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Abstract

Ethyl cellulose (EC) is one of the most importawaterg materials for controlled release
formulations. To achieve the desirable drug reledake physical properties of EC films
incorporated with various functional additives neaedbe fully understood. Therefore, the
aim of this project is to characterize the physipadperties of EC films incorporated with
various plasticizers and pore forming agents, hetmeunderstand the drug release
mechanisms in relation to the physical characterssof EC films. The thermal properties
of EC powder and EC films were initially charac#sd by means of thermogravimetric
analysis (TGA), differential scanning calorimet®3C), modulated temperature DSC
(MTDSC) and dynamic mechanical analysis (DMA). 8gbently, oleic acid (OA), dibutyl
sebacate (DBS) and medium chain triglycerides (M@@&e incorporated as plasticizers
while hydroxypropyl methylcellulose (HPMC) wasiméitl as the pore forming agent. The
thermal, thermo-mechanical and phase distributioh EC films incorporated with
plasticizers and/or HPMC were investigated usingDMT, DMA and localized thermal
analysis (LTA). These results were compared wighttlermal properties and scanning
electron microscopy (SEM) images of the free faifibsr immersion into water, pH 1.2 and
6.8 buffers. Dissolution of metoprolol succinated goaracetamol from SureSpheres®
pellets coated by these films were then carried ©O4t and DBS were more efficient than
MCT for EC films. OA and DBS showed good compdtibitith EC, whereas at 20%
plasticizer level and beyond, EC/MCT films preséritgo EC phases with 8% and 24%
MCT respectively. The addition of HPMC to EC fildig@ not show a significant effect on
their thermal properties. However, the phase dittion of HPMC domains was affected
by the HPMC levels. After immersion into the re¢easedia, HPMC generated water filled
pores quickly in the first two hours. The shape sizds of these pores were corresponding
to the phase distribution of HPMC domains. The asée from these films appeared to
follow zero-order kinetics, except for metoprolalcsinate from pellets coated by
EC/plasticizer/HPMC films, which followed the Hidgnuanodel. It is suggested that the
dissolution rate of HPMC, film properties and sdlity of the model drugs is the rate-
determining step.
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Chapter 1

CHAPTER 1 INTRODUCTION

1.1 General Introduction

Controlled release drug delivery systems have betablished in order to deliver a drug to
the site of action at a specific rate, as wellamaintain the optimal concentration levels
of drugs in plasma within the therapeutically efifex range for an extended period of time
(Yie and Senshang, 2006). The basic controllecaseldormulation consists of an active
agent and a carrier. In addition, a popular dosage for controlled release involves film
coating for the prolonged and precise release efitng with good reproducibility (Sousa
et al., 2002; Vaithiyalingam and Khan, 2002). Tlasib elements for a coated drug system
are a core matrix and the coating film. The actigents, which can be liquid or solid, are
initially loaded into the core matrix, while theatong film is a layer or multiple layers of

materials.

Polymeric film coatings have often been used fdneang controlled release of an active
substance from a pharmaceutical preparation whichapily regulates the release rate and
through which the drug is released. Films mainipsist of film forming materials and
plasticizers; pore forming agents may also be ohetband will be described in more detail
in a later section. Every component of the film toags plays an important role in the
process of sustained release. Water-insoluble filirming materials may produce a film
coat with adequate mechanical strength to enserertblonged release of drug, while pore
formers help with the regulation of the rate ofglnelease. However, plain films which

have film coating materials only, such as ethylutese (EC) films, are brittle, hence the
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addition of a plasticizer is necessary to enhaingefbrming feasibility and serviceability

(Bonacucina et al., 2006).

The main mechanisms for drug release are the follgiwl diffusion, Il erosion or
chemical reactions, Il swelling and IV osmosis.ffBion is the most important

mechanism for the controlled release of the drad,waill be discussed later in more detail.

The use of pore forming materials as a means ofrating the barrier properties of
polymeric films has been of great interest in régears (Lippold et al., 1999; Ohara et al.,
2005; Siepmann et al., 2006). By incorporating deweiscible polymer as a minor
component in water-immiscible films, it is possilil® generate pores in that film on
contact with water as the water-miscible comportkssolves or disperses. A number of
relationships between composition, processing pater® and drug release have been
described, with issues such as plasticizer typddearels, coating levels, curing conditions
and mechanical properties having been studied 1(&ap et al., 2006). However, the link
between film structure and drug release is noyfuliderstood. Some issues for describing
their relationship are addressed as follows:

a) Miscibility of the film materials and pore formers

b) Spatial distribution of the pore formers

c) Mechanical properties of the films

d) Link between the above properties and dissolution

1.2 Film Coating Materials
Water-insoluble coating materials play an importaé in the controlled release system.

EC is a broadly studied film forming polymer used doated controlled release solid
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dosage forms (Krégel and Bodmeier, 1999). EC wga bf thermoplastic cellulose ether,
meaning that it can be shaped by pressure wheedeatd can form a brittle, glassy state
when cooled sufficiently. It is soluble in manysaits and compatible with a number of
plasticizers and pore formers (Frohoff-Hiulsmanralet 1999a; Frohoff-Hulsmann et al.,
1999b). Its thermo-plasticity makes it widely usedood, cosmetics and pharmaceutical
industry (Pearce, 1997). EC may be used on lacgaec also be used as a vehicle in
microscopic circuit printing. It is also used imgpients, inks and vitamin preparations as
an ingredient. Within the food and pharmaceutindlistries, EC is broadly used as a taste-
masking agent, film coating material for controllelease as well as other applications

(McConnell et al., 2007; Muschert et al., 2009b).

