imaging has been used to monitor water penetration
and swelling behaviour of HPMC matrix systems the application of the MRI technique
has been neglected in the characterization of floating drug delivery systems up to

now.
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Research objectives

The research objectives of the present doctoral thesis can be summarized as follows:

Thermal analysis of polymer films to study the compatibility of Kollicoat® SR/
Kollicoat® IR blends and receive information regarding the glass transition
temperatures of the polymers

Investigation of the impact of polymer film composition and coating thickness
on drug release characteristics from Kollicoat® SR/Kollicoat® IR coated tablets
Non-invasive monitoring of the solubilized drug amount inside the coated
tablet by EPR spectroscopy

Evaluation of water uptake characteristics into coated tablets by using
thermogravimetric methods

Monitoring of morphological changes in film coat composition induced by
dissolution by means of scanning electron microscopy

Characterization of dissolution induced changes in film coat composition by
the application of 'H NMR spectroscopy

Development of Kollicoat® SR/Kollicoat® IR coated floating tablets
Development of poly(vinyl acetate)-based floating matrix tablets

Quantitative determination of the floating strength of the devices

Non-invasive and continuous monitoring of swelling, hydration and carbon
dioxide development characteristics

Determination of drug release kinetics of floating matrix devices

10
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2. Thermal analysis of polymer films

2.1 Introduction

DSC and TMA are widely used to determine the glass transition temperature T, of
free films [48,64-67]. The glass transition temperature is defined as the
transformation of a substance from the amorph and glassy to a rubbery state. It is
related to increased polymer chain segment motion and depends on molecular
weight, internal strain in the polymer and residual solvents [68,69]. As an amorphous
solid is not in a thermodynamically balanced state, the transition to the rubbery state
represents a kinetically controlled relaxation process. Therefore, the process of glass
transition is not fixed to a certain temperature but a temperature range.

DSC studies are performed either by detecting the heat flux (heat flux DSC) being
proportional to the temperature difference or by measuring the electrical power
needed to keep both sample and reference at a constant temperature (power
compensating DSC).

TMA experiments are realizable utilizing two different measuring setups. By using the
penetration mode a copped measuring sensor under load is penetrating the sample
in relation to temperature. Measuring the T, by means of TMA is predicated on the
principle that due to the acquirement of thermal energy at glass transition
temperature polymer chains are beginning to move. Thus, the transition from the
brittle to the ductile state is detected as the glass transition temperature [69]. A deep
penetration of the measuring sensor indicates the softening temperature Ts of the
polymer film. Using the expansion method a flat measuring sensor is in contact with
the sample, registering the temperature dependent increase of the free volume of the
sample which is caused by an increased mobility of the polymeric chains at higher
temperatures.

In this chapter the film forming polymers Kollicoat® SR and Kollicoat® IR were
analyzed regarding their glass transition temperatures by using heat flux DSC and
TMA operating in penetration mode. Furthermore, the compatibility of both polymers
was characterized by determining the glass transition temperatures of Kollicoat®
SR/IR films. Therefore, the total amount of film forming polymer as a sum of

Kollicoat® SR and Kollicoat® IR as well as the total amount of plastcizer triacetin

11
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remained the same in both film formulations. Solely the Kollicoat® SR/IR ratio was
varied to study the influence of PEG-PVA on the glass transition temperature.

12
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2.2 Materials

Kollicoat® SR, Kollicoat® IR and Kollidon® 30 were obtained by BASF (Ludwigshafen,
Germany). Triacetin and Talc were purchased from Sigma Aldrich (Taufkirchen,
Germany). Titanium dioxide was supplied by Kronos Titan GmbH (Leverkusen,
Germany).

2.3 Methods

2.3.1 Preparation of free films

Pure Kollicoat® IR films were prepared by mixing 60.0 g PEG-PVA with 140.0 ml
distilled water to receive a polymer solution of 30 % (m/m). Kollicoat® SR 30 D was
used as received and only blended before casting the films. Polymer dispersions with
different Kollicoat® SR/IR ratios according to Table 2.1 were prepared by adding
triacetin, Kollicoat® IR and Kollicoat® SR 30 D to 60 ml distilled water and subsequent
blending. Mixing was always carried out for 3 min using an Ultra Turrax (T 18 basic,
Ika, Germany) at 18.000 rpm. PVP was diluted in 35 ml distilled water. After adding
talc and titanium dioxide to the PVP solution the suspension was dispersed. Then the

pigment suspension was incorporated into the polymer suspension and mixed again.

Table 2.1 Composition of Kollicoat® SR/ Kollicoat® IR films.

Components (g) SR/IR:9/1 SR/IR:8/2
Kollicoat? SR30D  87.0 84.6
Kollicoat® IR 2.6 5.0
Triacetin 1.4 1.4
Kollidon® 30 1.0 1.0
Titanium dioxide 1.0 1.0

Talc 7.0 7.0
Distilled water 95.0 95.0

Amounts of 20 ml polymer dispersions were cast onto teflon coated plates and
subsequently dried to constant weight in a heater at 60 °C for 12 hours. Polymer

13
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films were removed from the Teflon plates and stored at 20 °C and 60 % relative
humidity for 3 days. The thickness of the films was determined using a manual
micrometer at 15 random positions of the film. The mean standard deviation did not
exceed 3.5 % of the average thickness, which exhibited values as shown in
Table 2.2.

Table 2.2 Film thickness of free films casted on Teflon plates.

Film Kollicoat® IR Kollicoat® SR SRI/IR:9/1 SR/IR:8/2

Film thickness 143 £ 3 um 150 £ 5 pym 148 £ 5 um 142 £ 4 uym

2.3.2 Thermal mechanical analysis experiments

Thermal mechanical analysis detects changes of a dimension or mechanical
properties of samples subjected to a predefined temperature program.

TMA experiments were carried out with a TMA 202 (Netzsch, Selb, Germany),
working with expansion mode. Samples were heated from 0 °C to 100 °C with a
heating rate of 5 K/min. Nitrogen was used as a washing gas with a rate of 50
ml/min. The glass transition temperature was determined by the change of the slope
of the obtained curves. Experiments were performed in duplicate.

2.3.3 Differential scanning calorimetry experiments

DSC measurements were performed on a DSC 200 (Netsch, Selb, Germany),
operating with a heating rate of 10 K/min within a range of 0 °C to 100 °C. After an
equilibration phase the samples were first heated, afterwards cooled down to 0 °C
and then heated again following the same regimen like before. Nitrogen was used as
a flushing gas with a flow rate of 10 ml/min. The weight of the free film samples used
for the DSC measurements varied from 4.5 to 7.8 mg. The samples were placed into
aluminium pans with a pierced lid. For the determination of the glass transition
temperature T, the data of the second heating curve were analyzed. DSC

experiments were carried out in triplicate.

14
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2.4 Results and discussion

2.4.1 Thermal mechanical analysis experiments

TMA curves are characterized by two inflection points, whereas the first indicates the
glass transition temperature. At the T, the mobility of the polymer chains and thus the
free volume of the sample increases, leading to a penetration of the measuring
sensor into the sample. Therefore, the onset in TMA thermograms indicates the glass
transition temperature of the polymer (Fig. 2.1). Thermal mechanical analysis
experiments revealed a lower T, for Kollicoat® IR compared to Kollicoat® SR 30 D

(Table 2.3).

Kollicoat SR

204

-40 -

504 Kollicoat IR

Extension (um)

-80

-100 . , . , : 1 : 1 : ,
0 20 40 60 80 100

Temperature (°C)

Fig. 2.1 TMA curves of Kollicoat® SR and Kollicoat® IR free films.

2.4.2 Differential scanning calorimetry experiments

The glass transition temperature is apparent in DSC curves as an endothermic step
and is determined as the intersection point of the baseline and the tangent of the
gradient DSC curve. As DSC curves often exhibit a gradient baseline, the correct
determination of the T, is possibly hindered. To simplify the comparison of the results
obtained by DSC and TMA the midpoint of the steps in the DSC curves, which also

15
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represents the inflection point of the curve, is used for the determination of the glass

transition temperature (Fig. 2.2).

041 l exo

Kollicoat IR

0,3+

Kollicoat SR 30 D

024

DSC (mW/mg)

0,14

0,0 . ’ . : ’ . . : . |
0 20 40 60 80 100

Temperature (°C)

Fig. 2.2 DSC curves of Kollicoat® IR and Kollicoat® SR free films.

The glass transition temperatures obtained by both methods are compared in
Table 2.3. Determined T, values of polymers often tend to vary depending onthe
technique used for determination [69]. Values determined by TMA tend to be higher
than those acquired by DSC. This phenomenon has already been described in the
literature, whereas values determined by TMA exceed DSC values by 6 °C in
average [70,71]. Thus, a comparison of T, obtained by different methods remains

difficult.

Table 2.3 Glass transition temperatures of Kollicoat® IR and Kollicoat® SR 30 D films
determined by TMA and DSC.

Polymeric film T, determined by TMA T, determined by DSC
Kollicoat® IR 41.6 °C 37.4 °C
Kollicoat® SR 30 D 47.9 °C 40.6 °C

Free films with a Kollicoat® SR/ Kollicoat® IR ratio of 9:1 exhibited a glass transition
temperature of 27.4 °C, which was lower compared to pure free films. The decrease
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in Ty value was expected due to the addition of the plasticizer triacetin (Fig. 2.3).
Interestingly, the increase in PEG-PVA content resulted in further decreased glass
transition temperature to a value of 25.8 °C. Since the plasticizer PEG is covalently
bound to the film forming polymer, Kollicoat® IR acts as a polymeric plasticizer. Thus,
PEG-PVA improves film coat properties such as mechanical strength and facilitates

the film formation at lower temperatures due to the further lowering of the glass

transition temperature.

020+ SR/IR:9:1

exo

0,154 SR/IR:8/2

DSC (mW/mg)

T T T T T T T T T 1
0 20 40 60 80 100

Temperature (°C)

Fig. 2.3 DSC measurements of SR/IR:9:1 and SR/IR:8/2 films.

The appearance of only one glass transition temperature of the polymer films with
different Kollicoat® SR/Kollicoat® IR ratios indicates the compatibility of both

polymers.
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2.5 Conclusion

DSC and TMA allowed the T, determination of pure Kollicoat® IR and Kollicoat® SR
films as well as of polymer films with different Kollicoat® SR/IR ratios. The condition
of film coats during the dissolution process is expressed by the glass transition
temperatures of the swollen polymer films. Lower T, values of polymer films are
related to a higher probability of being exceeded by the physiological temperature.
Thus, an increased mobility of the polymer chains will contribute to a higher
permeability of the film coat facilitating drug release. It was shown, that both coating
formulations are effectively plasticized by the addition of triacetin and Kollicoat® IR
acting as a polymeric plasticizer.
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3. Mechanistic analysis of drug release

3.1 Introduction

In the present chapter drug release characteristics from MCC based tablet cores
coated with two different coating compositions for membrane controlled drug delivery
were analyzed. Therefore film coats with Kollicoat® SR/Kollicoat® IR ratios of 9/1 and
8/2, which were already characterized in the previous chapter by means of thermal
analysis, were used.

Kollicoat® SR was utilized as a coating polymer allowing membrane controlled drug
delivery. The addition of a water soluble polymer Kollicoat® IR was expected to
accelerate the drug release. After contact with the dissolution medium polymers will
first begin to swell and absorb water. Swelling will continue until an equilibrium state
is reached between the ambition of hydration that will promote the diffusion and the
elastic strength of the polymer network on the opposite. As a second process
dissolution of the polymer occurs which is eroding the film coating [72,73]. For this
step a linear polymer or a sufficient hydrophylicity of the polymer is required for it can
be solvated by the water in the dissolution medium. The water which penetrated the
film coating is reaching the tablet core and increases the polarity and molecular
mobility inside the tablet so that dissolution of the drug and water soluble excipients
occurs.

Regarding the composition of the tablet core MCC was chosen as an excipient
allowing direct compression without the need of a time consuming granulation step.
Since MCC contributes to a fast disintegration of the tablet core, the characteristics of
the tablet coat will mainly influence the drug release profile.

Propranolol HCI and Theophylline were incorporated into the tablet cores as water
soluble and slightly water soluble model drugs respectively. In addition to investigate
the impact of drug solubility characteristics, coating composition and film coat
thickness on drug release the focus in this chapter was to explore the drug release
mechanisms in more detail. A detailed understanding of the release mechanisms is
required for a rationale based improvement of the drug liberation characteristics.
Therefore, the water uptake was quantified by gravimetric measurements.
Additionally, EPR spectroscopy was applied to analyze the microenvironment inside

the tablet core. EPR spectroscopy (Electron Paramagnetic Resonance spectroscopy,
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syn. ESR spectroscopy) is a powerful tool to get unique information on drug delivery
processes [74-79]. In this chapter EPR spectroscopy was applied to monitor drug
solubilization processes within the tablet core. Propranolol HCI and Theophylline are
both EPR silent as they do not exhibit the molecular structure of a radical possessing
an unpaired electron. Therefore, the hydrophilic, water soluble spin probe PCM (N-3-
carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yloxy) was incorporated into tablets as a
model drug. Exhibiting a logP value of 0.68, except for the radical character the spin
probe 3-Carbamoyl-proxyl shows physical properties comparable to Propranolol HCI
with a logP value of 0.62 (logP value of Theophylline = -0.008) [80,81]. Thus, results
obtained by EPR spectroscopy will allow drawing conclusions regarding the
dissolution behaviour of the model drug inside the tablet.
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3.2 Materials

Kollicoat® IR, Kollicoat® SR 30 D, Kollidon® 30 and Theophylline monohydrate were
purchased from BASF (Ludwigshafen, Germany). MicroceLac® 100 was obtained
from Meggle GmbH & Co. KG (Wasserburg, Germany). Talc and Propranolol HCI
were purchased from Sigma Aldrich (Taufkirchen, Germany). Titanium dioxide was
supplied by Kronos Titan GmbH (Leverkusen, Germany). EPR spin probe PCM (N-3-
carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yloxy) was obtained by Prof.
V.V. Khramtsov, Institute of Chemical Kinetics and Combustion, Novosibirsk, Russia.

3.3 Methods

3.3.1 Preparation of tablet cores

Two different tablet cores were prepared with a composition according to Table 3.1.
All formulation ingredients, except the magnesium stearate were blended in a z-arm
mixer (AR 400, Erweka GmbH, Heusenstamm, Germany) for 10 min. After adding the
magnesium stearate the powder mixture was blended for another 2 min. Biconvex
tablets were compressed on a rotary tablet press (RL 12, Kilian GmbH & Co KG,
Germany) with a compression force of 6 kN. Tablets weighed 310 mg (x15mg) and

measured 9 mm in diameter.

Table 3.1 Tablet core composition.

Components m (mg)
API (Propranolol HCI or Theophylline) 62.00
MicroceLac® 100 243.35
Aerosil® 200 3.10
Magnesium stearate 1.55

For tablets containing the hydrophilic EPR spin probe PCM (Fig. 3.1) 0.05 mmol of
this substance were dissolved in ethanol 70 % and mixed in the z-arm mixer with
100 g of the powder mixture. The powder was dried at 40°C in a drying oven for 48 h.
This procedure was carried out to obtain a tablet powder with molecularly dispersed
EPR spin probe PCM. Biconvex tablets were compressed on a rotary tablet press
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(Pharmapress 100, Korsch Pressen GmbH, Germany). Tablets weighed 500 mg (£25

mg) and measured 11 mm in diameter.

[9) Fig. 3.1 Chemical structure of spin probe PCM.

NH,

)
o

3.3.2 Film coating of tablet cores

Coating dispersions with two different Kollicoat® SR/IR ratios were modified according
to Kolter et al. [82] and contained coating polymers in a 90 %/10 % and 80 %/20 %

Kollicoat® SR/IR rate respectively, related to each other as dry mass (Table 3.2).

Table 3.2 Composition of coating dispersions.

Components (g) SR/IR:9/1 SR/IR:8/2
Kollicoat® SR30D  435.0 422.0
Kollicoat® IR 13.0 26.0
Triacetin 7.0 7.0
Kollidon®30 5.0 5.0
Titanium dioxide 5.0 5.0
Talc 35.0 35.0
Distilled water 475.0 475.0

Triacetin, Kollicoat® IR and Kollicoat® SR 30 D were added to 300 ml distilled water
and blended. Mixing was always carried out for 3 min using an Ultra Turrax (T 18
basic, lka, Germany) at 18.000 rpm. PVP was diluted in 175 ml distilled water. After
adding talc and titanium dioxide to the PVP solution the suspension was dispersed.
Then the pigment suspension was incorporated into the polymer suspension and
mixed again. The coating dispersion was stirred during the whole coating run to
prevent settling using a blade stirrer (MR 25, MLW, Germany) at 100 rpm.
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The tablets were coated in a drum coater (Lab-Coater GC-300, Glatt GmbH,
Switzerland). The coating conditions were: inlet air temperature: 50 °C, air flow rate:
100 m%/h, spray rate: 7.5 g/min, atomizing air pressure: 2.0 bar, drum speed: 10 rpm.
During the coating process samples of 100 tablets were taken at 4, 6 and 8 mg
polymer/cm? respectively.

3.3.3 Determination of dissolution characteristics

The dissolution tests were performed according to paddle method 2 in the USP 30
[83]. Therefore an automatic dissolution tester (PTWS 310, Pharmatest Apparatebau,
Hainburg, Germany) was used. The dissolution conditions were set to 37 °C
dissolution temperature and 50 rpm paddle speed. The dissolution medium was
hydrochloric acid with a pH of 1. After two hours the medium was changed to
phosphate buffer with a pH of 6.8. The dissolved drug amount was determined by
measuring the UV absorption at 290 nm (Propranolol HCI) and 272 nm (Theophylline)
respectively and calculated using the calibration equations of both drugs. Dissolution

tests were carried out in triplicate.

3.3.4 Comparison of lag times before drug release

After extrapolating the approximately linear part of the dissolution slope to the
abscissa it is possible to calculate the lag times at the initial phase of drug dissolution
profiles.

3.3.5 Determination of water uptake behaviour

Propranolol HCI tablets were placed into hydrochloric acid (pH 1) for the first two
hours and then transferred into phosphate buffer (pH 6.8). In predetermined intervals
samples were taken and adhering water on the surface was removed using paper
tissues. Then tablets were weighed and dried in a drying oven at 70 °C until mass
was constant. Water uptake was calculated as amount of penetrated water related to
dry tablet mass. Measurements were carried out in triplicate.
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3.3.6 Monitoring of water diffusion characteristics by means of EPR
spectroscopy

Propranolol HCI tablets containing EPR spin probe PCM in addition were used.
Measurements were performed with an L-band EPR spectrometer (Magnetech
GmbH, Berlin, Germany) working at a microwave frequency of about 1.3 GHz.
Measurements were carried out using the following parameters: Bo-field 49.0 mT,
scan range 12 mT, scan time 60 s and modulation amplitude 0.21 mT.

Tablets were placed into a dissolution tester containing 900 ml 0.1 N hydrochloric
acid. After 2 hours the dissolution medium was changed to phosphate buffer with a
pH of 6.8. Before measuring the tablets were removed from dissolution medium and
adhering water on the surface was removed carefully using paper tissues. Each

measurement was performed in triplicate.

3.4 Results and discussion
3.4.1 Determination of dissolution characteristics

In order to guarantee a reliable release, coating application was not lower than 4 mg
polymer/cm?2. In all dissolution tests Theophylline tablets showed lower drug release
rates compared to tablets with Propranolol HCI due to the poorer water solubility of
the drug (Figs. 3.2 and 3.3).

According to the law of Noyes and Whitney the dissolution rate of a drug substance is
given by the following equation:

202 (0,0 (1)
where 6m/dt represents the dissolution rate, dm the mass of the unsolubilized drug at
time t, D the diffusion coefficient, h the thickness of the diffusion layer, A the surface
area of the drug patrticles, ¢s the drug solubility and ¢ the drug concentration at time t.
As Theophylline is characterized by a lower solubility in aqueous media
(cs = 8.3 mg/ml) compared to Propranolol HCI (¢s = 220 mg/ml in 0.1 N HCI and 254
mg/ml in phosphate buffer) the drug dissolution rate was expected to be lower for

Theophylline, which in consequence was detected in the dissolution experiments.
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Tablets with coating formulation SR/IR:9/1 exhibited no

Theophylline and Propranolol HCI.
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Fig. 3.2 Influence of coating level on Propranolol HCI release from tablets with coating

formulation SR/IR-9/1 and formulation SR/IR:8/2.
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Fig. 3.3 Influence of coating level on Theophylline release from tablets with coating

formulation SR/IR:9/1 and formulation SR/IR:8/2.

The release rate of both model drugs from SR/IR:9/1 coated tablets was to slow due

to a small amount of water soluble polymer Kollicoat® IR. Within 24 hours the total

amount of drug released from tablets with an 8 mg polymer/cm? coat yielded
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maximum values of only 20 % Propranolol HCI and 9 % Theophylline respectively.
Due to a lower permeability an increased coating thickness led to decreased drug
release rates. Theophylline release behaviour was approximately linear whereas
Propranolol HCI delivery increased after an almost linear initial phase. The
Kollicoat® SR/IR ratio showed a stronger impact on drug release rates compared to
coating thickness. This effect was strongly apparent from the Propranolol HCI release
profiles. The lower solubility of Theophylline compared to Propranolol HCI masked the
influence of the coating composition on drug release characteristics. As expected,
drug delivery increased with a higher Kollicoat® IR concentration in coating
formulation SR/IR:8/2. Dissolution profiles were characterized by an initial lag time
with no drug release and a suddenly increased permeability of the film coat. Poor
water solubility prevented complete Theophylline liberation, whereas Propranolol HCI
tablets showed complete drug release within 24 hours.

3.4.2 Comparison of lag times before drug release

During the lag time at the beginning of the dissolution test the concentration of
permeant in the film is building up. After water penetration through the film the drug
inside the tablet is dissolved. It begins to diffuse through the film as permeability
increases. The lag times for coating formulation SR/IR:8/2 were calculated and are
given in Table 3.3.

Table 3.3 Lag times prior to drug release for coating formulation SR/IR:8/2.

Coat Lag time of Propranolol HCI tablets Lag time of Theophylline tablets
thickness (min) (min)

4 mg/cm? 28 (£ 4) 28 (£ 1)

6 mg/cm? 82 (£ 2) 84 (£ 2)

8 mg/cm2 104 (+2) 124 (+ 4)

A higher coating thickness led, due to extended diffusion pathways, to slower water
diffusion and increased lag times (Fig. 3.4). For formulations with the same coating
level comparable lag times prior to drug release were obtained for both model drugs,
except for tablets with 8 mg polymer/cm? coat thickness. Slight differences in lag

times may be caused by the lower water solubility of Theophylline. Due to the
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decreased drug permeability of the polymeric film coat the calculation of lag times for
tablets with coating formulation SR/IR:9/1 was not feasible.

2] O Propranolol HCI, 4 mg polymer/cm?
2] o Propranolol HCI, 6 mg polymer/cm?
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Fig. 3.4 Influence of coating level on lag time in Propranolol HCI and Theophylline release
from tablets with coating formulation SR/IR:8/2.

3.4.3 Determination of water uptake behaviour

To study the impact of water diffusion into the tablet on drug release profiles, the
water uptake was determined gravimetrically. The findings showed that water
penetration was dependent on film coat thickness (Fig. 3.5).

Tablets with a low coating thickness demonstrated fast water penetration behaviour,
whereas higher coating film thickness led to initially reduced water permeability with a
subsequent rise. Due to the beginning dissolution of the water soluble polymer the
diffusibility of the film increases. These results agree with the determined lag times at
the beginning of drug release for coating formulation SR/IR:8/2.

The coating composition had only a minor influence on water diffusion into tablets,
whereas SR/IR:8/2 coated tablets exhibited a slightly higher water uptake values.
Altogether only slight differences in water uptake behaviour were observed for both
coating formulations. After five hours absolute water uptake values for all samples
were on a comparable level.

Water uptake of 80% is not leading to a macroscopically damaged coating surface
demonstrating a high flexibility of the film, which might reduce the danger of dose
dumping.
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Fig. 3.5 Influence of coating level on water uptake into tablets with different coating
formulations (o 4 mg, o 6 mg, A 8 mg polymer/cm?).

3.4.4 Monitoring of water diffusion characteristics by means of EPR
spectroscopy

EPR spectra of dry tablets showed the immobilization of the spin probe (Fig. 3.6 a-f, 0
min). These are expected for randomly orientated nitroxides in solid samples.
Positioning tablets into 0.1 N HCI led in all cases to immediate changes in spectral
shape and signal intensity (Fig. 3.6 a-f, 1 min). Only small amounts of water inside the
tablet core increase the mobility of the PCM environment. Surprisingly spectra of all
tablet samples for measuring point 1 minute showed already a solubilization of spin
probe PCM, caused by water penetration into the tablet. At this point neither
Theophylline nor Propranolol HCI are released from the tablet core. After contact with
dissolution medium the coating polymers are rapidly hydrated and begin to swell, so
that water molecules are capable to diffuse through the expanding polymer network.
At the beginning diffusion processes are mainly directed into the tablet and are mainly
controlled by the one-way water influx. Therefore, drug release processes become
more efficient after the tablet core is water saturated. The contribution of the mobile
part to the whole spectrum of the nitroxide increased steadily with time, detecting the

continuing water diffusion into the tablet.
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Fig. 3.6 EPR spectra of PCM loaded tablet samples with SR/IR:9/1 and SR/IR:8/2 coat
characterized by different coating levels and after different time intervals of exposure to 0.1 N

HCI.
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After 10 min (4mg polymer/cm?), 20 min (6 mg polymer/cm?) and 25 min (8 mg
polymer/cm?) respectively the maximum detectable amount of mobile EPR spin probe
is reached. Similar spectral changes were detected for tablets with both coating
formulations. As film coating SR/IR:9/1 shows a significantly lower permeability for
Theophylline and Propranolol HCI than formulation SR/IR:8/2, it was interesting to
see, that water penetration behaviour did almost not change. Only for tablets with a
coating application of 8 mg polymer/cm? a slightly decreased contribution of the
mobile part to the whole nitroxide spectrum could be detected.

/\/ ﬂ/ /\ measured spectrum
I AR

/ \ fitted immobile part

/] //\ \/ fitted mobile part
—
/

?

Field (mT)

Fig. 3.7 Fitting of mobile and immobile part of spin probe PCM by using EPR simulation
software.

For the calculation of mobile and immobile part of PCM respectively the software
Nitroxide spectra simulation V. 4.99 from Biophysical laboratory EPR centre (Josef
Stefan Institute, Ljubljana, Slovenia) was used (Fig. 3.7). For the immobile part of the
spin probe the order parameter was set to 1.00 and the rotational correlation time to 3
ns. Two different optimization steps were used (simplex optimization followed by
Monte Carlo optimization). Spectra with an immobile part of nitroxide lower than about
15% could not be fitted with the used program with a high accuracy. Therefore in this
study calculated amounts of mobile spin probe yield maximum values of about 80%.

Mobilization characteristics of the spin probe PCM were similar for tablets with both
film coat compositions at lower coating levels (Fig. 3.8). Differences became more
pronounced for tablets with an increased coating thickness. With an increased
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amount of the water soluble PEG-PVA in film coat SR/IR:8/2 the hydration of the
polymer film and thus water penetration into the tablet core is improved. Due to a
lower diffusion path in tablets with a lower coating level this effect is less distinctive.
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Fig. 3.8 Influence of coating level on water penetration into tablets with different coating
formulations leading to mobilization of spin probe PCM (o 4 mg, o 6 mg, A 8 mg
polymer/cm?).

The results obtained from EPR experiments permit to draw conclusions regarding the
drug release characteristics. As PCM and Propranolol HCI exhibit similar physical
properties, their behaviour as a model drug in the tablet formulations will be
comparable. Therefore, an amount at least 80 % of the spin probe PCM being
dissolved within a time interval of 25 minutes for all tabet samples indicate, that
approximately the same amount of Propranolol HCI within the tablet core is
solubilized. At that time drug release is only marginal with values varying from 0.1 to
1.7 %, whereas the solubilization of the drug was nearly completed. Thus, the drug
diffusion through the polymeric film coat represents the dissolution rate limiting step.
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3.5 Conclusion

The present work regarding the mechanistic analysis of drug release contributes to a
more profound understanding of permeation processes through polymer film coatings
using non-invasive methods. The findings demonstrate, that for Propranolol HCI
tablets with a coating formulation containing 20% PVA-PEG and 80% PVAc (related
to each other as dry mass) a complete and sustained drug delivery is achieved within
24 hours with different release profiles. Water penetration into tablets occurs very
rapidly as can be seen in a fast change in molecular mobility of the spin probe PCM
for all tablet samples. In contrast to drug release, water permeation is only marginally
dependent on PVA-PEG content, as changes in the molecular mobility of the micro
environment of the spin probe PCM are detected within one minute for both coating
formulations and show similar characteristics in further water permeation process.
Differences in coating composition become slightly more pronouced at higher coating
levels, as the permeability and hydration of SR/IR:8/2 film coats is increased due to a
higher amount of the water soluble polymer Kollicoat® IR. These findings were also
underlined by the results of the characterization of water uptake behaviour. For the
first time the initial steps of diffusion processes through film coatings were monitored
non invasively and continuously by using EPR spectroscopy.

In summary, the release rates depend on drug solubility, coating composition and
coating level. Water penetration through the Kollicoat® SR and Kollicoat® IR based
films occurs within few minutes. The penetrated water is able to solubilize water
soluble molecules inside the tablet core efficiently. Water uptake continues in most
cases for 1-2 h at a high rate and slows down thereafter. Drug release rates increase
after the water penetration slows down. In conclusion the lag time of drug release
does not contradict the observed rapid water uptake, because water transport is one
way directed from outside to inside for the first 1-2 h. Drug release becomes only
efficient after the tablet core is water saturated and the transport processes through
the membrane become diffusion controlled in both directions.
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4. Monitoring of dissolution induced changes in film coat

composition

4.1 Introduction

As membrane controlled drug delivery coatings are subjected to changes in coating
composition, it is necessary to characterize the process of leaching of water-soluble
components in relation to drug release pattern for a deeper understanding of drug
release mechanisms. The polymers of the coat will start to absorb water and swell
after contact with an aqueous medium. Fast water penetration behaviour through
polymer coatings with membrane controlled drug delivery were proved in chapter 3.
Water permeates through the polymer film dissolving the drug inside the tablet core.
Swelling of coating polymers will continue until an equilibrium state is reached
between the achievement of hydration that will promote the diffusion and the elastic
strength of the polymer on the opposite. As a second process dissolution of
hydrophilic polymers occurs [73,84]. For this step a linear polymer or a sufficient
hydrophilicity of the polymer is required so it can be solvated by the water in the
dissolution medium. Furthermore, plasticizers may dissolve according to their
solubility. The leaching of pore-formimg agents from the polymer coat into the
dissolution media creates pores which control the release of drug molecules. Due to
an osmotic pressure difference water permeation into the tablet will continue until the
core is water saturated and the transport processes through the membrane become
diffusion controlled in both directions. The water influx induced swelling of the tablet
is leading to an expansion of the polymer network and by this to a further increased
permeability of the film coat. Questions of interest of this thesis implied release
characteristics of water soluble coating polymers in relation to drug release and
thereby induced morphological changes of the polymer coating.

Even though coated oral dosage forms play today a very important role on the
pharmaceutical market only few investigations have been performed referring to
dissolution induced changes in coating composition. Some studies described the
monitoring of the plasticizer leaching behaviour using HPLC or DSC [85,86]. Another
possibility lies in the quantification of the dry weight loss of isolated films using
gravimetrical methods [87,88]. A colorimetric molybdovanadophosphate method has
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been applied to detect leaching of dibasic calcium phosphate from films based on
aqueous acrylic latex [89]. Leaching of pectin from films consisting of pectin, chitosan
and HPMC has been monitored by detecting pectin and its degradation products with
a colouring reaction and subsequent measurement of the UV absorption [90].

'H NMR spectroscopy was chosen to quantify the loss of Kollicoat® IR, Kollidon® 30
and triacetin in the film coats as it represents an accurate method for the
quantification of organic components. It has already been used to determine the
composition of poly(hydroxyethyl-L-asparagine)-coated liposomes, PEG-stabilized
lipid nanoparticles and PEG-phosphatidylethanolamine in phospholipids mixtures
[91-93]. Surprisingly no studies have been performed concerning the application of
'"H NMR spectroscopy in the field of coated oral dosage forms. Advantageous
aspects are a simple sample preparation with no need for further isolation of each
coating component before measuring and a rapid and easy achievement of results.
Characterization of film coat attributes such as mechanical properties or the
permeability of polymeric films is often performed by using free films prepared by
casting or spraying [94-97]. To receive realistic results regarding the dissolution of
soluble film coat components, singly one side of the polymeric film ought to have
contact with the dissolution medium. The latter diffuses through the film coat leading
initially to a flux into one direction, whereas afterwards the diffusion is directed in both
ways. As the experimental set-up to mimic these conditions by using free films is
potentially demanding, for 'TH-NMR and SEM experiments coated tablets were used,
peeling the film coat off the tablet cores for the 'H-NMR trials and analyzing the
coated tablet surface by SEM respectively.
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4.2 Materials

For "H-NMR and SEM experiments tablet samples with Propranolol HCI as a model
drug and coated with SR/IR:9/1 and SR/IR:8:2 films of 4, 6 and 8 mg polymer/ cm?
according to chapter 3.3.2 were used.

4.3 Methods

4.3.1 Monitoring of dissolution induced changes in film coat composition by
means of '"H NMR

In preparation for 'H-NMR experiments tablets were placed into an automatic
dissolution tester (PTWS 310, Pharmatest Apparatebau, Hainburg, Germany) with
0.1 N HCI for the first two hours and subsequently in phosphate buffer pH 6.8 as
mentioned above. Tablets were removed after predetermined time intervals and the
film coat was peeled off the tablet cores. Adhering particles of tablet core
components were carefully removed with 1 ml distilled water and dried in an
exsiccator for 24 hours. The dried films were dissolved in DMSO-Dg. 'H NMR spectra
were acquired from a 400 MHz "H-NMR spectrometer (Varian Gemini 2000, Varian
GmbH, Darmstadt, Germany). 'H-NMR experiments were performed fivefold
according to the USP method [83].

For both water soluble polymer compounds (PVP and PEG-PVA) and plasticizer
triacetin calibration curves were plotted by calculating the AUC of appropriate peaks
in '"H-NMR spectra of the component dissolved in DMSO-Ds at different
concentrations.

To study the linearity of the method, solutions with different Kollicoat® IR,
Kollidon® 30 and triacetin content were analyzed by '"H NMR. Fig 4.1 shows that the
amount of each leachable component determined by NMR corresponds linearly with
the concentration in the dilution series. Experiments were performed fivefold
according to USP method [83].

The regression coefficient for all components was > 0.99. The developed 'H NMR
method is therefore suitable to accurately determine and monitor dissolution induced
changes in coating composition.
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Table 4.1 Regression coefficients regarding the linearity of the recovery rate and limits of
detection for the leachable film coat components.

Leachable component Kollicoat® IR Kollidon® 30 Triacetin
Coefficient of determination (r?) 0.9916 0.9975 0.9987
LOD (S/N 3:1) 9 pg/ml 5 pg/ml 6 pg/ml

The LOD for the developed 'H NMR spectrosopic method was determined for a
signal to noise ratio of 3:1 (Table 4.1). It was possible to monitor the decay of soluble

components in the film coat for up to approximately 1 % of the initial concentration.
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Fig. 4.1 Correlation between the percentage of the leachable film components in a dilution
series and the calculated percentage after 'H NMR analysis.
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4.3.2 Monitoring of dissolution induced changes in film coat composition by
means of SEM

SEM (Philips ESEM XL 30 FEG, Philips Electron Optics) of tablet surfaces was
performed before and after exposure to dissolution medium in an automatic
dissolution tester (PTWS 310, Pharmatest Apparatebau, Hainburg, Germany) and
subsequent removal of absorbed water in an exsiccator for 48 hours. SEM
micrographs were obtained by using WET-mode (1.7 mbar, acceleration voltage of
12 keV) and by the detecting secondary electron images.

4.4 Results and discussion

4.4.1 Monitoring of dissolution induced changes in film coat composition by

means of '"H NMR

'H-NMR spectra of isolated films exhibited characteristic peaks of the polymeric

components and the plasticizer triacetin (Fig. 4.2).
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Fig. 4.2 '"H-NMR spectrum of the coat SR/IR:8/2 before exposure to dissolution media.
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The assignment of the respective '"H NMR signals for each film component is
presented in Fig. 4.3 and Table 4.2.
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Fig. 4.3 Molecular structures of Kollicoat® SR, Kollicoat® IR, Kollidon® 30 and triacetin. The
denominations SR, IR, PVP and TR indicate the type of molecule; the numbers indicate the
assignment of the protons in the NMR spectroscopy (Fig. 4.3 and Table 4.2).

'H NMR signals were identified by applying the H NMR predictor software

(ACD/Labs, Advanced Chemistry Department Inc., Pegnitz, Germany) on 'H NMR

spectra of isolated film components. The complex structure of the film forming

polymers hampered in some cases the assignment of the 'H NMR signals. However,

it was possible to identify for each leachable component a signal, which was

sufficiently resolved and not superimposed by peaks from other coating ingredients

or the partially deuterated solvent DMSO-ds.
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Table 4.2 Assignment of the signals in the '"H NMR spectrum of the film coat.