1.2.1 Chemical Structure of EC

EC, which is an ethyl ether of cellulose, is preplairom wood pulp or cotton by treatment
with alkali and etherification of the alkali celhde with ethyl chloride. Cellulose is a
biopolymer made up of anhydroglucose units linke@ ilinear chain formation. For each
anhydroglucose unit there are three hydroxyl grag@3H groups) that provide reactive

centres at which the reactions can take place. difrad cellulose is insoluble in water or

in conventional solvents. By etherifying hydroxytogps it is possible to use the
substituents to convert it into organo-soluble iives. Cellulose is an inert material;
therefore a solvating agent and a swelling ageeatraquired for the etherification of

cellulose in order to obtain an appreciable reactiwater and sodium hydroxide are the
solvating agent and swelling agent respectivelyiciwlare most used. The preparation of
EC is an etherification process of the alkali debe with ethyl chloride, which is

described by as the follow reactions:
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(CGHlOOS)n + NaOH— (CeHloO5- NaOH)1

(CGH1005-NaOH)1 + C,HsCl — (CngOs'C2H5)n+ NacCl+ H>O

The selection of various molar ratios of sodiumroyele and ethyl chloride may result in
varying degrees of substitution (DS) and also tiséridution of substitution. The Degree
of Substitution (DS) is defined as the average remab substituted hydroxyl groups per
glucose. After these reactions, the product mudtlieeed, washed, neutralized and dried

to obtain the finished product.

EC is used within the pharmaceutical industry dué@g water-insoluble and viscoelastic
properties that are associated with the structunelecular weight and degree of
substitution (DS). All of this information is thdéoge needed to understand the properties
of EC. Cellulose is an organic compound with themfagla (CsH1005),. It is a structural
polysaccharide comprising of beta-glucose. Celkiissa straight chain polymer composed
of individual anhydroglucose units linked at theahd 4- positions with beta configuration.
The multiple hydroxyl groups on the glucose ressdbgdrogen bonds with each other,
holding the chains firmly together and contributitay their high tensile strength. The
polymer backbone is shown Fgure 1-1 Each repeating unit exposes three replaceable

hydroxyl groups.
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Figure 1-1 Chemical structure of cellulose

Chemically, EC is an ethyl ether of cellulose, iagsrom substituting the hydrogen atoms

of some of the cellulose’s hydroxyl group®H with ethyl groups €;Hs, forming -OC;Hs

groups. Different kinds of EC can be prepared ddpegnon the number of hydroxyl

groups substitutedzigure 1-2shows an EC with a DS of 3.0, which means a cample

substitution of all of the three hydroxyl groups cdllulose. The ethoxyl content is

approximately 54.88%. However, EC with a DS ofi8.80t easy to obtain.

CH20C2Hs OC,H50C,Hs
© 3 2 H
\ TN\
N\ SN L
5 o
OC,Hs C6H2002H5

Figure 1-2 Chemical structure of ethyl cellulose

1.2.2 Properties of EC

Ethyl cellulose (EC) is a tasteless, non-toxic r@plastic, white to light tan-coloured

powder, which offers good light and thermal stapibut little fire hazard and moisture
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absorption. The films and plastics made by EC havieigh mechanical strength and
flexibility within a wide range of temperatures (gats and Rowe, 1987). EC is practically
insoluble in water, in glycerol, and in propane2ddiol, but soluble in various proportions
in certain organic solvents, depending upon thexgthcontent. EC that contains less than
46%-48% of ethoxyl groups is freely soluble in abtdrofuran, methyl acetate,
chloroform and aromatic hydrocarbon ethanol mixduidasilungan and Lordi, 1984). EC
that contains 46%-48% or more of ethoxyl groupfesly soluble in ethanol, methanol,

toluene, chloroform, and ethyl acetate.