Chemical shift Assignment

0 T™MS

1.1 Kollidon® 30: CHj vinyl end
1.2-15 Kollicoat® IR: IR1, IR2, IR3
1.75 Kollicoat® SR: CH; vinyl end
1.8-2.0 Kollicoat® SR: SR1, SR2

Kollidon® 30: PVP1, PVP2, PVP5

2.05 Triacetin: TR1

2.5 partially deuterated DMSO
3.3 Kollidon® 30: PVP3
3.3-3.7 Kollicoat® IR: IR5-IR12
3.8 Kollicoat® IR: IR4

4.1-4.2 Triacetin: TR2

4.4-4.7 Kollicoat® IR: IR13

Kollidon® 30: PVP4

4.8 Kollicoat® SR: SR3

5.2 Triacetin: TR3

For Kollicoat® IR the signal at 3.3 ppm, for triacetin the peak at 2.05 ppm and for
Kollidon® 30 the peak at 1.1 ppm were used for calculating the extend of water
soluble component leaching (Fig. 4.4).
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Fig 4.4 Reduction of relevant peaks for monitoring the leaching of a = Kollicoat® IR,
b = Kollidon® 30, ¢ = triacetin from film coat SR/IR:8/2 after 2 h of contact with dissolution
medium.

The "H-NMR results indicated that, in contrast to PVAc exhibiting peaks in the range
from 1.75 to 2 ppm, the concentration of the water soluble polymers PEG-PVA and
PVP as well that of triacetin decreased with time in both coating formulations
(Figs. 4.5 and 4.6). After a time interval of 16 h (SR/IR:9/1) and 5 h (SR/IR:8/2)
respectively the water soluble coating polymers were no longer detectable. The
difference in leaching times is a result of the lower PEG-PVA content in coating
formulation SR/IR:9/1. Higher amounts of water soluble polymers lead to a more
rapidly increased permeability, so that remaining polymers are leached out faster. In
both formulations PVP was unhinged more rapidly. This may be caused by a better
solubility due to the linear structure of the polymer compared to PEG-PVA exhibiting
the structure of a graft copolymer with a comb-like structure.
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Fig. 4.5 Relevant section of '"H NMR spectra of film coat SR/IR:9/1 after different intervals of
contact with dissolution media for monitoring the leaching of water soluble components.
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Fig. 4.6 Relevant section of 'H NMR spectra of film coat SR/IR:8/2 after different intervals of
contact with dissolution media for monitoring the leaching of water soluble components.
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Fig. 4.7 Time dependent decay of Kollicoat® IR, Kollidon® 30 and Triacetin concentration in
SR/IR:9/1 and SR/IR:8/2 films.

To quantify the amount of dissolved coating ingredient the AUC of the respective
peaks was calculated and plotted against the time (Fig. 4.7). Interestingly, the
leaching behaviour of all three substances proved to be very similar. Even though
triacetin exhibits a lower hydrophylicity similar leaching characteristics were
monitored. This might be a result of the smaller molecular size compared to the
polymeric components. In both formulations Kollidon® 30 was released more rapidly,
which may be due to the linear structure of the polymer compared to Kollicoat® IR
with the structure of a graft copolymer.

Significant differences were found for the absolute time required for the leaching of
water soluble film ingredients. Leaching time tripled for the release from films with
coating composition SR/IR:9/1 compared to film coats with increased Kollicoat® IR
content.

To recieve further information on the leaching characteristics of water soluble film
components, results obtained by 'H NMR spectra were fitted to both
monoexponential and biexponential decay curves (Fig. 4.8). Obviously, the decay in
soluble polymer concentration and plasticizer triacetin were found to be governed by
biexponential characteristics with a fast decrease for the first 30 minutes (SR/IR-8/2)
and 60 minutes (SR/IR-9/1) respectively, followed by a slight decay over several
hours.

The change in leaching characteristics over time may be due local heterogeneities of
the local concentrations. Areas with high concentrations of each water soluble

polymers and triacetin respectively will dissolve quickly. In contrast, water soluble
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Kollidon® 30 and Kollicoat® IR molecules which are entangled within a Kollicoat® SR

network will need more time to detangle and to leave the film.
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Fig. 4.8 Leaching characteristics of triacetin in SR/IR:9/1 film subjected to monoexponential

and biexponential fit as an example .

For a deeper analysis of polymer dissolution characteristics elimination rate
constants (ke) for PEG-PVA, PVP and triacetin were calculated using the feathering

method (Fig. 4.9).
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Fig. 4.9 Elimination rate constants of Kollicoat® IR, Kollidon® 30 and triacetin in coating film

SR/IR-8/2 and SR/IR-9/1.
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Elimination rate constants of Kollicoat® IR and Kollidon® 30 showed among each
other similar values in the respective case for fast and slow soluble polymer decay in
each coating composition, which might be due to similar solubility characteristics of
both water soluble polymers. Only key of both polymers in coating composition
SR/IR:9/1 showed slight differences. Differences in ke1 were for both water soluble
polymers in coating composition SR/IR:8/2 related to SR/IR:9/1 about 3:1 and in kep
about 10:1. Obvious differences in polymer concentration decay at the beginning
increase even more with continuing dissolution medium contact. PVP and PEG-PVA
molecules on or near the tablet surface are solubilized fast and contribute to a fast
decay in soluble polymer concentration (ke1). As the distance of PEG-PVA and PVP
to the tablet surface increases, dissolution of polymers becomes more and more
permeability controlled (ke2).

4.4.2 Monitoring of dissolution induced changes in film coat composition by
means of SEM

SEM images showed a relatively rough coating surface, which exhibited a much
smoother appearance after exposure to water due to rapid water penetration into the
olymer coating and subsequent swelling (Fig 4.10). This effect, caused by the
enormous plasticity of poly(vinyl acetate) might be the reason for the stated self-
repairing mechanism of Kollicoat® SR, that was reported to ensure an unchanged
dissolution profile even after mechanical stress [98,99].

Fig. 4.10 Scanning electron microgaph of SR/IR:8/2 coat
before (down right) and after exposure to water (up left).
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£

SR/IR:9/1 coat SR/IR:8/2 coat

Fig. 4.11 SEM images of tablet surfaces after different time periods of contact with
dissolution media.
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SEM images of untreated coated tablet surfaces (Fig. 4.11, 0 h) with both coating
compositions exhibited a relatively rough coating surface, which was due to water
insoluble pigment particles, that are gradually washed off the tablet surface after
exposure to dissolution medium (Fig. 4.11, 2 h). Therefore, after two hours of contact
with dissolution medium only very slight morphological changes were visible.
Significant differences in coating morphology were monitored after five hours of
contact with dissolution media. SEM micrographs of SR/IR:8/2 coated tablets
revealed morphological changes in the structure of the coating surface, which were
related to an alteration in coating composition (Fig. 4.11, 5 h and 20 h). Due to a
leaching out of the water soluble polymers PVP and PEG-PVA the remaining coating
polymer PVAc abounds. SEM micrographs exhibited after five hours emerging PVAc
polymer strings while in 'H-NMR spectra at that time characteristic peaks for
poly(vinyl pyrrolidone) and PEG-PVA were no longer detectable. Surprisingly no
pores on the tablet surface caused by leaching of water soluble components were
visible. The continuing water diffusion through the polymer coating into the tablet
core resulted in a strong swelling of the tablet. SEM images exhibited after twenty
hours a strong emerging of the water insoluble polymer PVAc with an expanded
polymer network at the end of the dissolution test. Thus the increased permeability of
the SR/IR:8/2 coat was visualized. In contrast to this, the tablet surface of SR/IR:9/1
coated tablets was only subjected to minor changes. After 20 hours of contact with
dissolution media only some small pore-like structures were observed. Compared to
tablet samples with SR/IR:8/2 coat the surface structure exhibits a compact and less
permeable appearance. These findings are in good agreement with the drug release
profiles discussed in chapter 3.4.1, showing nearly complete Propranolol HCI release
for tablet samples with SR/IR:8/2 coat and less than 15 % for those being coated with
SR/IR:9/1.
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4.5 Conclusion

The dissolution induced changes of the film composition were related to Propranolol
HCI release rate, which increased when approximately 80 % (SR/IR:8/2) or 90%
(SR/IR:9/1) of both PEG-PVA and PVP as well as triacetin had been released. This
divergence was caused by a lower total amount of water soluble polymers in coating
composition SR/IR:9/1. Propranolol HCI was not able to permeate through the film
coat when PEG-PVA and PVP are leached only in the outer parts of the polymer film
as lag times prior to drug release continued after the fast decay of soluble polymer
concentration. Water soluble polymers had to dissolve even in the area near the
tablet core to create a higher porosity of the film coat. Permeability of the whole
coating layer was now high enough to allow increased drug diffusion. It was shown,
that the developed 'H-NMR spectroscopy proved to be an appropriate tool for
monitoring quantitative changes in coating composition. SEM experiments underlined
these findings revealing morphological changes of the coating surface. Drug release
kinetics were related to dissolution induced changes in coating composition.
Permeability of the film coat increased, when about 90 % of the water soluble
polymers and plasticizer triacetin were leached out of the film coat.
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5. Development and characterization of poly(vinyl acetate)

coated floating tablets

5.1 Introduction

Until now numerous oral controlled drug delivery systems have been developed to
prolong drug release. The crucial point in this respect is that the drug has to be
absorbed well throughout the whole gastrointestinal tract. Generally, the absorption
of active pharmaceutical ingredients from oral drug delivery systems is related to
gastrointestinal tract transit time. Physiologically, oral dosage forms exhibit a
relatively short transit time in these anatomical segments. The retention of oral
dosage forms in the upper gastrointestinal tract causes a prolonged contact time of
drugs with the gastrointestinal tract mucosa. This results in a higher bioavailability
and therapeutic efficacy, reduced time intervals for drug administration, a potentially
reduced dose size and thus an improved patient compliance [100]. Therefore, gastric
retentive devices may be used as extended release drug delivery systems as well
[101]. Gastroretentive DDSs exhibiting controlled drug release are of particular
interest for drugs that are absorbed incompletely due to a relatively narrow region for
absorption in the gastrointestinal tract, such as cyclosporin, ciprofloxacin and
furosemide [102-105]. Drugs that are less soluble or are degraded in a higher-pH
environment such as verapamil HCI and captopril respectively may also benefit from
gastric retention [106-109]. Furthermore, the application of gastric retentive devices
to drugs acting locally in the stomach (e.g. antibiotics against Helicobacter Pylori and
misoprostol) are of great interest [110-112]. Drugs exhibiting saturation kinetics
regarding their absorption mechanism like cefuroxim axetil may also benefit from
gastric retention [113]. In general the group of drugs, that benefits from an oral
application using a gastroretentive DDS, includes analgesics except NSAIDs due to
their gastric ulcer-causing potential, antibiotics, tranquilizers, diuretics,
antidepressants, vitamines, hormones, antacids and antiparkinsonian drugs [6].

Even though gastric retentive systems have been in the focus of interest of many
research groups for the last three decades, up to now only a few systems are

available on the market: Madopar® HBS, Valrelease®, Gaviscon® Liquid, Topalkan®

48



Chapter 5 Development and characterization of poly(vinyl acetate) coated floating tablets

and Almagate Flot-Coat® [114-116]. Obviously many obstacles have to be overcome
to ensure a reliable function of the gastroretentive device.

In the fasted state the pylorus is closed retaining particles larger than 1-2 mm in the
stomach. The gastric retention of a dosage form is related to the physiological
conditions and mechanisms affecting the transit times of gastric contents. Gastric
emptying may be classified into emptying of liquids, digestible and indigestible solids,
whereas solid oral dosage forms are among the latter as they do not possess any
significant caloric value [117,118]. The emptying of liquids is governed by muscular
contractions of the fundus and follows first order kinetics. Digestible solids are
emptied after being thickened to chyme by peristaltic waves of the fundus. The
pylorus closes as the muscular contractions approach the antrum, retaining large
solid particles as well as indigestible solids until they are further reduced in size.
Indegistible solids are emptied from the stomach at regular intervals by the powerful
contractions of the IMMC, the so-called housekeeper waves. The cut-off size for
particles to be retained in the stomach in this case has been reported as 12.8 £ 7 mm
[119,120]. Streubel et al. estimated, that dosage forms should exhibit a minimum size
of 13 mm for being retained in the stomach, though even devices with a bigger size
were reported to be emptied through the pylorus [121].

Gastric transit times are strongly related to ingestion, whereas the retention of oral
dosage forms in the stomach can be correlated with the time period within which the
subject remains in the fed state [122]. Regarding the gastric emptying in the fasted
state fatty acids such as oleic acid have been reported to significantly contribute to a
delay in gastric transit [123,124].

As the retention of a dosage form in the stomach is working against Gl tract
physiology, some efforts have to be made to ensure that further transport via the
pylorus is prevented. Being aware of the physiological conditions in the stomach,
various approaches for gastroretentive dosage forms have been proposed including

- mucoadhesive [125,126]
- swelling and/or expanding [127-129]
- and floating systems [130-132].

The development of mucoadhesive gastroretentive devices is based on binding
characteristics of various materials such as poly(acrylic acid), chitosan, tragacanth,
cholestyramine, sucralfate, polylactic acid and dextran on the mucous membrane
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[133-136]. Due to the constant mucus secretion in the stomach and therefore the
removal of the mucus from the gastric mucosa, the binding of polymeric components
of a DDS to mucin does not always imply gastric retention [122].

Expandable gastroretentive devices have to meet the following standards: a dosage
form small enough to be swallowable, an expansion to a size exceeding the aperture
of the pylorus and a degradation of the dosage form after completed drug release to
avoid an accumulation within the stomach. Systems unfolding in the stomach are
mostly fit into gelatin capsules or a gelatin band is used to fix the folded arms of the
gastroretentive device [127,137-141]. The increased size of the dosage form is
supposed to retain it the stomach. Since the pylorus works as a sphincter, the
reported diameter of its aperture of 12.8 + 7.0 mm is subjected to broad
interindividual fluctuations [142]. Due to the strong contractions of the migrating
myoelectric complex the ingested dosage form may possibly pass the stomach.
Expandable gastroretentive devices imply the risk of unfolding in the esophagus
during swallowing and therefore potentially causing serious complications. In
contrary, systems expanding too slowly may pass the pylorus before being
completely expanded and thus fail gastric retention [122].

Another technological approach for the realization of gastric retentive dosage forms
lies in the development of floating devices. Floating dosage forms are floating due to
an intrinsic density lower than that of the gastric content, which is reported as 1.004-
1.010 g/cms, or due to the formation of a gaseous phase inside the system after
contact with gastric fluid [143]. This attribute allows them to remain afloat on the
surface of the gastric content for a longer period of time without affecting the rate of
emptying. A major drawback lies in the fact, that floating DDSs are bound to subjects
in the fed state and the administration of sufficient liquid, as a gastric content to float
on is required [144]. Up to now the results of in vivo studies regarding the efficacy of
floating devices are not consistent. Various authors state that floating of the dosage
form does not significantly lead to prolonged gastric retention times or improved
bioavailability [122,130,145-147]. Thereby, pharmacokinetic changes were most
likely rather attributed to the presence of food than the floating abilities of the dosage
form. By contrast, floating devices were shown to offer the advantage of being
expelled less likely from the stomach by the MCC compared to sinking devices of the
same size [148,149]. Additionally, different authors stated prolonged gastric retention
and increased bioavailability for floating DDSs [150-156]. It has to be pointed out,
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that up to the present no adverse effects have been reported regarding floating drug
delivery systems.

As for a reliable retention behaviour in the stomach food effects and the complex
motility of the stomach are of vital importance, only convincing in vivo data can proof
the retention efficacy and improved bioavailability of a gastroretentive system,
[107,157-162]. As already mentioned, all GRDFs have to withstand the forces
excerted by the migrating myoelectric complex. Therefore, the focus of this work lay
on the development of a gastrorententive dosage form exhibiting an enhanced
mechanical strength.

Regarding the preparation of floating DDSs various approaches can be found in the
literature, whereas single unit and multiple unit floating devices are to be
distinguished. The hydrodynamically balanced system was the first floating single
unit dosage form described by Sheth and Tossounian, consisting of a swellable
capsule formulation being composed of drug, hydrocolloids and a mixture of other
excipients [163-165]. In general, HBS formulations are characterized by a swellable
hydrocolloid forming a device, in which the drug is homogeneously incorporated. As
floating and drug release mechanism will often interact, the optimization of floating
DDSs was continued by developing bilayer floating formulations consisting of a drug
release controlling and a buoyancy supporting layer [112,166-168]. In this case it is
possible to adjust both floating characteristics and drug release profiles separately.
Floating of a DDS may also be achieved by the development of matrix tablets or
microparticles based on a low density foam powder or hollow spheres exhibiting a
lower density compared to gastric contents [132,169-172].

The incorporation of gas generating components in the formulation represents a
widely used method for the development of floating drug delivery systems, whereas
the gas is entrapped within the device leading to the required lower density of the
system compared to gastric contents [131,173-175]. Gas generating excipients often
include sodium bicarbonate and sodium carbonate, whereas these components
either react with the hydrochloric acid in the stomach or citric acid or tartaric acid
being incorporated in the tablet core [106,131,176,177]. Hereby, the developing
carbon dioxide may be entrapped in a swelling polymer such as HPMC, methyl
cellulose, alginates and chitosan or in a tablet or pellet core surrounded by a
polymeric film coat forming a kind of balloon [25,146,153,174,178-181].
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In vivo studies reporting increased gastric retention times for floating capsules of
size 000 compared to smaller floating and non-floating capsules were seized as
suggestions to develop floating tablets, which are additionally gaining size due to
carbon dioxide development inside the core [148,149]. In this case, not only the
floating characteristics of the developed devices will contribute to the efficiency of
gastric retention but the increase in tablet size as well, the latter becoming more
important in the phases the stomach is emptied. Therefore, in this chapter a floating
oral drug delivery system consisting of a sodium bicarbonate containing tablet core
covered by a polymeric film coat to obtain a membrane controlled drug delivery
device is described.

The formulation was characterized by a biplanar tablet core with beveled edges
consisting of Propranolol HCI as a highly water soluble model drug and sodium
bicarbonate as a CO, developing agent. Kollidon® SR was chosen as an excipient for
direct compression leading to a high tablet hardness at low compression forces while
the density of the tablet core was relatively low [38]. HPMC-based CO. developing
matrix tablets were reported to float less than 6 hours with an accelerated drug
release at the end of the floating period due to erosion of the devices [182].
Therefore, the tablet cores were coated to prevent unintentional disintegration and
uncontrolled drug release. The coating formulation consisted of Kollicoat® SR as a
water insoluble polymer and Kollicoat® IR as a hydrophilic water soluble polymer with
two different compositions to receive a drug delivery system with membrane
controlled drug release. Most recently, carbon dioxide developing minitablets coated
with an acrylic polymer coat consisting of Eudragit© RL 30 D were reported to exhibit
an increased drug release after a certain period of time, which was due to the visually
observed formation of cracks in the film coat [183]. Obviously, Eudragit© RL 30 D fails
to resist the forces emerging from the expansion of the tablet due to the CO;
development inside the tablet core. Disintegration of Eudragit® RL 30 D coated CO,
producing tablets was also observed when plasticized with TEC, but could be
overcome by Dblending different amounts of Eudragit© RL 30 D and
Eudragit® NE 30 D [129]. As the formation of cracks in polymer films is related to the
loss of functionality concerning the floating and the drug retaining abilities, Kollicoat®
SR was chosen as the membrane forming excipient due to its exceptional elasticity of
the polymer film [25]. PVAc was expected to resist the mechanical stress exerted by

the formation of carbon dioxide in the tablet core, as a successful development of
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CO. producing and poly(vinyl acetate) coated pellets, which were directly
compressed into tablets was already reported [24,25,174]. The chosen coating level
varied from 10 to 20 mg polymer per cm®. After contact with an acidic medium
comparable to the conditions in the stomach the hydrochloric acid was expected to
diffuse through the polymer coat and initialize CO, development inside the tablet,
leading to a reduced density of the tablet and floatation of the system.

The penetration of hydrochloric acid through the polymer film into the tablet core and
subsequent formation of carbon dioxide play a vital role regarding the floating
characteristics as well as the hydration of the tablet core being related to the initiation
of drug dissolution. Therefore, the monitoring of these processes leads to a deeper
understanding of floating and drug release mechanisms. Studies regarding the
characterisation of swelling and hydration processes of matrix devices have already
been performed [55-57]. Although the application of Magnetic Resonance Imaging to
monitor drug delivery processes is widely accepted, the method is scarcely used due
to high investment and running costs of superconducting MRI machines. NMR
benchtop instruments capable of imaging have been developed very recently.
Compared to superconducting standard MRI machines they are much more
affordable due to lower price and running costs. In this thesis the benchtop MRI
instrument was used to monitor diffusion and swelling processes as well as carbon
dioxide development inside the polymer shell.

In terms of floating characteristics of gastroretentive devices not only the onset and
duration of flotation plays a major role, but also the ambition of the system to float.
Although many studies in the field of floating gastroretentive drug delivery systems
have been performed, the characterisation of the floating strength has been
neglected in many studies [184-189]. By default, most publications only report the
detection of floating period and lag times prior to floating. Up to now, floating strength
measurements were only conducted by a small group of scientists [190-194]. As the
presence of food in the stomach might increase the viscosity heavily, higher floating
forces increase the probability of the tablet to remain afloat, reducing the effects of
food viscosity on tablet retention. Therefore the floating strength of the developed
systems was monitored using a simplified apparatus according to Timmermans and

Moés, measuring the floating strength of a device as the resultant weight [190,192].
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5.2 Materials

Propranolol HCI, sodium bicarbonate, magnesium stearate, triacetin and talc were
obtained by Sigma Aldrich (Taufkirchen, Germany). Propranolol HCI and sodium
bicarbonate were grinded thoroughly in a mortar and passed through a 250 um sieve.
Titanium dioxide was received from Kronos Titan GmbH & Co. OHG, Leverkusen,
Germany. Kollidon® 30, Kollidon® SR, Kollicoat® SR 30 D and Kollicoat® IR were
supplied by BASF (Ludwigshafen, Germany) and were used as received.

5.3 Methods

5.3.1 Tablet core preparation for preliminary trials
5.3.1.1 Optimization of excipient composition

Preliminary trials regarding the floating characteristics of different excipient blends
compressed into tablets were carried out to identify the ideal excipient composition
for the development of floating tablets. Therefore, sodium bicarbonate was blended
with different amounts of Kollidon® SR to receive powder mixtures with different
NaHCOs/Kollidon® SR ratios according to Table 5.1. Magnesium stearate was added
as a lubricant. The powder blend was compressed into tablets of 350 mg exhibiting a
diameter of 12 mm using an excenter tableting machine (Korsch EKO, Korsch
Pressen GmbH, Berlin, Germany). Therefore the powder mixture was manually
weighed and hand filled into the die of the tableting machine. Half the tablets of each
formulation were subjected to curing conditions of 60 °C in an incubator (Heraeus
B6760, Heraeus Instruments GmbH, Hanau, Germany) for 2 h.

Table 5.1 Composition of tablet cores for preliminary floating experiments without model
drug.

NaHCO/Kollidon® SR (m/m) 11 1/2 1/3 1/4
NaHCO; (g) 49.5 33 24.75 19.8
Kollidon® SR (g) 49.5 66 74.25 79.2
Magnesium stearate (g) 3.5 3.5 3.5 3.5
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Floating behaviour and disintegration characteristics were evaluated visually by
positioning tablet samples in a beaker with 100 ml 0.1 N HCI of 37 °C being agitated
in a shaking water bath (GFL 1083, Gesellschaft flir Labortechnik GmbH, Burgwedel,
Germany) working at 45 movements per minute. All experiments were performed in
triplicate.

5.3.1.2 Optimization of drug content and crushing forces

To evaluate the appropriate drug amount of the floating tablet, further trials were
performed with varying Propranolol HCI amounts blended with the optimized
excipient premix. The powder mixture for the manufacturing of the tablets was
prepared according to Table 5.2 by blending Propranolol HCI, sodium bicarbonate
and Kollidon® SR for 10 minutes in a z-arm mixer (AR 400, Erweka GmbH,
Heusenstamm, Germany). Powder mixtures with a Propranolol HCI content of 33 %
(A), 25 % (B), 20 % (C) and 10 % (D) were obtained. After adding magnesium
stearate the mixture was blended for another 2 minutes. Biplanar tablets measuring
11 mm in diameter were prepared by direct compression using a single punch
tableting machine (Korsch EKO/DMS, Korsch Pressen GmbH; Berlin, Germany). The
compression force was adjusted to receive tablets with a crushing force of 75 N,
100 N and 150 N respectively. Radial crushing forces were determined as an
average of 10 tablets using the crushing force tester TBH 30 (Erweka GmbH,
Heusenstamm, Germany). Temperature treatment and floating experiments were
performed as described above.

Table 5.2 Composition of tablet cores for preliminary floating experiments with model drug
Propranolol HCI.

Formulation (Propranolol HCI content) A(B3%) B(25%) C(20%) D (10 %)
Propranolol HCI (g) 116.5 87.5 70 35
NaHCO; (g) 46 51.8 55.3 62.3
Kollidon® SR (g) 184 207.2 221.2 249.2
Magnesium stearate (g) 3.5 3.5 3.5 3.5

55



Chapter 5 Development and characterization of poly(vinyl acetate) coated floating tablets

5.3.2 Preparation of optimized tablet cores

The powder mixture for the manufacturing of the tablets was prepared according to
Table 5.3 using the same procedure as described in chapter 5.3.1.2. Tablets with
beveled edges measuring 11 mm in diameter were prepared by direct compression
using a single punch tableting machine (Korsch EKO/DMS, Korsch Pressen GmbH,
Berlin, Germany). Compression force was set to 6 kN to receive tablets characterized
by a crushing force of 75 N = 4 N. The crushing force was determined using an
Erweka TBA 30 crushing force tester (Erweka GmbH, Heusenstamm, Germany).
Tablets were then stable enough to resist the mechanical forces in the drum coater
and showed a low friability of 0.1 %. The friability was determined as an average of 5
tablets being weighed before and after 100 rotations of the friability tester
(Abriebtester, Arzneimittelwerk Dresden, Germany) according to the Ph. Eur. [195].

Table 5.3 Composition of tablet cores.

Tablet components Amount (mg)
Propranolol HCI 35.0
Kollidon® SR 249.2
Sodium bicarbonate 62.3
Magnesium stearate 3.5

5.3.3 Coating of tablet cores

To investigate the influence of Kollicoat® IR content on drug release and floating
characteristics coating formulations with different Kollicoat® SR / Kollicoat® IR ratios
(SR/IR:9/1, SR/IR:8.5/1.5 and SR/IR:8/2), related to each other as dry mass, were
produced. Coating dispersions were prepared according to the compositions shown
in Table 5.4. The preparation of the coating suspensions was carried out according to
chapter 3.3.2.

The coating process was carried out in a drum coater (Lab-Coater GC 300, Glatt
Maschinen- und Apparatebau AG, Pratteln, Switzerland). Process parameters
adjusted for the coating of the tablet cores are given in Table 5.5. Tablet samples
were taken at 10, 12, 14, 16, 18 and 20 mg polymer/cm? coating level respectively.
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Table 5.4 Coating compositions with different Kollicoat® SR/Kollicoat® IR ratios.

Kollicoat®SR / Kollicoat®lR ratio 91 8.5/1.5 8/2
Kollicoat® SR 30 D 496.0 496.0 422.0
Kollicoat® IR 16.5 22.3 26.0
Triacetin 7.0 7.0 7.0
Kollidon® 30 5.0 5.0 5.0
Titanium dioxide 5.0 5.0 5.0
Talc 35.0 35.0 35.0
Distilled water 435.5 429.7 475.0

Table 5.5 Coating process parameters.

Coating parameter Adjustment
Inlet temperature 50°C
Process air 100 m¥h
Atomizing air pressure 2 bar
Spray rate 7.5 g/min
Pan speed 7 rpm

5.3.4 Monitoring of the floating strength

To monitor in vitro the total vertical force F working on an immersed object an

experimental setup using an apparatus simplified according to Timmermans and

Moés was used (190,192). As the force F determines the resultant weight of the

floating tablet, it may be used to quantify and thus to further characterize floating

behaviour. The magnitude and direction of force F and thus the resultant weight of

the floating object is determined by the vectorial sum of the gravity (Fgav) and

buoyancy (Fouoy) forces acting on the tablet,

F=Fy, —F

uoy ~ ! grav

F:df'g'v_ds'g'\/:(df_ds)'g'v
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d -m
F=|2 =Ml q.v
(ng

where F is the total vertical force, g the acceleration of gravity, d: the density of the

fluid, ds the density of the tablet, m the tablet mass and V the tablet volume. For
positive values of F the resultant force is directed upwards and thus leads to

floatation of the system.

———— B

tablet balance C
—

Fig. 5.1 Experimental setup for the determination of the floating strength (A = sample holder,
B = metal base, C = analytical balance).

The instrument used to determine the floating strength of the tablet samples
measured the force equivalent to F required to maintain the tablet totally submerged
into the dissolution medium (Fig 5.1).

A sample holder (A) was connected to a metal base (B) placed on an analytical
balance (C) via a metal pole. For the performance of floating strength experiments
the tablets were placed in a beaker with 0.1 N HCI of 37 °C, so that the sample
holding device was covered with dissolution medium. After the positioning of the
tablet in the dissolution medium and subsequent taring of the analytical balance the
sample was shifted under the sample holder. The floating strength was then
determined as the weight diminution on the analytical balance over time. Floating
experiments were performed in triplicate.

Furthermore, the floating lag time was measured in conjunction with the dissolution
experiments. FLT is defined as the time taken by the tablet to reach the top from the
bottom of the vessel. Regarding safety issues of the dosage form it is necessary
ensure the removal of the DDS from the stomach after drug release is completed to
avoid accumulation. Therefore, studies regarding the total floating duration (FD) were
performed. Therefore, the time period for which the tablet constantly floats on the
surface of the medium was measured by placing the tablets in a paddle equipped

58



Chapter 5 Development and characterization of poly(vinyl acetate) coated floating tablets

automatic dissolution apparatus (PTWS 310, Pharmatest Apparatebau, Hainburg,
Germany) working with 900 ml 0.1 N HCI of 37 °C and a stirring speed of 50 rpm.
Floating lag time and floating duration were determined in triplicate in conjunction
with the dissolution experiments.

5.3.5 Determination of dissolved drug amount

Propranolol HCI dissolution studies were carried out with an automatic dissolution
tester (PTWS 310, Pharmatest Apparatebau, Hainburg, Germany) in 900 ml
0.1 N HCI of 37 °C at 50 rpm. Released Propranolol HCI amounts were determined
by measuring the UV absorption at 290 nm and calculated using calibration curves of
the drug. Dissolution experiments were carried out over 24 hours and performed in
triplicate.

After extrapolating the linear part of the dissolution curve to the abscissa it was
possible to calculate the lag times at the initial phase of the drug dissolution profiles.
Errors were a function of the correlation coefficient of the best fit straight line and

reached maximum values of 1.7 %.

5.3.6 Monitoring of hydration and gas development characteristics by means
of 'H NMR benchtop imaging

'"H NMR imaging experiments were performed on a benchtop MRI spectrometer
working at a frequency of 20 MHz and having a static magnetic field of strength (Bo)
of 0.5 T (Oxford Instruments, UK). Tablets were placed in a USP paddle dissolution
apparatus with 900 ml 0.1 N HCI of 37 °C, stirred at 50 rpm and removed for MRI
measurements after predefined time intervals. The sample holder was filled with 2 ml
0.1 N HCI and glass beads on the bottom to allow three-dimensional water
penetration even in case of sinking tablets. A slice of 10 mm thickness was selected
parallel to the magnetic field (axial axis). A standard spin-echo sequence was used
with an echo time (TE) of 9.8 s and a repetition time (TR) of 300 ms leading to an
acquisition time of about 10 min for each image. Sixteen scans were accumulated to
obtain 128 x 128 pixel images with a field of view of 4 cm, which led to an in-plane
resolution of 312.5 um. The MRI images were taken after 10 min, 1 hour and then in
1 hour intervals up to 8 hours. The last image was obtained after 24 hours of
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hydration and swelling in 0.1 N HCI. MRI experiments were performed in triplicate for
each tablet composition.

5.3.7 Impinging light microscopy

Impinging light microscopy of axial cut tablets after predefined time intervals of
contact with 0.1 N HCI of 37 °C was performed using an Olympus SZX 9 stereozoom

microscope (Olympus Deutschland GmbH, Hamburg, Germany).

5.4 Results and Discussion

5.4.1 Preliminary trials regarding the composition of the tablet core
5.4.1.1 Optimization of excipient composition

Lag times prior to floating and disintegration times are given in Table 5.6. Due to the
swelling of Kollidon® SR after contact with aqueous media, this polymer offers the
ability to entrap the air being incorporated during the compression step or the carbon
dioxide developing due to the neutralization reaction between NaHCO; and HCI.
Both tablet formulations with a high NaHCOs/ Kollidon® SR ratio were initially sinking,
whereas an increased PVAc percentage of 75 % and 80 % respectively led to
floating tablets ab initio. A higher NaHCO3; content did not lead to improved floating
characteristics, as the developing carbon dioxide was not efficiently entrapped by the
low of amount of stabilizing polymer Kollidon® SR.

Table 5.6 Disintegration and floating lag times of preliminary tablet samples with and without
curing.

NaHCOs/Kollidon® SR (m/m) 11 1/2 1/3 1/4
Floating lag time without curing (min) 9+2 4+2 0 0
Floating lag time with curing (min) 3+1 0 0 0
Disintegration time without curing (min) 12+2 34+3 5614 713
Disintegration time with curing (min) 7614 12243 306+6 *

*no complete disintegration within 24 hours
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Curing of the tablet samples was associated with a decrease in floating lag times.
Heating the tablet samples above the T, of the polymer PVAc leads to an increased
mobility of the polymer chains, whereas imperfections in the structure of the polymer
matrix are equalized, leading to a hardening of the tablet. Additionally, adhering
humidity is removed by the temperature treatment decreasing the weight and
therefore the density of the systems. The stronger cohesion of the tablet matrix
reduced (50 % Kollidon® SR content) or eliminated (33 % Kollidon® SR content) the
lag times prior to floating onset as developing carbon dioxide was entrapped more
efficiently by the polymer network.

Regarding the disintegration characteristics higher amounts of sodium bicarbonate
were, as expected, related to a strong CO. development and a disintegration of the
tablet. As already mentioned before, the PVAc content was to low to entrap the
carbon dioxide efficiently, leading to a complete disintegration within 12 + 2 min and
34 = 3 min respectively of tablet samples with 50 % and 33 % NaHCOs. An increased
Kollidon® SR content prolonged the disintegration time to approximately one hour, as
the influence of polymer network interfering salt sodium bicarbonate was reduced.
Curing of tablet samples led to a strong and non-linear increase in disintegration time
related to Kollidon® SR content. The strongest effects were observed for the tablet
formulation with the lowest NaHCO,/ Kollidon® SR ratio. Even though the contact
with hydrochloric acid caused an expansion in tablet dimensions and a fractional
disintegration of the cores, the tablets exhibiting an expanded fibrous structure were
floating for more than 24 hours. As the lag times prior to floating were not existent or
relatively short, the impact of tablet curing on floating onset was determined to be
only marginal, whereas the disintegration kinetics revealed to be strongly influenced
by temperature treatment. Therefore, the NaHCO4s/Kollidon® SR ratio of this

formulation was chosen for further experiments.

5.4.1.2 Optimization of drug content and crushing forces

Tablets exhibiting a radial crushing force of 150 = 5 N did neither float nor
disintegrate within a time slice of 24 hours. Even temperature treatment did not
improve the floating characteristics of these tablet samples and they were therefore
not further examined.

A decreased crushing force of 100 + 4 N led to improved floating and disintegration

behaviour, whereas all tablet samples were initially sinking and therefore exhibited
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lag times prior to floating onset (Table 5.7). Floating lag times varied from 8 to 22
minutes on average and were further decreased after the tablet samples were
subjected to temperature treatment. Tablets with formulation A 100 N and B 100 N
disintegrated completely whereas higher PVAc contents in formulation C 100 N and
D 100 N inhibited disintegration. Only a slight increase in tablet dimensions was
observed as the carbon dioxide development inside the tablet caused the formation
of a sponge-like structure exhibiting nearly the same shape compared to the
beginning of the experiment.

Table 5.7 Disintegration and floating lag times of preliminary tablet samples containing
Propranolol HCI and exhibiting a crushing force of 100 N with and without curing.

Formulation A100N B100N C100N D100N
Floating lag time without curing (min) 2213 1843 1212 812
Floating lag time with curing (min) 1812 1312 941 612
Disintegration time without curing (min) 4613 8114 * *
Disintegration time with curing (min) 854 15516 * *

*no complete disintegration within 24 hours

A further decrease in crushing force values to 75 = 5 N led to initially floating devices
(formulation D 75 N) and tablets with floating lag times between 5 and 11 minutes
(formulations A 75 N, B 75 N and C 75 N) on average, caused by a lower
compression force excerted on the powder mixture during compression (Table 5.8).

Table 5.8 Disintegration and floating lag times of preliminary tablet samples containing
Propranolol HCI and exhibiting a crushing force of 75 N with and without curing.

Formulation A75N B75N C75N D75N
Floating lag time without curing (min) 1112 712 5+1 0
Floating lag time with curing (min) 712 512 3+1 0
Disintegration time without curing (min) 353 59+3 7815 8715
Disintegration time with curing (min) 5715 975 14314 294+7

The instant floating characteristics of the tablet samples with the highest PVAc
content were due to the relatively low apparent density of the system at the beginning
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of the floating experiment. Tablets being subjected to the temperature treatment
exhibited decreased floating lag times as well as already observed in the previous
experiments.

The disintegration of the devices was accelerated compared to tablet samples
characterized by a crushing force of 100 N. Due to the lower compression forces the
cohesion forces within the tablet core are not able to resist the expansion of the
device caused by the carbon dioxide development. Surprisingly, cured tablets with
formulation D 75 N were observed to float approximately 5 hours before being
completely disintegrated. Though the density of the systems was low due to the
formation of a voluminous sponge-like structure, the gas entrapment efficiency was

sufficient to maintain the disintegrating structure afloat.

Due to their initial floating characteristics tablet samples with formulation D 75 N were
chosen for the further development of a floating device. The application of a tablet
coat on these cores was expected to result in an increased floating duration as the
polymer film will prevent the carbon dioxide from fast escaping from the tablet core.
Additionally, the application of a film coat reduces the disintegration of the tablet
samples. As the formulations manufactured with the lowest compression forces
exhibited the strongest disintegration behaviour, the drug release characteristics from
a coated tablet with a D 75 N core were, compared to the formulations exhibiting a
higher crushing force of 100 N or 150 N, expected to be more influenced by the
surrounding polymer film than by the tablet core.

5.4.2 Monitoring of floating characteristics

All examined tablet samples were initially sinking. After a lag time the tablets began
to move to the surface of the medium. Tablets with coat SR/IR:8.5/1.5 and coat
SR/IR:9/1 remained afloat until the end of the monitored 24 h time interval, whereas
SR/IR:8/2 coated tablets exhibited small cracks in the tablet coat releasing CO.. As
SR/IR:8/2 coated tablet samples were sinking after 8 to 10.5 hours, depending on
their coating level (Fig. 5.2), these systems were not further investigated.
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Fig. 5.2 Crack formation in the polymeric film coat of a
tablet sample with 10 mg polymer/cm? SR/IR:8/2 coat
after 8 hours of contact with 0.1 N HCI.

Positioning of the samples in 0.1 N HCI led to immediate water and thus hydrochloric
acid penetration through the polymer coat. After contact with the sodium bicarbonate
of the tablet core carbon dioxide development was initiated leading to an expansion
and a reduced density of the system, initializing floatation (Fig. 5.3 a-c). In contrast to
tablet samples with an SR/IR:8/2 coat tablets with a reduced content of PEG-PVA of
10-15 % did not exhibit cracks in the polymeric film and thus were still floating after
24 hours (Fig 5.3 d).

a) 15 min b)1h c)4h

Fig. 5.3 a-d Photographs of floating tablet samples with SR/IR:8.5/1.5 coat after different
time intervals of contact with 0.1 N HCI.

After varying lag times for the different tablet samples the devices began to float
(Fig. 5.4). Floating characteristics were strongly related to coating level and
composition of the polymer film. Increased Kollicoat® IR amounts and lower coating
levels led to shortened lag times, a stronger increase in floating strength and higher
maximum floating strength values.

These characteristics may be explained by different mechanisms. Since water
penetration through the polymer film is related to coating thickness as already
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described in chapters 3.4.3 and 3.4.4, hydrochloric acid diffusion and thus gas
development within the floating devices will act similarly.

Another aspect includes the leaching of water soluble compounds out of the polymer
shell. The leaching characteristics of water soluble film components such as
Kollicoat® IR, PVP and triacetin have been monitored with MCC-based tablet cores
and were described in chapters 4.4.1 and 4.4.2.
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Fig. 5.4 Floating lag times of tablets coated with different Kollicoat® SR/IR ratios in relation to
coating thickness.

An increased amount of the water soluble Kollicoat® IR leads to a faster dissolution of
other leachable components and a higher porosity of the polymer film coat. As the
total amount of the remaining polymer Kollicoat® SR is reduced in samples with
coating formulation SR/IR:8.5/1.5, the required force exerted by the gas to expand
the polymer network is lower than for tablet samples with 10 % Kollicoat® IR content.
This might explain the differences in floating lag time increase, exhibiting
approximately linear characteristics for tablet samples with coat SR/IR:8.5/1.5 and
almost exponential behaviour for tablets with coat SR/IR:9/1 (Fig. 5.4). For SR/IR:9/1
coated tablets the influence of the higher PVAc content in the polymeric film coat
becomes more pronounced at higher coating levels. An increased Kollicoat® SR /
Kollicoat® IR ratio led for all tablet samples to higher lag times compared to tablets
with coat SR/IR:8.5/1.5. The shortest lag time was observed for floating devices with

an SR/IR:8.5/1.5 coat of 10 mg polymer/cm? and was found to be 12 min £ 1 min.
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Fig. 5.5 Floating strength of tablet samples with coating formulation SR/IR:9/1.
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Fig. 5.6 Floating strength of tablet samples with coating formulation SR/IR:8.5/1.5.

The increase in floating strength of the monitored tablet samples was strong within
the first phase of the floating process and slowed down to reach a maximum value
after about 9 to 15 hours (Figs. 5.5 and 5.6). Maximum floating strength values were
higher and reached earlier for tablets with SR/IR:8.5/1.5 coat as well as for floating
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devices with a thinner polymer film layer. Additionally, these samples exhibited a
faster increase in floating strength at the beginning.

A subsequent plateau phase was more pronounced for SR/IR:9/1 tablet samples.
After 10 to 15 hours the floating strength of these tablets remained constant or
decreased. Constant floating strength values over a certain time period indicate an
equilibrium state between the carbon dioxide development and swelling of the device
to keep the tablet afloat and the dissolution of carbon dioxide in the penetrating
aqueous medium as well as water penetration through the polymer film itself leading
to a sinking of the tablet.

Tablets with coat SR/IR:8.5/1.5 and a coating level of 20 mg polymer/cm? exhibited
within the monitored time interval of 24 hours only an increase in floating strength. In
this case the gas development dominates all effects contributing to the total floating
strength of the DDS. A plateau phase, following for most tablet samples, is not
reached with these systems, which is most likely due to a decreased permeability of
the polymer film caused by the higher coating level.

The carbon dioxide development, due to the reaction of sodium bicarbonate with
penetrating hydrochloric acid, occuring more rapidly than the removal of the gas
through the polymeric coat, will result in an initial increase in floating strength.

The origin of reduced floating strength values lies in the removal of carbon dioxide
from the inside of the polymer shell. Combining Fick’s law of diffusion with Henry’s

law the volume of a gas diffusing through a membrane is given by equation (3):

§M= Ds-Kg - A -(py — p2)
ot d

(3)

where d M/ ¢ tis the diffusing gas amount per time unit, Dg diffusion coefficient of the
gas, Kg the solubility coefficient of the gas in the liquid, Ar the real flow-through area,
p1 the pressure of the gas above the liquid film, po the pressure of the gas below the
liquid film and d the thickness of the liquid layer. Thus, an increased porosity and a
reduced thickness of the film coat will lead to higher permeating gas amounts. As the
thinner polymer films on the tablets exhibit a higher porosity due to a more intensive
expansion of the polymer network, the reduction in floating strength occurs earlier
than for samples with a higher coating thickness. Another aspect lies in an increased
tablet surface. As SR/IR:8.5/1.5 tablet samples exhibit a stronger expansion of the

polymer film, an increased tablet surface as well as a reduced diffusion path will
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increase the net mass transport through the membrane. Therefore, both lower PVAc
and higher PEG-PVA content in the film coat of SR/IR:8.5/1.5 coated tablets will
contribute to improved diffusion through the polymer coat in both directions leading to
less pronounced plateau phases in floating strength values for these tablet samples,
as the increased permeability of the film coat is reducing the ability to entrap the
carbon dioxide within the polymer shell.

Floating of the tablets continued until the deformation of the tablet coat due to the
carbon dioxide formation, the leaching of water soluble film components and the
disintegration of the tablet core become to strong and the formation of cracks
occurred.

The determined floating duration for all tablet formulations is given in Table 5.9. Even
though tablet samples with an increased Kollicoat® SR/Kollicoat® IR ratio as well as
those exhibiting an increased coating level exhibit an increased lag time prior to
floating onset, the total floating duration is increased compared to tablets with an
SR/IR:8.5/1.5 coat or tablets with a thinner polymer coat. Thus, the lower

permeability of the polymeric films is entrapping the carbon dioxide more efficiently.

Table 5.9 Floating duration of tablets with SR/IR:9/1 and S/IR:8.5/1.5 coat.

Tablet samples FD (days) Tablet samples FD (days)
SR/IR:9/1 SR/IR:8.5/1.5

10 mg polymer/cm? 1.45 10 mg polymer/cm? 1.25
12 mg polymer/cm? 1.63 12 mg polymer/cm? 1.33
14 mg polymer/cm? 1.87 14 mg polymer/cm? 1.50
16 mg polymer/cm? 2.08 16 mg polymer/cm? 1.67
18 mg polymer/cm? 217 18 mg polymer/cm? 1.71

20 mg polymer/cm? 2.33 20 mg polymer/cm? 1.75

The removal of the floating drug delivery device from the stomach after drug release
is important to avoid an accumulation in vivo. Even though only in vivo studies
regarding the gastric retention properties can supply evidence of a potential
accumulation risk, a total in vitro floating duration of two or more days is not
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applicable for this purpose. Therefore, tablet samples with a SR/IR:8.5/1.5 coat of a
low coating level seem to be a more appropriate possibility to ensure the safety of the
system.

5.4.3 Characterization of Propranolol HCI release behaviour

The developed floating drug delivery systems were able to efficiently control
Propranolol HCI release over a time period of 24 hours (Figs. 5.6 and 5.7). The drug
release profiles exhibited linear zero order release kinetics with different total
amounts of liberated drug within 24 hours. Propranolol HCI release rates increased
with a higher Kollicoat® IR concentration in the coating formulation. A complete drug
delivery within the monitored time interval was only registered for tablet samples with
coat SR/IR:8.5/1.5 of 10 mg polymer/cm?2. In contrast maximum drug release values
for tablets with coating formulation SR/IR:9/1 reached only about 15 to 35 %.
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Fig. 5.6 Propranolol HCI release from tablet samples with coating formulation SR/IR:9/1.

Drug release rates were a function of the coating thickness, the porosity and the
surface area of the film coat. Thus, drug release as well as floating characteristics is
affected by similar mechanisms. Therefore, samples with increased permeability for

carbon dioxide will exhibit increased Propranolol HCI release rates as well.
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Zero order drug release kinetics are related to a reservoir with undissolved drug
amounts within a controlled drug release device. As long as drug release curves
showed linear characteristics, the tablet core remained Propranolol HCI saturated.
Only tablets with a 10 mg polymer/cm? coat of SR/IR:8.5/1.5 exhibited the emptying
of this reservoir as the dissolution curve flattened at the end of the monitored drug

release interval.
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Fig. 5.7 Propranolol HCI release from tablet samples with coating formulation SR/IR:8.5/1.5.

5.4.4 Determination of lag times prior to drug release

Lag times prior to drug release were related to the thickness of the polymer film, as
tablets with a higher coating level showed decreased Propranolol HCI release rates.
Comparing both coating formulations, an increased Kollicoat® IR content in the
polymer film tended to decrease the lag times. Figure 5.8 gives a more detailed
description of the initial drug release characteristics within the first two hours of
contact with dissolution medium. It is obvious, that the lag times do not represent
time intervals without any drug release but with at least marginal Propranolol HCI
liberation. Drug release rates remained low for a short period of time and increased
afterwards.
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Fig. 5.8 Propranolol HCI release within the first two hours from SR/IR:9/1 and SR/IR:8.5/1.5

coated tablets.

For both tablet formulations characterized by a coating level of 10 mg polymer/cm? a

lag phase prior to drug release was not determinable due to the instant increase in

drug release rates at the beginning of the dissolution experiment. For these tablet

samples the permeability of the film coat was sufficiently high to ensure linear drug

release behaviour from the beginning.

Table 5.10 Drug release lag times of the floating tablets in relation coat thickness and coat

composition.

Tablet samples

drug release (min)

Lag times prior to Tablet samples

Lag times prior to

drug release (min)

SR/IR:9/1

10 mg polymer/cm?
12 mg polymer/cm?
14 mg polymer/cm?
16 mg polymer/cm?
18 mg polymer/cm?

20 mg polymer/cm?

17

24

28

34

49

SR/IR:8.5/1.5

10 mg polymer/cm?
12 mg polymer/cm?
14 mg polymer/cm?
16 mg polymer/cm?
18 mg polymer/cm?

20 mg polymer/cm?

15

21

28

30

31

The determined lag times prior to drug release are shown in Table 5.10. Surprisingly,

lag time values of tablet samples with the same coating thickness but different
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coating composition differ only marginally, whereas the absolute amount of
Propranolol HCI released from SR/IR:8.5/1.5 coated reached approximately twice to
threefold the values of those from tablets with an SR/IR:9/1 coat within the same time
interval.

The influence of the higher Kollicoat® SR content in SR/IR:9/1 coated tablets
regarding lag times prior to drug release became more pronounced at higher coating
levels, as the increase in drug release lag times increased stronger for these tablet
samples.

5.4.5 Monitoring of hydration and gas development characteristics by means
of 'TH NMR benchtop imaging

Benchtop 'H NMR Imaging was used to monitor tablet and film coat hydration and
swelling characteristics of selected tablet samples. Figure 5.9 gives a schematic
sequence of different main phases regarding swelling and carbon dioxide
development taking place inside the tablet, which can be monitored using the
benchtop MRI instrument.

Swelling processes started with an initially hydrated polymer film and a dry unswollen
tablet core, whereas in this phase the device was not yet afloat. Carbon dioxide
development started on the on the surface of the tablet core. At the beginning of this
process CO, accumulated on the top side of the tablet leading to an expansion of the
film coat. Thus, a dome shaped, floating tablet could be observed. Additionally, the
swelling of outer parts of the tablet core occured, whereas the inner part was still dry
and unhydrated. Continuing diffusion of hydrochloric acid inside the tablet lead to a
biconvex and swollen tablet with gas accumulation within the tablet coat on the top
side as well as on the bottom side of the tablet core. The carbon dioxide inside the
floating device expanded the tablet coat intensively, leading to a strong volume
increase with time and formation of a balloon shaped floating tablet. The swelling
layer of the tablet core increased, whereas a part of the inner core was still
unhydrated. Ongoing diffusion processes increased the development of carbon
dioxide and thus the volume of the floating device. A completely hydrated tablet core
with beginning CO, development inside the tablet core was observed. The former
shape of the core was still visible though now intensively swollen. The final phase
was represented by a tablet, which was often slightly reduced in size exhibiting a
disintegrated core entrapping several smaller gas bubbles.
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Fig 5.9 Schematic process of tablet swelling and carbon dioxide development inside the
floating devices.

The figures obtained by using '"H NMR benchtop MRI represent axial side images of
tablet samples characterized by a coating level of 10 mg and 14 mg polymer/cm? with
coating formulation SR/IR:9/1 (Figs. 5.10 and 5.11) and SR/IR:8.5/1.5 respectively
(Figs. 5.12 and 5.13). Dark areas in the '"H NMR images refer to low spin densities or
short T, relaxation times, which are related to dry parts of the tablet or carbon dioxide
development inside the tablet core. Brighter areas of the tablets compared to the
0.1 N HCI surrounding the device may lead to the conclusion that the spin density in
this area is higher than in the dissolution medium, but this contrast was obtained by
measuring with a repetition time, which was shorter than the T, of the free water in
the medium but much longer than the T of water in the matrix tablets. As the
magnetization of the free water in the medium, in contrast to the water in the tablet,
was not able to return to equilibrium, the signal intensity for water inside the tablet
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increased although its spin density was lower. Thus it was possible to follow
hydration characteristics and carbon dioxide formation of the developed systems
more easily.

Fig. 5.10 'H NMR benchtop magnetic resonance images of tablets with a 10 mg polymer/cm?
SR/IR:9/1 coat after different time intervals of contact with 0.1 N HCI.

Fig. 5.11 '"H NMR benchtop magnetic resonance images of tablets with a 14 mg polymer/cm?
SR/IR:9/1 coat after different time intervals of contact with 0.1 N HCI.

Benchtop magnetic resonance images revealed that positioning tablets into 0.1 N
HCI led in all cases to an initial sinking of the tablets. Only magnetic resonance
images for samples with 10 mg polymer/cm? SR/IR:8.5/1.5 coat were floating after 12
min. The swollen polymer film was visible as a bright edge surrounding the core due
to the immediate water diffusion into the tablet. For the tablet core a signal with a
short Ty relaxation time was detected, which leads to the conclusion that the
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hydration of the inner part of the tablet had not yet begun. It was possible to monitor
the continuing water diffusion into the tablet over time appearing as an increasing

water diffusion layer.

Fig. 5.12 '"H NMR benchtop magnetic resonance images of tablets with a 10 mg polymer/cm?
SR/IR:8.5/1.5 coat after different time intervals of contact with 0.1 N HCI.

10 min
10 mm

Fig. 5.13 '"H NMR benchtop magnetic resonance images of tablets with a 14 mg polymer/cm?
SR/IR:8.5/1.5 coat after different time intervals of contact with 0.1 N HCI.

The process of tablet swelling and gas development was accelerated for samples
with a lower Kollicoat® SR / Kollicoat® IR ratio and a lower coating level. Therefore,
magnetic resonance images of tablets with coat SR/IR:8.5/1.5 exhibited a faster
initial increase in tablet size compared to samples with a higher Kollicoat® SR /
Kollicoat® IR rate. Carbon dioxide development due to the neutralization reaction
between hydrochloric acid diffusing from the dissolution medium and sodium
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bicarbonate in the tablet core led for tablet samples with 10 % Kollicoat® IR content in
the film coat to the formation of a dome shaped tablet. Due to an intense carbon
dioxide formation inside the tablet samples with a SR/IR:8.5/1.5 coat, causing a fast
expansion of the device, a phase with a dome shaped tablet was not observed. The
increased permeability and flexibility of the SR/IR:8.5/1.5 coat caused a strong
increase in tablet size, forming a kind of balloon. Thus, after one hour an expanded,
biconvex tablet was detected, while this phase was attained by SR/IR:9/1 samples
not until 2 hours (10 mg polymer/cm? coat) and 6 hours (14 mg polymer/cm? coat)
respectively. The tablet size increased primarily in axial direction and only slightly in
tangential direction.

Furthermore, an increased Kollicoat® IR rate led to an earlier disintegration of the
tablet core. Differences in swelling and CO, development characteristics were more
pronounced for SR/IR:9/1 samples with different coating levels than for SR/IR:8.5/1.5
tablets with varying film thicknesses. For SR/IR:9/1 tablets, the tablet core of samples
with 14 mg polymer/cm? started to disintegrate only marginally after 7 hours, while
tablets with a decreased polymer film exhibited a strong core disintegration after the
6 hours. In contrast to this both MRI monitored SR/IR:8.5/1.5 samples exhibit quite
similar swelling and gas formation behaviour.

In most magnetic resonance images the swollen and expanded polymeric film coat
was visible as a bright edge surrounding the tablet core. The last images of each MRI
series detected a floating device, where tablet coat and tablet core were no longer
distinguishable. The increased signal intensity inside the tablet core may be caused
by a high amount of aqueous dissolution medium bound by the polymer network.
Even if the shape of the tablet core is no longer visible, the poly(vinyl acetate)
structure of the disintegrated tablet core is still strong enough to entrap gas bubbles
inside the polymeric shell. The reduced volume of the floating device, which was
observed for some formulations, is caused by the diffusion of carbon dioxide and
Propranolol HCI from the tablet core.

5.4.6 Impinging light microscopy

Impinging light micrographs underlined the findings of the benchtop MRI study, as
most stadiums of carbon dioxide formation observed before were retrieved
(Fig. 5.14). A cylindrical shaped tablet with undisintegrated core and only slight CO»

formation was observed after 15 min of contact with hydrochloric acid. Gas
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development started in the outer parts of the tablet core, which showed no tendency
of disintegration. After two hours the floating device forms a biconvex tablet due to

the strong expansion of the polymeric film.

Fig. 5.14 Impinging light micrographs of axial cut tablet samples with coat SR/IR:8.5/1.5 of
10 mg polymer/cm? after different time intervals of contact with 0.1 N HCI.

Small cavities within the tablet core become visible and increase over time leading to
a disintegration of the tablet after ten hours. The 10 h micrograph shows clearly the
cavities, where the carbon dioxide is entrapped. Additionally, an all in all increase in

tablet size was observed as well.
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5.5 Conclusion

The present chapter demonstrates the exceptional attributes of poly(vinyl acetate) as
an excipient for floating devices showing controlled drug delivery. Kollidon® SR is
able to ensure a low initial density of the floating system and to overcompensate the
sinking characteristics of the model drug Propranolol HCI. The high elasticity of
Kollicoat® SR films reduces the risk of dose dumping even for expanding, carbon
dioxide developing systems. The high flexibility of poly(vinyl acetate) films is further
increased after contact with dissolution medium due to water acting as a plasticizer.
The Kollicoat® SR film simultaneously provides a controlled release of the drug and
ensures an effective capture of the CO, within the tablet. Hereby, the
Kollicoat® SR/Kollicoat® IR ratio represent an important factor, as Kollicoat® IR
contents in the film coat of 20 % led to a destabilization of the polymeric film and the
formation of cracks. As the dimensions of the floating DDS increased during the
interval of drug release, both floating ability and size will contribute to the
gastroretentive characteristics of the dosage form, whereas the latter will become
more pronounced when stomach contents are emptied. Although a variety of
gastroretentive systems has been developed until now, most of the published studies
neglect floating strength studies and focus only on the monitoring of floating lag time
and floating duration. Applying floating strength measurements to the developed
floating tablets it was possible to quantify and to compare floating characteristics of
different systems. Tablets with a 10 mg/cm? SR/IR:8.5/1.5 coat proved to exhibit
optimized characteristics for an application as a gastroretentive DDS, showing a
floating onset of 12 minutes on average, the strongest and fastest increase in floating
strength at the beginning, a reliable floating within a time interval of 24 hours and a
complete drug release governed by zero order kinetics. As all devices exhibit an
initially high density leading to a sinking of the tablets at the beginning they imply the
risk of premature emptying. The performance of MRI experiments led to a more
profound understanding not only of swelling poly(vinyl acetate)-based drug delivery
systems but of carbon dioxide developing floating devices in a non-invasive and

continuous manner.
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6. Development and characterization of poly(vinyl acetate)
floating matrix tablets

6.1. Introduction

In this chapter a second option for the realization of a floating oral dosage form is
described by the development of a floating matrix tablet. Compared to coated floating
tablets, matrix devices offer several advantages. The dosage form may be prepared
with a single manufacturing step, reducing costs and expenditure of time. As the drug
is dispersed homogeneously throughout a polymeric matrix they do not exhibit the
risk of dose dumping due to drug leakage. A disadvantage lies in the fact, that the
empty matrix has to be removed from the body. Furthermore, in the continuing
dissolution process an increase in diffusion path as well as a decreased effective
diffusion area will result in drug release rates varying with square roots of time and
thus continuously diminishing drug liberation.
For the development of a floating matrix drug delivery system selecting a suitable
polymer with a bulk density of less than 1 g/cms, forming a cohesive gel barrier and
the ability to dissolve slowly enough to retain the drug over a longer period of time is
representing a challenge [163].
Hydrocolloids of natural or semisynthetic origin are commonly used for the
development of so called hydrodynamically balanced systems. HPMC is most widely
used as a matrix forming excipient in gastroretentive systems as it is available in
various qualities, differing in molecular weight and viscosity [196-199]. Other
approaches include the use of Carbopol, HPC, EC, agar, alginic acid, carragenans or
natural gums as matrix forming excipients [129,130,200-203]. The functional principle
of these devices is based on the fact, that the matrix begins to swell and forms a gel
layer with entrapped air around the tablet core after contact with gastric fluid,
whereas this gel layer controls the drug release. After the outer gel layer is eroded,
the swelling boundary is moving towards the dry core, maintaining hydration and
buoyancy of the system [117,204].
Addition of fatty acids to these formulations leads to devices exhibiting a low density,
whereas the diffusion of aqueous medium into the device is decreased reducing the
erosion of the system [163-165,205]. A drawback lies in the passivity of these
systems, depending on the air entrapped in the device during the compression step
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[206]. An approach to avoid this issue lies in the increase in floating strength by
incorporating sodium bicarbonate as gas forming agent dispersed in a HPMC
hydrogel matrix [207,208].

The use of synthetic polymers such as methacrylic acid-methylmethacrylate
(Eudragit®) copolymers or poly(vinyl acetate) leads to the formation of inert matrices.
Apart from the addition of common tableting excipients such as lactose or dicalcium
phosphate, drug release profiles from polymeric matrices may be adjusted by
blending polymers with different hydrophilicity [209-211]. Furthermore, polymer
blends have been reported to improve the tablet hardness and the ability to retard
drug release [212]. These systems swell only to a limited extent. In this connection
Kollidon® SR has already been reported to control the release of various drugs such
as Propranolol HCI, Diphenhydramine HCI and Diltiazem HCI when used as a matrix
forming excipient [38,213-219]. It shows excellent flowability and can be used as an
excipient for direct compression, whereas these tablets are characterized by a low
friability and high crushing forces at low compression forces during the tableting
process [220].

Furthermore, drug release characteristics may be adjusted by adding swellable or
water soluble excipients such as pectin and methyl hydroxyethylcellulose [221]. For
the floating matrix systems described in this chapter again Propranolol HCI was used
as a model drug. It was expected that the good floating properties of Kollidon® SR
would be able to compensate the deficient floating properties of Propranolol HCI, as it
has already been used as a matrix forming excipient in floating formulations [222].
Poly(vinyl acetate) forms a non-disintegrating matrix which will only swell to a limited
amount when placed in an aqueous environment. Propranolol HCI release from
Kollidon® SR matrices will be governed by the diffusion of dissolution medium into the
matrix, swelling of the polymer matrix, dissolution of poly(vinyl pyrrolidone) and the
drug and the diffusion of these two dissolved substances out of the matrix.

Kollidon® SR formulations have been reported to show sensitivity to exposure to
different temperature treatments [223]. Therefore, curing experiments were
performed to detect the extent of temperature influences on drug release profiles.

As polymer swelling plays an important role in pattern and amount of drug release
and floatation behaviour, monitoring water penetration into the tablet core leads to a
deeper understanding of drug release mechanisms. To maintain flotation of the

tablets the balance between swelling and water diffusion into the tablet has to be
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preserved. In this regard the gravimetric quantification of water uptake characteristics
to monitor swelling behaviour is often used due to its simple practicability [199,224].
Liquid boundary movements in tablets have already been monitored invasively by
axially cutting tablets after quick-freezing and freeze-drying [225]. By contrast,
magnetic resonance imaging offers the possibility to characterize swelling and water
diffusion characteristics of matrix tablets in a non-invasive manner [55-57,226].
Therefore, the '"H NMR benchtop MRI instrument was applied on systems of interest
described in this chapter.

Additionally, floating strength experiments were performed using a simplified
apparatus according to Timmermanns and Moés [190,192] to allow a better
evaluation and comparison of the floating ability of the developed matrix tablets.
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6.2 Materials

Kollidon® SR was used as a plastic matrix former (BASF Ludwigshafen, Germany).
Propranolol HCI was obtained by Sigma Aldrich, Taufkirchen, Germany. Magnesium
stearate was used as a lubricant (Caelo GmbH, Hilden, Germany).

6.3 Methods

6.3.1 Preparation of floating matrix tablets

The composition of the matrix tablet was selected according to the preliminary trials
regarding the tablet core mixture of the coated floating DDSs (chapter 5.3.1.2),
whereas the sodium bicarbonate fraction was replaced by Kollidon® SR to receive a
higher PVAc content for a system floating independently of carbon dioxide
development. Kollidon® SR and Propranolol HCI were blended in a z-arm mixer (AR
400, Erweka GmbH, Heusenstamm, Germany) for 10 minutes. After adding
magnesium stearate the powder mixture was blended for another 2 minutes. Biplanar
tablets characterized by a diameter of 11 mm with different Propranolol HCI amounts
(E = 833%, F = 25%, G = 20%, H = 10%) according to Table 6.1 were prepared by
direct compression on a single punch tableting machine (Korsch EKO/DMS, Korsch
Pressen GmbH, Berlin Germany).

Table 6.1 Composition of floating Propranolol HCI matrix tablets.

Composition (mg) E F G H

Propranolol HCI 116.5 87.5 70.0 35.0
Kollidon® SR 230.0 259.0 276.5 311.5

Mg stearate 3.5 3.5 3.5 3.5

The tablet weight was kept constant at 350 mg. Tableting parameters were adjusted
to receive a crushing force of 75 N (x4 N), which was determined using an Erweka
TBA 30 crushing force tester (Erweka GmbH, Heusenstamm, Germany).
Compression forces varied between 3.3 and 4.6 kN.
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6.3.2 Curing experiments

For the characterization of curing influences on drug release behaviour and possible
matrix erosion half of the tablets were subjected to a temperature regimen of 1 or 3
hours respectively at 60 °C in an incubator (Heraeus B6760, Heraeus Instruments
GmbH, Hanau, Germany).

6.3.3 Determination of tablet density

For calculating the apparent densities of the tablet samples their volumes and
masses were determined. The height and the diameter of the prepared tablets were
measured using a micrometer gauge and then used for the calculation of the volume
of the cylindrical devices. Measurements were performed fivefold. The true density of
the matrix devices was determined using a helium pycnometer (Accupyc 1330,
Micrometrics, Mdnchengladbach, Germany) and by averaging 3 measurements. The
porosity € of the samples was then calculated using equation (4):

e=1-Fa 4)
Pt

where p, represents the apparent density and p; the true density of the samples.

6.3.4 Quantification of insoluble tablet matrix erosion

For analyzing the extent of erosion of the insoluble polymer matrix tablets were
positioned in an automatic dissolution tester (PTWS 310, Pharmatest Apparatebau,
Hainburg, Germany) with 900 ml 0.1 N HCI of 37 °C and working at 50 rpm paddle
speed. The sampling was performed after 24 hours. After filtrating the dissolution
medium and subsequent 12 hours of drying of the filter residue in an incubator
(Heraeus B6760, Heraeus Instruments GmbH, Hanau, Germany) working at 60° C
the samples were weighed. Experiments were performed in triplicate.

6.3.5 Propranolol HCI release studies

Dissolution tests were performed in triplicate in a dissolution rate test apparatus
according to the method 2 in the USP [83]. For this purpose an automatic dissolution
tester (PTWS 310, Pharmatest Apparatebau, Hainburg, Germany) was used,
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operating with 900 ml 0.1 N HCI (pH 1.2) at 37 £ 0.5 °C and 50 rpm. The formulations
prepared were subjected to dissolution tests for 24 hours. The amount of dissolved
Propranolol HCI was determined by measuring the UV absorption at 290 nm and
calculated using a calibration equation for the drug.

6.3.6 Monitoring of floating behaviour

Floating strength measurements were performed using the same experimental setup
and procedure described in chapter 5.3.4. All floating experiments were performed in

triplicate.

6.3.7 Determination of swelling parameters

As tablet swelling represents a vital factor to maintain buoyancy of the floating
devices the increase in radial and axial tablet extensions was measured as tablet
diameter and tablet height. Therefore photographs of the tablets after predetermined
time intervals of contact with 0.1 N HCI of 37 °C were taken and evaluated using an
image analysing software (AnalySis auto, Olympus Deutschland GmbH, Hamburg,
Germany).

6.3.8 'H NMR benchtop imaging experiments

'"H NMR benchtop imaging experiments were carried out using the same
experimental conditions and parameters described in chapter 5.3.6 for the
characterization of the coated floating tablets. Experiments were performed in
triplicate.

6.4 Results and discussion
6.4.1 Determination of tablet density

Apparent tablet density of all samples was lower than 1.004 mg/cm?® and related to
Propranolol HCI: Kollidon® SR ratio, whereas higher Kollidon® SR contents led to a
decreased tablet density as well as an increased porosity (Table 6.2). The polymeric
structure of Kollidon® SR possesses an enhanced ability to entrap air during the
compression process compared to the crystalline structure of the salt Propranolol
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HCI. Additionally Propranolol HCI exhibits a slightly higher density (1.233 g/cm?)
compared to Kollidon® SR (1.211 g/cm?3). The porosity increased linearly (r = 0.989
for uncured and r = 0.993 for cured tablet samples) with decreasing drug contents in
the matrix tablets. The determined values of the apparent density as well as the
porosity changed for cured tablets compared to tablets without temperature
treatment. The spontaneous densification of poly(vinyl acetate) due to subjection to
curing conditions have been modelled by measuring volume and enthalpy recovery
[227]. Interestingly, the values remained constant after three hours of curing
compared to those obtained from tablets being subjected to an increased
temperature for only one hour. These results provide an indication that the
temperature induced changes might have been completed after one hour of curing.
Therefore, the values determined after curing of one hour and three hours are not

given separately in Table 6.2.

Table 6.2 Apparent density, true density and porosity of Propranolol HCI matrix tablets
before and after being subjected to curing conditions.

Formulation Apparent density True density Porosity
(mg/cm3) (mg/cm3)

Curing before after before after before after

E (33 % drug) 0.92 0.91 1.216 1.216 0.24 0.25

F (25 % drug) 0.89 0.86 1.216 1.216 0.27 0.29

G (20 % drug) 0.85 0.83 1.215 1.215 0.30 0.32

H (10 % drug) 0.82 0.79 1.214 1.214 0.33 0.35

The increase of the apparent density due to the temperature treatment manifests in
an all in all increase in tablet height and diameter, which might be caused by the
higher mobility and flexibility of the polymer chains in presence of temperatures
above the glass transition temperature, leading to a slight extension of the tablet
dimensions. Additionally, a slight weight loss after the curing process, which might be
due to the loss of in the tablet remaining humidity, contributed to the decrease in
tablet density.

In summary, the reduction in tablet density and thus the increase in tablet porosity
were only marginal for all tablet formulations.
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6.4.2 Quantification of insoluble tablet matrix erosion

Disintegration of the tablet samples did not occur, indicating the formation of true
matrices. Within the first hour of contact with dissolution medium tablet samples with
formulation E (cured and uncured) and formulation F (uncured) began to show a
slight erosion of the insoluble matrix on the edges of the tablet, which was visible due
to sedimenting particles on the bottom of the vessel.

Table 6.3 Quantification of insoluble tablet matrix erosion of uncured and cured tablet
samples (n.d. = not determinable).

Formulation Erosion of uncured tablets (%) Erosion of cured tablets (%)
E(33%drug) 3.4+0.2 2.6 +0.1

F (25 % drug) 1.6 £0.1 n.d.

G (20 % drug) n.d. n.d.

H (10 % drug) n.d. n.d.

The curing process led to a solidification of the tablet as the temperature exceeding
the glass transition temperature caused an increased mobility of the polymer chains
reducing imperfections in the matrix structure. On the other hand Propranolol HCI
contributes to defects in the matrix structure due to its crystalline nonpolymeric
structure. Therefore, higher Propranolol HCI contents as well as tablet samples in the
uncured state increased the probability of matrix instability at exposed areas like the
edge of the tablet. However, erosion of the unsoluble tablet matrix occurred only
marginally and can therefore be seen as negligible.

6.4.3 Characterization of Propranolol HCI release

Kollidon® SR efficiently sustained the Propranolol HCI release from the matrix
devices. In the literature an amount of at least 20 — 30 % Kollidon® SR is required to
extend drug liberation [35,213]. The drug release profiles of all tablet formulations
exhibited a decrease in dissolution rate after being cured (Fig. 6.1), which is usually
related to a relaxation in polymer structure or reorganization of defects emerging
from the compression process [228]. Subjecting the tablet samples to the curing
conditions for three hours did not further change the dissolution profile compared to
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samples being cured for only one hour, indicating a stabilization of the dissolution
profile after one hour of temperature treatment. These findings comply with the
results obtained by Shao et al., who stated a stabilization of the dissolution rate of
PVAc-based matrix tablets after being subjected to a temperature treatment of 1 hour
at 60 °C [218]. This group did not detect significant changes in the drug release
profile by extending the curing up to 18 hours, which is in accordance with the curing
conditions reported for EC-based matrix tablets and coated beads ranging from
60 °C to 90 °C of a few hours up to one day [229,230].
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Fig. 6.1 Propranolol HCI release profiles of uncured (blue), 1 h cured (black) and 3 h cured
(red) tablet samples.

As a stabilization of the physical tablet properties after one hour of curing was
assumed, these samples were used for all further experiments.
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Kollidon® SR controlled the release of the hydrophilic model drug Propranolol HCI
efficiently over a time period of at least 17 hours (Fig. 6.2). Complete drug release
within 24 hours was achieved for formulation E and F. Higher polymer contents led to
decreased drug release rates as well as a lower total amount of released drug.

Furthermore, no lag times prior to drug release were observed.
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Fig. 6.2 Release of Propranolol HCI from Kollidon® SR matrix tablets into 0.1 N HCI.

The most important mechanisms controlling the drug release from matrix tablets are
diffusion, swelling and erosion. After contact with aqueous dissolution medium water
concentration gradients form at the water/polymer interface leading to a beginning
water diffusion into the matrix system. As water acts as a plasticizer, the glass
transition temperature of the polymer is decreased. In case the temperature of the
surrounding dissolution medium exceeds the T4 the polymer matrix changes from the
glassy to the rubbery state. Continuing water diffusion into the matrix device will
result in a limited swelling of the polymeric device. In contrast to HPMC, PVAc as an
inert water insoluble matrix former will neither form a hydrogel-based diffusion layer
nor strongly erode.

In general, drug release from matrix devices may be controlled by the diffusion of the
drug out of the matrix device or the polymer relaxation resulting in some cases in the
dissolution of the matrix releasing the drug. Often a combination of both mechanisms
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can be found. Swelling of the polymeric matrix will additionally contribute to the drug
release characteristics.

For inert and non-eroding matrix systems with a completely dissolved drug
incorporated within the device the drug release is given by Fick's second law of
diffusion:

02c(x)

ot o X O x?

Scixt) _ 8J(x)

where c represents the concentration of the drug, x the coordinate of the path, t the
time, J the mass flow and D the diffusion coefficient.

The drug release from non-erodible matrix systems characterized by a drug which is
suspended within the polymeric matrix is described by the Higuchi equation:

Y bae e ©)
where M; represents the absolute amount of the drug released at time f, A the
surface area of the matrix device with contact to the surrounding dissolution medium,
Co the initial drug concentration in the polymer matrix and c¢s the solubility of the drug
within the polymer. The equation describes the concentration gradient driven
diffusion through an extending diffusion barrier, whereas the concentration gradient
has to be kept constant with ¢y >> ¢s. In case c; falls below ¢y the drug release
characteristics are no longer governed by Higuchi kinetics. This is also true for matrix
systems containing poorly water soluble drugs as the drug dissolution will represent
the rate-determining step. Swelling and erosion of the polymer matrix will change the
value of the diffusion constant K and thus lead to deviations from the Higuchi kinetics
as well. Further assumptions for the validity of the Higuchi equation are the
maintenance of perfect sink conditions, a constant diffusivity of the drug, a one-
dimensional diffusion, no interactions occurring between the matrix and the drug and
the drug particle size being much smaller than the thickness of the system. Beyond
that, the formation of pores within the polymeric matrix due to the dissolution of the
drug or water soluble matrix components is neglected in the Higuchi equation.

The Higuchi equation is valid for a thin matrix layer with an incorporated drug
substance, i.e. the area of the upside and underside of the investigated tablet has to
be much greater than the height of the tablet. This means that the validity of the

Higuchi equation in case of tablets is limited to thin discs. Nevertheless drug release
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from matrix tablets which do not conform to these requirements is often fitted to
Higuchi kinetics due to its simplicity. This offers the possibility to receive a rough idea
of the drug release mechanism of the investigated matrix system.

Equation (6) may be simplified to the following term:

/I\\/lﬂ_i = Kt (7)

with M., representing the absolute drug amount released cumulatively from the matrix
and K as a constant comprising the characteristics of the respective dosage form.
Clearly, drug release is related to square root of time kinetics and bound to the initial
drug concentration incorporated in the matrix, the composition of the matrix system,
the porosity, the tortuosity of the pores within the matrix and finally the solubility of
the drug.
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Fig. 6.3 Propranolol HCl release profiles from Kollidon® SR matrix tablets into 0.1 N HCI after
fitting to Higuchi kinetics.

For the analysis of drug release characteristics the cumulative amount of released
drug was plotted against the square root of time (Fig. 6.3). The coefficient of
determination r? represents the squared correlation coefficient and was used as an
indicator for the fitting of the considered model (Table 6.4). Propranolol HCI release
from Kollidon® SR-based matrix tablets follows approximately square root time of
kinetics. It has to be pointed out, that drug release kinetics also depend on the
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physicochemical properties of the model drugs as the literature is divided as to which
kinetical model describes the drug release from poly(vinyl acetate)-based tablets.
Various groups detected drug release with square root time of kinetics as well as
non-square root time of kinetics for different drugs [231,232].

Table 6.4 Coefficients of determination (r3 for fitting the Propranolol HCI release from the
floating PVAc matrices to square root time of kinetics.

Formulation r?

E (33 % Propranolol HCI) 0.9962
F (25 % Propranolol HCI) 0.9976
G (20 % Propranolol HCI) 0.9994
H (10 % Propranolol HCI) 0.9994

To receive more detailed information about the drug release mechanism the data
obtained from the dissolution studies were analyzed according to equation (8) related

to the Korsmeyer-Peppas model [233,234]:
fi=at" (8)

where f; represents the percentage of drug released at time t (M/M..), a is a constant
incorporating geometric and structural characteristics and n is an exponent which
indicates the drug release mechanism. For n = 0.5 the drug release from the matrix is
diffusion controlled, whereas n values of 1.0 indicate a drug release independent of
time and therefore corresponds to zero-order release kinetics being related to a
swelling controlled drug release. As these values are only valid for the interpretation
of the drug release mechanism from slabs, variations in matrix geometry lead to
deviations in n values for the different drug release mechanisms. In the case of
cylindrical devices the value of the variable n corresponds to different diffusion
mechanisms given in Table 6.5 [235].

Fickian diffusion is related to n = 0.45, whereas n = 0.89 indicates case |l transport
(zero order release) and n > 0.89 super case |l transport. Values of n between 0.45
and 0.89 identify anomalous (non-Fickian) diffusion, corresponding to coupled
diffusion and polymer relaxation. In practice, drug release from polymeric matrices
will not solely be either diffusion-controlled or dissolution controlled but be

characterized by a predominant drug release mechanism superpositioning competing
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processes. Therefore, the application of the Korsmeyer-Peppas model on DDSs of
interest provides information regarding the prevalent mechanism of drug liberation.

Table 6.5 Corresponding drug release mechanisms for different values of n.

Values of n Drug release mechanism

0.45 Fickian diffusion

0.45-0.89 Non-Fickian diffusion

0.89 Case Il transport (zero order release)
> 0.89 Super case Il transport

As the Korsmeyer-Peppas model is often valid for cumulative released drug amounts
up to ~ 60 %, the data used for the analysis were limited to this range. To identify the
drug release mechanism, n values for the different formulations were calculated
using equation (8) and by linearly fitting the part of the drug release curve where
Mi/M.. < 0.6 in a log-log coordinate plane.

This simple, semi-empirical model for drug release kinetics has already been used for
Kollidon® SR, starch acetate/ethyl cellulose and HPMC-based matrix drug delivery
systems [131,236,237]. Nevertheless, the fact has to be taken into account, that this
so-called “power-law” assumes constant diffusivities as well as constant dimensions
of the studied system [238]. As swelling is limited in Kollidon® SR-based matrix
systems, the application of the Korsmeyer-Peppas model on these systems can be
considered.

The coefficient of determination r? was used as an indicator for the fitting of the
considered model. Apparently the release of Propranolol HCI from the PVAc floating
tablets follows the Korsmeyer-Peppas model. Table 6.6 shows the hereby assessed
n values. As for all of all formulations the release exponent n exhibits values close to
0.45, a drug release mechanism which is governed by Fickian diffusion for the water-
soluble drug Propranolol HCI can be affirmed. These findings are in accordance with
those of Reza et al. who stated a drug release which was predominated by Fickian
diffusion for Kollidon® SR matrix systems as well [35]. The release rate constant a
decreased with higher Kollidon® SR levels. An analogous effect has already been
reported by Shah et al. concerning HPMC-based matrix devices [239].
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Table 6.6 Kinetic parameters based on equation (8) for Propranolol HCI matrix tablets (a —
release kinetic constant; n — release exponent; r?2 — coefficient of determination; Ts - the
time for 50 % of the drug to be released).

Formulation ath™" n r2 Ts02 (h)
E (383 % Propranolol HCI) 0.267 0.426 0.986 5.7

F (25 % Propranolol HCI) 0.264 0.448 0.986 6.2

G (20 % Propranolol HCI) 0.255 0.456 0.988 8.1

H (10 % Propranolol HCI) 0.250 0.465 0.996 11.0

Increased Kollidon® SR/drug ratios resulted in decreased release kinetic constant.
These findings are in accordance with the results obtained by Shao et al. regarding
the drug release from Kollidon® SR-based matrices.

Referring to matrix drug delivery systems containing a polymer blend with water
soluble and water insoluble compounds like Kollidon® SR, a hydrophilic drug will be
released due to dissolution and diffusion of the drug through water filled capillaries.
As polyvinyl pyrrolidone dissolves from the matrix system as well, this effect will lead
to an increase in pore size and quantity and thus enhanced drug release. Higher
levels of a hydrophilic drug contributed strongly to this effect as can be seen in a
faster drug release for the samples E and F compared to G and H.

6.4.4 Monitoring of floating behaviour

All tablet samples were floating immediately due to their low apparent densities
(Table 6.2). The floating strength was related to Kollidon® SR and Propranolol HCI
content (Fig. 6.2). Higher excipient levels were related to a slightly lower density and
thus improved floating behaviour. These results indicate that the incorporation of
Propranolol HCI has a negative effect on the floating properties of the tablets. During
the dissolution process Propranolol HCI will start to dissolve, whereas the water
insoluble matrix former Kollidon® SR will begin to swell. Therefore the ability to
efficiently entrap the air present in the matrix tablet will improve with increased
Kollidon® SR contents.

Floating of all PVAc-based matrices continued over 24 hours with terminal resultant
weight values for samples E to H of 11.5mg, 12.7 mg, 17.2 mg and 33.5 mg

respectively.
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Referring to equation (2) in chapter 5.3.4 it is obvious that the total floating force of
the tablets is related to their density and their volume being associated with the water
uptake and the swelling characteristics of the system.

Positioning of the samples in dissolution medium led to immediate water penetration
into the tablets without a significant swelling and thus volume increase of the device,
causing initially reduced floating strength values. This effect can be observed with the
examined samples due to a stronger initial decrease in floating strength. To ensure
the matrix tablets to remain afloat, the balance between water uptake and swelling of
the device has to be maintained. After about 2 or 3 hours the floating strength
remains almost constant and decreases only marginally. At this point water diffusion
into the tablets was compensated by the swelling of the device. The penetrated water
was also capable of solving and withdrawing entrapped air from the matrix, leading to

a step-wise loss in floating strength as well.
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Fig. 6.4 Floating strength of Propranolol HCI matrix tablets in 0.1 N HCI.

Interestingly, the curve progression of the floating strength values deviates from the
ones described for HPMC matrix tablets, which show an initially strong increase in
resultant weight values due to the intense swelling after contact with aqueous
medium [240]. In contrast to PVAc-based matrix tablets, swelling effects initially

overcompensate the water imbition into the tablets until a maximum floating strength
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value was reached. Afterwards resultant weight values declined caused by more
pronounced water uptake to reach equilibrium. As swelling was obviously limited for
Kollidon SR matrices only a decrease in floating strength values was observed.

6.4.5 Characterization of swelling behaviour

To reveal differences in swelling behaviour photographs of swollen tablets with the
lowest (formulation E) and the highest (formulation H) polymer content are shown in
Figs. 6.5 and 6.6. Slightly uneven tablet surfaces that occur after 1 h (E) and 3.5 h

(H) are due to entrapped air inside the tablet.

Fig. 6.5 Swelling characteristics of matrix tablets with 33 % Propranolol HCI (E) in 0.1 N HCI
as a function of time.

Fig. 6.6 Swelling characteristics of matrix tablets with 10 % Propranolol HCI (H) in 0.1 N HCI
as a function of time.

To expose differences in swelling behaviour caused by increased polymer/drug ratios
of the different tablet compositions, tablet swelling data i.e. increases in tablet height
and diameter were fitted by applying the equation according to Therien-Aubin
et al. [57]:
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S=Spax (1-€™) (9)

where S represents the swelling at time {, Spax the maximum swelling value and k the
swelling rate.

The respective values of Spax and k for the examined tablet samples are listed in
Table 6.7. Changes in polymer concentration affected swelling characteristics only
marginally, as only slight differences of Spax and k values were observed.

Swelling characteristics were anisotropic, i.e. were more pronounced in axial
direction than in radial direction, which is probably due to the same effect already
described for starch and HPMC-based matrix tablets [57,241,242,243,244].

Table 6.7 Swelling data of Propranolol HCI matrix tablets according to equation (9).

Formulation radial axial
ks(h™) Smax (%) ks(h™) Smax (%)
E (33 % Propranolol HCI) 0.18 9.7 0.18 31.7
F (25 % Propranolol HCI) 0.18 10 0.20 32.2
G (20 % Propranolol HCI) 0.18 10.2 0.21 32.7
H (10 % Propranolol HCI) 0.19 10.6 0.23 33.3

As compression is applied on the systems in axial direction, granules are deformed
into irregular spheres. After contact with water and subsequent swelling these
granules regain their spherical shape which is associated with a stronger increase in
tablet height than in tablet diameter. Higher polymer concentrations were related to
slightly increased swelling, which is explicable due to the fact that the fraction of the
model drug does not contribute to the swelling process. As only the concentration but
not the type of polymer in our formulations was changed, the marginally occurring
changes in swelling characteristics were already expected.

Axial cuts of matrix tablets subjected to dissolution test conditions exhibited a slightly
porous structure caused by the release of Propranolol HCI and the water soluble
polymer PVP (Fig. 6.7). Furthermore, isolated cavities featuring larger dimensions

were observed.
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Fig. 6.7 Axial cut tablet with composition H
after 9 hours of contact with 0.1 N HCI of
37 °C.

6.4.6 'HNMR benchtop imaging experiments

'H NMR benchtop imaging was used to monitor matrix hydration and swelling
characteristics of the tablet samples with the highest (formulation E) and the lowest
(formulation H) Propranolol HCI content. Figures represent axial side images of the
chosen matrix tablets. Selected images for both samples are shown in Fig. 6.8 and

6.9 respectively.

10 min 30 min
10 mm

Fig. 6.8 Water penetration into matrix tablets with 33 % Propranolol HCI (E) in 0.1 N HCl as a
function of time.

10 min 30 min 55h 7.5h 9h

10 mm ¥ :

Fig. 6.9 Water penetration into matrix tablets with 10 % Propranolol HCI (H) in 0.1 N HCI as
a function of time.

The 'H signal intensity is a function of proton density, relaxation times and imaging
sequences. Dark areas in the '"H NMR images refer to low spin densities or short T
relaxation times, which are related to dry parts of the tablet. Protons in the swollen
polymer layer are stimulated repeatedly, whereas the signal of the protons in the
surrounding medium is suppressed by choosing an appropriate imaging sequence.
This fact explains the higher signal intensity in the gel layer compared to the signal of
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the dissolution medium, where the spin density is higher and relaxation times are
longer. Measurements were conducted T related to shorten measurement periods.
Thus it was possible to follow hydration characteristics of the developed systems
more easily.

'H NMR images exhibited axial sights of floating matrix tablets. Glass beads, which
were added to allow three-dimensional water diffusion even in case of sinking tablets
were visible as dark spots on the bottom of the test tube. For both samples the
beginning water diffusion into the tablets was visible after 10 minutes due to a bright
edge representing the hydrated polymer layer surrounding the dry tablet core. It was
possible to monitor the continuing water diffusion into the tablet over time as can be
seen in an increase in thickness of the water diffusion layer. Benchtop 'H NMR
images revealed isotropic water diffusion for both tablet samples. After 9 hours the
matrices were completely hydrated. The water diffusion front clearly separates
regions in the tablet matrix being characterized by a polymer in the glassy and in the
swollen rubbery state. Initially the solubilzation of the drug is required to enable drug
diffusion and thus liberation. Swollen areas of the tablet matrices indicate regions
where the drug is directly exposed to the aqueous dissolution medium. Therefore,
drug release is only possible from hydrated tablet regions. The hydration of tablet
samples with higher drug content was expected to be faster due to rapid leaching of
the hydrophilic model drug and a lower amount of matrix forming polymer hampering
drug and water diffusion. Interestingly no significant difference in hydration velocity
for both formulations was observed. For tablets with a higher drug content after
several hours of contact with dissolution medium the visualization of the outer parts
of the tablet matrix was decreased, so that only the inner core of the matrix tablet
was visible. This might be due to a higher porosity and slight erosion in these areas
of the matrix and thus resulting sponge-like structure with high amounts of dissolution
medium inside the matrix. The increased relaxation times reduced then the contrast
to the free water in the medium.

Magnetic resonance images of samples with formulation H exhibited cavities with
entrapped air inside the matrix, which were visible as dark spots. The origin of this air
lies in the leaching of Propranolol and Kollidon® 30 as well as in the increased initial
porosity of the tablet leading to the lowest density of all samples. The swelling of the
tablet, which was visible due to an all in all increase in radial and axial tablet

extensions, additionally contributed to the formation of pores. The proceeding

98



Chapter 6 Development and characterization of poly(vinyl acetate) floating matrix tablets

leaching process increases the probability for the formation of larger cavities. The
fact, that these increased pores almost exclusively form in the outer regions of the
matrix devices further indicates the involvement of leaching and swelling processes,

which are terminated earlier in these areas compared to the inner core of the matrix.
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6.5 Conclusion

Drug release can be approximately modelled by the application of square root of time
kinetics, which allows the prediction of drug release profiles from Kollidon® SR based
matrix tablets with varying polymer/drug ratios.

In this chapter floating oral drug delivery devices were developed by using direct
compression without any time consuming granulation processes. Drug release was
delayed efficiently by Kollidon® SR as a matrix forming excipient and was found to be
governed by Fickian diffusion.

In contrast to HPMC matrix tablets, which were found to exhibit increased drug
release rates with more pronounced swelling characteristics, for Kollidon® SR based
matrix devices the drug release was reduced in tablet samples with stronger polymer
swelling [207]. HPMC is characterized by strong swelling upon contact with aqueous
medium leading to the relaxation of the polymer chains and thus volume expansion.
The incorporated drug is then able to diffuse out of the tablet matrix. For inert
poly(vinyl acetate) based matrices two different mechanisms mainly governing the
drug release are competing with each other. PVAc matrices swell only to a limited
amount due to the water insolubility of the polymer, whereas the swelling of the
device facilitates the drug diffusion out of the tablet matrix. On the other hand,
decreased polymer contents and thus higher drug amounts in the DDS result in an
increased formation of pores caused by the leaching of the drug. Propranolol HCI as
a water soluble drug will contribute to this mechanism to a higher extent compared to
a poor water soluble drug. Therefore, increased drug/polymer ratios resulted in
increased drug release rates. The effect of pore formation due to drug dissolution
was found to overcompensate the swelling effects on drug release.

For estimating food effects on application of floating oral drug delivery effects it is of
great importance to study floating performance not only regarding floating duration
but floating strength as well. All formulations remained afloat for a time interval of 24
hours and showed an increased floating strength for samples with a higher
polymer/drug ratio. In addition Benchtop Magnetic Resonance Imaging proved to be
a valuable method to monitor water diffusion and swelling processes of the

developed matrix tablets non-invasively and continuously.
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7. Summary and perspectives

7.1 English version

Sustained release oral dosage forms play a very important role at the pharmaceutical
market [245,246]. Principles for drug retardation include coating of tablets, capsules
and pellets, matrix or hydrocolloid embedding, osmotic controlled release systems
and multiparticulate dosage forms. Since many drugs like e.g. antihypertensives
demand constant plasma levels, controlled drug delivery systems are used to avoid
high fluctuations of drug plasma levels and decrease the frequency of administration.
This leads to reduced side effects and a better compliance.

The focus of this thesis was on the development and characterization of solid oral
dosage forms based on poly(vinyl acetate). For this purpose two different ready to
use excipient preparations were utilized, namely Kollicoat® SR and Kollidon® SR. The
former represents an aqueous polymer dispersion consisting of 27 % poly(vinyl
acetate), 2.7 % PVP and 0.3 % silica. In combination with the water soluble coating
polymer Kollicoat® IR film coats allowing membrane controlled drug delivery are
obtained. In this thesis polymer coats with different Kollicoat® SR/IR ratios and
coating thicknesses were used to adjust the desired drug release pattern.
Additionally the impact of drug solubility on drug release pattern was studied by
incorporating Theophylline and Propranolol HCI respectively as model drugs.
Thermal analysis the polymer films by means of DSC and TMA revealed an efficient
plastization by the addition of triacetin. Interestingly a further decrease in glass
transition temperature was found for polymer films with an increased Kollicoat® IR
content. This effect can be explained by the chemical structure of Kollicoat® IR being
a water soluble film forming polymer with a covalently bound plasticizer.

Drug release from tablets coated with polymer films characterized by Kollicoat® SR/IR
ratios of 9/1 and 8/2 was related to the content of water-soluble PEG-PVA, coating
level and drug solubility. In this connection the blend of both coating polymers proved
to efficiently extend drug release. Despite the long history of coated oral dosage
forms, many aspects regarding a deeper analysis of the drug release mechanism
have been neglected. As for an initialization of the drug release the drug has to be
solubilzed within the tablet core the monitoring of water diffusion processes through
the polymer coat leads to a deeper understanding of mechanisms governing drug
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liberation. Therefore EPR spectroscopy was applied on systems ot interest. As both
model drugs are EPR silent, the EPR spin probe 3-Carbamoyl proxyl was
incorporated into tablets. EPR studies indicated an immediate water penetration
through the coating layer into the tablet core. It was shown, that water is able to
solubilize the majority of water soluble compounds within minutes. Thus EPR
spectroscopy proved to be a powerfol method to monitor the first steps of diffusion
processes and the physicochemical state of coated dosage forms.

Another aspect affecting drug release patterns lies in the dissolution induced change
in film coat composition. Film coats of tablets with membrane controlled drug delivery
are subjected to changes in film composition due to a leaching out of water soluble
compounds, whereas this process determines the permeability of the polymer film.
The leaching of Kollicoat® IR, Kollidon® 30 and plasticizer triacetin were monitored by
means of 'H NMR spectroscopy and SEM. Drug release kinetics was found to be
related to dissolution induced changes in coating composition. The permeability of
the film coat for the incorporated drug Propranolol HCI increased, when about 80 %
(coat SR/IR:8/2) and 90 % (coat SR/IR:9/1) respectively of the water soluble
compounds were leached out of the film coat. The developed 'H NMR method
allowed the monitoring of leaching kinetics without time consuming sample
preparation. SEM micrographs revealed morphological changes of the polymer coat
on the tablet surface that were also related to an alteration of film coat composition.
As a further step the previously analyzed polymer coats were applied on
Kollidon® SR-based tablet cores to receive gastroretentive drug delivery systems.
Kollidon® SR represents a freely flowable physical mixture of 80 % poly(vinyl acetate)
and 20 % poly(vinyl pyrrolidone). Due to its strong dry binding properties
Kollidon® SR is used as matrix forming excipient. Furthermore, Kollidon® SR-based
tablets exhibit a low density and a high crushing strength even when being
compressed at lower compression forces. By the addition of sodium bicarbonate to
the tablet core, a coated floating tablet was obtained. As water penetration through
the polymeric film coat was shown to occur within minutes, the hydrochloric acid of
the dissolution medium was expected to rapidly diffuse into the tablet, leading to a
floatation of the system due to the CO, development. In these systems coatings
based on Kollicoat® SR/IR polymer blends proved to strongly extend drug release.
The exceptional elasticity of the coating formulations was able to withstand the forces
excerted by the formation of carbon dioxide inside the tablet. Thus the risk of dose
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dumping by the use of poly(vinyl acetate) as a coating polymer was reduced.
Regarding the floating characteristics floating lag time, floating duration as well as
floating strength were determined. The latter plays an important role regarding the in
vivo performance of the gastroretentive tablet as the system has to float in the
presence of food. By performing floating strength measurements it was possible to
evaluate and compare the floating abilities of the developed systems more
accurately. Floating properties were dependent on coating level and film composition.
Though the application of MRI is widely accepted to study drug release mechanisms,
until now no studies regarding the monitoring of floating drug delivery systems are
available. Benchtop magnetic resonance imaging allowed the monitoring of water
diffusion, swelling and carbon dioxide formation inside the tablet. Thus it was
possible not only to receive deeper insights into the drug release mechanism but also
into processes determining the floating ability of the system.

To compare floating DDSs characterized by different mechanisms resulting in the
floatation of the tablet, Kollidon® SR based floating matrix devices were developed
and characterized applying the same techniques used for the coated floating tablets.
Floating abilities and drug release pattern were related to drug:polymer ratio, leading
to a decreased drug release rate and improved floating behaviour at a higher
poly(vinyl acetate) content. Furthermore drug release Kkinetics and swelling
characteristics were determined.

Table 7.1 Overview regarding advantages and disadvantages of the developed floating
DDSs.

Coated floating tablets

Floating matrix tablets

Advantages
- linear drug release profile

- high floating strength values

Advantages
- no lag times prior to floating onset
- pH-independent floating

mechanism

Disadvantages
- lag times prior to floating onset

- pH-dependent floating mechanism

Disadvantages
- drug release following Higuchi
Kinetics
- initially low and continiously

decreasing floating strength values
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Comparing finally both developed floating drug delivery systems, it has to be pointed
out, that none of the floating DDS developed in this thesis is implying only
advantageous characteristics (Table 7.1). However, an essential advantage of the
developed systems described in this work compared to systems already on the
market lies in the short lag time prior to flotation as well as the strong floating
strength characteristics. Based on the findings of this thesis further optimization may

be taken into account.

Future perspectives

Despite promising approches concerning the development of floating tablets only
reliable in vivo data can proof the efficacy of the system. Regarding the design of in
vivo studies, tests in the fed state as well as in the fasted state have to be taken into
account to ensure whether optimized drug plasma profiles are based on the
gastroretention of the system or on food effects. Therefore not only the determination
of drug plasma levels is of importance but also the monitoring of the gastroretentive
properties of the system for example by applying y-scintigraphy or MRI.

Although a review of the corresponding literature revealed controversial opinions
regarding the in vivo behaviour and thus the benefits of single-unit and multiple-unit
dosage forms, the use of monolithic devices is in general no longer seen as a state of
the art technology in the development of oral drug delivery systems [247]. In contrast
to this, small floating and non-floating capsules, were reported to be emptied fastest
from the stomach, compared to capsules with an increased size, due to their small
dimension [148]. This clearly reduces the transit time through the Gl tract and thus
the time period to provide extended drug release action and will be more pronounced
for even smaller DDS such as minitablets, pellets and microspheres. Nevertheless, a
clear advantage comparing these systems with monolithic devices lies in avoiding an
“all or nothing” principle. Therefore, the application of some findings presented in this
thesis to develop extended release multiparticulate DDSs based on

poly(vinyl acetate) may be beneficial.
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7.2 German version

Retardarzneiformen spielen auf dem pharmazeutischen Markt eine wichtige Rolle
[245,246]. Zu den Prinzipien der verzogerten Wirkstofffreisetzung z&hlen tberzogene
Tabletten, Kapseln und Pellets, Matrix- oder Hydrokolloideinbettungen, osmotisch
kontrollierte Freigabesysteme und multipartikulare Arzneiformen. Da viele
Arzneistoffe wie zum Beispiel Antihypertensiva konstante Plasmaspiegel erfordern,
werden Systeme mit kontrollierter Wirkstofffreisetzung verwendet, um starke
Schwankungen im Plasmaspiegel zu verhindern und damit die Einnahmehaufigkeit
zu verringen. Die flhrt zu verringerten Nebenwirkungen und einer besseren
Compliance.
Im Mittelpunkt dieser Arbeit stand die Entwicklung und Charakterisierung fester,
oraler Darreichungsformen auf Polyvinylacetatbasis. Mit dieser Zielsetzung wurden
zwei verschiedene gebrauchsfertige Hilfstoffzubereitungen, namentlich Kollicoat® SR
und Kollidon® SR, verwendet. Erstere stellt eine wassrige Polymerdispersion,
bestehend aus 27 % Polyvinylacetat, 2.7 % PVP und 0.3 % Siliziumdioxid dar. In
Kombination mit dem wasserldslichen Uberzugspolymer Kollicoat® IR werden
Filmiberzige mit membrankontrollierter Freisetzung erhalten. In dieser Arbeit
wurden Polymeriiberziige in unterschiedlichen Kollicoat® SR/IR Verhaltnissen und
Schichtdicken verwendet, um das gewinschte Freisetzungsprofil anzupassen.
Zusétzlich wurde durch die Verwendung von Theophyllin und Propranolol HCI als
Modellarzneistoffe der Einfluss der Arzneistoffléslichkeit auf das Freigabeprofil
analysiert.
Die Thermoanalyse der Polymerfiime mittels DSC and TMA zeigte eine effektive
Wirkung des Weichmachers Triacetin. Interessanterweise wurde fur Polymerfilme mit
einem  erhdhten  Kollicoat® IR-Anteil  eine  weitere Absenkung  der
GlasUbergangstemperatur beobachtet. Dieser Effekt ist durch die chemische Struktur
von Kollicoat® IR zu erklaren, welche einen an einen wasserldslichen Filmbildner
gebundenen Weichmacher darstellt.
Die  Arzneistofffreigabe aus  Tabletten, Uberzogen mit  Polymerfilmen
unterschiedlicher Zusammensetzung (SR/IR:9/1 und SR/IR:8/2), war an den Anteil
an wasserldslichem PEG-PVA, an die Schichtdicke des Uberzugs und die
Arzneistoffléslichkeit gebunden. Trotz der weitreichenden Historie Uberzogener,
oraler Arzneiformen wurden viele Aspekte bezlglich eines tieferen Verstandnisses
von Freisetzungsmechanismen bis heute vernachlassigt. Da fir die beginnende
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Arzneistofffreigabe der Arzneistoff im Tablettenkern geldst vorliegen muss, fihrt die
Beobachtung des Wasserdiffusionsprozesses durch den Polymerfilm zu einem
tieferen Verstandnis der Wirkstofffreisetzungsmechanismen. Hierfir kam die ESR-
Spektroskopie an ausgewahlten Systemen zum Einsatz. Da beide Modellarzneistoffe
-,ESR-stumm* sind, wurde die ESR-Spinsonde 3-Carbamoylproxyl in die Tabletten
inkorporiert. Die ESR-Untersuchungen zeigten eine sofortige Wasserpenetration
durch die Uberzugsschicht in den Tablettenkern. Es konnte gezeigt werden, dass
das Wasser in der Lage war, innerhalb weniger Minuten einen groBen Anteil der
wasserléslichen Komponenten zu I6sen. Somit konnte belegt werde, dass die ESR-
Spektroskopie eine leistungsstarke Methode darstellt, um die initialen Schritte von
Diffusionsprozessen und den physiko-chemischen Zustand Uberzogener
Arzneiformen zu beobachten.

Ein  weiterer, die Freisetzungsprofile  beeinflussender Faktor ist die
auflésungsbedingte Veranderung der Zusammensetzung des FilmUberzugs.
FilmUberzige von Tabletten mit membrankontrollierter Freisetzung unterliegen durch
das Auswaschen von wasserléslichen Komponenten Verdnderungen in der
Filmzusammensetzung, wobei dieser Prozess die Durchlassigkeit des Polymerfilms
bestimmt. Das Herausldésen von Kollicoat® IR, Kollidon® 30 und dem Weichmacher
Triacetin  wurde mit Hilfe der 'H NMR Spektroskopie und der
Rasterelektronenmikroskopie verfolgt. Die Freistzungskinetik war abhangig von
freisetzungsbedingten  Veradnderungen in der Filmzusammensetzung. Die
Durchlassigkeit des Filmuberzugs fur den inkorporierten Arzneistoff Propranolol HCI
erhdhte sich, als ca. 80 % (SR/IR:8/2) bzw. 90 % (SR/IR:9/1) der wasserldslichen
Komponenten aus dem Film herausgewaschen waren. Die entwickelte 'H NMR-
Methode erlaubte das Verfolgen der Auswaschungskinetik ohne aufwendige
Probenvorbereitung. Die SEM-Aufnahmen zeigten morphologische Veranderungen
der Oberfliche des Polymeriberzugs, welche ebenfalls auf eine
freisetzungsbedingte Veranderung der Filmzusammensetzung zurtickzufihren sind.
Als ein weiterer Schritt wurden die zuvor analysierten Polymerlberziige auf
Kollidon® SR  enthaltende Tablettenkerne aufgebracht, um  gastroretentive
Arzneistofffreigabesysteme zu erhalten. Kollidon® SR stellt eine frei flieBende
physikalische Mischung aus 80 % Polyvinylacetat und 20 % Polyvinylpyrrolidon dar.
Durch seine starken Trockenbindeeigenschaften wird Kollidon® SR als Hilfstoff flir
Matrices verwendet. Weiterhin weisen Tabletten auf Basis von Kollidon® SR eine
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geringe Dichte und selbst bei geringen Presskraften eine hohe Bruchfestigkeit auf.
Durch die Zugabe von Natriumhydrogencarbonat zum Tablettenkern wurde eine
Uberzogene Schwimmtablette erhalten. Da eine Wasserdiffusion durch den
Polymerfilm innerhalb weniger Minuten bereits nachgewiesen wurde, gab es die
Erwartung, dass auch die Salzsdure aus dem Freisetzungsmedium schnell
permeieren und zu einem CO, bedingten Aufschwimmen des Systems flhren wirde.
In diesen Systemen zeigten Uberziige bestehend aus Kollicoat® SR/IR
Polymermischungen  eine  stark  verzOgerte  Arzneistofffreisetzung.  Die
auBergewdhnliche Elastizitat der Uberzugsformulierungen war in der Lage, den in
der Tablette durch die CO»-Entwicklung wirkenden Kréaften zu widerstehen. Somit
wurde durch die Verwendung von Polyvinylacetat das Risiko einer ungewollten,
schlagartigen  Arzneistofffreisetzung  reduziert. Im Hinblick  auf die
Schwimmeigenschaften wurden die Lag-Zeit vor dem Aufschwimmen, die
Schwimmdauer sowie die Auftriebsstarke bestimmt. Letztere spielt eine wichtige
Rolle in Bezug auf das Verhalten der gastroretentiven Tablette in vivo, da die
Tablette in Gegenwart von Nahrungsbestandteilen schwimmen muss. Durch die
Durchfihrung  von  Auftriebsstarkemessungen war es  mdglich, das
Aufschwimmvermdgen der entwickelten Systeme genauer zu bewerten und zu
vergleichen. Die Auftriebseigenschaften waren bei diesen Systemen von der
Schichtdicke des Uberzuges und der Filmzusammensetzung abhangig.

Obwohl die Anwendung der Magnetresonanztomographie weithin  zur
Charakterisierung von Arzneistofffreisetzungsmechanismen anerkannt ist, sind bis
heute keine Studien bezlglich der Erfassung schwimmender
Arzneistofffreigabesysteme verfigbar. Benchtop MRI erlaubte das Verfolgen von
Wasserdiffusion, Quellung und CO.-Bildung innerhalb der Tablette. Daher war es
nicht nur méglich, tiefere Einblicke in Arzneistofffreigabemechanismen, sondern auch
in solche Prozesse zu erhalten, welche die Aufschwimmeigenschaften des Systems
bestimmen.

Um schwimmende Arzneistofffreigabesysteme mit unterschiedlichen
Aufschwimmmechanismen vergleichen zu kénnen, wurden floatierende Matrices auf
Kollidon® SR-Basis hergestellt und mit denselben Methoden wie zuvor untersucht.
Die Aufschwimmeigenschaften und das Azneistofffreigabeprofil waren abhangig vom
Arzneistoff:Polymer-Verhaltnis  mit  verringerter  Arzneistofffreisetzung  und
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verbesserten Schwimmeigenschaften bei héherem Polymeranteil. Weiterhin wurden
die Freisetzungskinetik sowie die Quellungseigenschaften bestimmt.

Bei einem abschlieBenden Vergleich der beiden entwickelten, schwimmenden
Arzneistofffreigabesysteme muss darauf hingewiesen werden, dass keines der in
dieser Arbeit beschriebenen Systeme ausschlieBlich vorteilhafte Eigenschaften in
sich vereint (Tabelle 7.2). Dennoch liegt ein entscheidender Vorteil der im Rahmen
dieser Arbeit entwickelten Systeme im Vergleich zu den sich bereits auf dem Markt
befindlichen in der kurzen Auftriebs-lag-Phase sowie der hohen Auftriebsstarke.
Deshalb kann, basierend auf den Erkenntnissen dieser Arbeit, eine weitere
Optimierung in Betracht gezogen werden.

Tabelle 7.2 Uberblick tber die Vor- und Nachteile der entwickelten Schwimmarzneiformen.

Uberzogene Schwimmtabletten Matrix-Schwimmtabletten
Vorteile Vorteile
- lineares Arzneistofffreisetzungsprofil - keine Lag-Zeiten vor dem
- starkes Auftriebsvermdgen Aufschwimmen

- pH-unabhé&ngiger

Auftriebsmechanismus

Nachteile Nachteile
- Lag-Zeiten vor dem Aufschwimmen - Arzneistofffreisetzung folgt der
- pH-abhangiger Higuchi-Kinetik
Auftriebsmechanismus - anfanglich geringes und

kontinuierlich abnehmendes

Auftriebsvermoégen

Ausblick

Trotz vielversprechender Ldsungsansatze im Hinblick auf die Entwicklung von
Schwimmtabletten kénnen nur verlassliche in vivo-Daten die Effizienz eines solchen
Systems nachweisen. Hinsichtlich des Designs von in vivo-Studien sollte sowohl eine

Prifung nach Nahrungsaufnahme als auch eine im nichternen Zustand in Betracht
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gezogen werden um sicherzustellen, ob die optimierten Blutspiegelkurven auf der
Gastroretention des Systems oder auf Nahrungsmitteleffekten beruhen. Hierfr ist
nicht nur die Erhebung von Blutspiegelkurven, sondern auch die Kontrolle der
gastroretentiven Eigenschaften des Systems zum Beispiel mittels y-Scintigraphie
oder MRI von Bedeutung.

Obwohl eine Durchsicht der entsprechenden Literatur kontroverse Meinungen
bezlglich des in vivo-Verhaltens und der damit verbundenen Vorteile von
einzeldosierten und multipartikularen Arzneiformen aufzeigte, kann allgemein die
Verwendung monolithischer Arzneiformen nicht mehr als Technologie gemans dem
aktuellen Stand von Forschung und Wissenschaft angesehen werden [247]. Im
Gegensatz dazu wurde fur kleine schwimmende und nicht schwimmende Kapseln
eine schnellere Magenpassage im Vergleich zu gréBeren Kapseln berichtet [148].
Dies reduziert eindeutig die Transitzeit durch den Gastrointestinaltrakt und damit das
Zeitfenster fir eine retardierte Wirkstofffreisetzung und wird fir noch kleinere
Arzneiformen wie zum Beispiel Minitabletten, Pellets und Microspheren noch eine
starkere Auspragung aufweisen. Dennoch liegt beim Vergleich dieser Systeme mit
monolithischen Arzneiformen ein klarer Vorteil darin, das ,alles oder nichts“-Prinzip
zu umgehen. Somit kénnte die Anwendung einiger Erkenntnisse, die in dieser Arbeit
aufgezeigt wurden, der Entwicklung multipartikularer Arzneistofffreigabesysteme mit
verzogerter Freisetzung auf Basis von Polyvinylacetat dienlich sein.
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