EC is compatible with many kinds of resins and fda=ers (such as dialkyl phthalates,
polyethylene glycols and dibutyl sebacate, etcgn@r et al., 1995; Rowe et al., 1984;
Sakellariou et al., 1986a). The miscibility betwede@ and plasticizers give the operator
flexibility in selecting a suitable EC based filmhich makes it popularly used as a water-
insoluble material in film coating for pharmaceaticapplications. EC can exhibit

thermotropic liquid crystalline behaviour whichdescribed in sectioh.2.2.5

The functional properties of EC depend upon thereke@f polymerization (DP), the

degree of substitution (DS) as well as the distrdsupattern of the substituent groups on
the C(2),C(3) and C(6) positions of polysacchafide and Gray, 1998). Therefore, DS,
molecular weight, DP and the crystalline natur&Gfare of significant importance for its
properties, such as elongation, tensile strentghibility, glass transition temperaturéy,

solubility and water absorption.
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1.2.2.1 Degree of Substitution

The degree of substitution (DS) indicates the ayeraumber of etherified hydroxyl groups
per anhydroglucose unit (Wu et al., 2002). In thsecof EC, it is related to the ethoxyl
content of the polymer. The DS (with respect teegroups) for the polymers prepared
can be determined by Fourier transformer inferrgobcsoscopy (FT-IR) or gas

chromatography. Higher DS values result in a loweater-solubility because the polar
hydroxyl groups are masked. Therefore, completalysstuted tri-ethyl cellulose has no
significant application because of its poor stréngid flexibility. On the other hand, EC
with a DS between 0.8-1.7 (ethoxyl content 19%-3%4yater-soluble; this material has
no commercial significance either. The most commarsled EC has a DS range of 2.15-

2.50 (ethoxyl content 43%-50%) (Wu et al., 2002).

The solubility and diffusivity of light gases suabHe, O,, N,, CH, andCO; is affected by
the ethoxyl content of EC (Houde and Stern, 199%g study showed that the solubility
tended to increase when increasing the ethoxyleowndf EC, possibly because of an
increase in the free volume of the polymer, aseotéld in increases in both the specific
free volume (SFV) and fractional free volume (FFVhe permeability of EC films also
increases when increasing the ethoxyl content of TeBle 1-1presents the permeability,

diffusion and solubility coefficients for ethyl ¢elose at 35.0°C and at 10 atm (1,013kPa)
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Ethoxy content (%) Property He 20 N2 CH, CO,
47.2 4.93 1.46 0.411 0.878 8.90
47.9 P 6.58 1.94 0.579 1.24 11.6
49.6 7.94 2.33 0.655 141 14.7
47.2 1.742 94.8 32.1 204 48.1
47.9 D 2.056 120.5 45.2 28.1 65.5
49.6 3.031 1294 43.4 27.7 67.7
47.2 0.283 1.54 1.28 4.30 18.5
47.9 S 0.320 161 1.28 4.41 17.7
49.6 0.262 1.80 151 5.09 21.7

Table 1-1 The permeability, diffusion and solupitibefficients for ethyl cellulose at
35.0°C and at 10 atm (1,013kPa); Units: Permeapitivefficient, P x 1®[cm(STP)cmis
Yem?(cmHg)Y; diffusion coefficient, D x108(cfis™); and solubility coefficient, S

x10%[cm3(STP)(cmipolymer)}(cmHg)*] (Houde and Stern, 1997)

1.2.2.2 Molecular Weight

A background knowledge of the molecular weightle polymer is of importance to the
film coating formulation since it has an importaftect on the mechanical properties of
the films, which are important in governing vis¢gsif EC films and the incidence of film
cracking (Rowe, 1982)able 1-2shows the molecular weight of EC used in the stfdy
the effect of the molecular weight of EC on theglnelease properties (Rowe, 1986).
These viscosity values were detected at 25°C ¥ avbv solution of a solvent mixture of
toluene and ethanol (80:20kigure 1-3 shows the drug release of EC with various

molecular weights. It is shown that the drug reteatecreases with increasing the
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molecular weight, but at molecular weights in esces35,000, which is equivalent to the
N22 Grade, there was no further decrease. Theinlditzated a change of the mechanism
of release at short times leading to a steady-statdition after approximately two hours.
At a molecular weight of EC of over 35,000, thegiralease does not decrease, probably

because the films are coherent at such a high mlaleaeight.

Ethoxyl content Apparent viscosity Molecular

Sample
(% wiw) (cP) weight
N7 48.8 6 18,260
N10 48.4 9 22,920
N14 48.6 13 28,160
N22 48.7 20 35,860
N50 48.5 50 59,870

Table 1-2 Ethyl Cellulose samples used in the std@yffect of the molecular weight of EC

on the drug release properties (Rowe, 1986)

AMOUNT RELEASED %

TIME h

Figure 1-3 The effect of the molecular weight bi/etellulose on the release of the model
drug substance¥ Grade N7m Grade N10,; #Grade N14A Grade N20;®Grade N50.

(Rowe, 1986)
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Rowe (1982) suggested that the origins and causiémas and cracks in the film coating
were created by the shrinkage of the film on evapaon of the solvent and by differences
in the thermal expansion of the coating and sutestrih these stresses exceeded the
cohesive strength of the film, cracking will ocand film integrity will be lost. Films that
are prepared from a low molecular weight with starains are relatively weak, which
would lead to flaws, cracks and imperfectiofRggure 1-4 shows the interrelationships
between the dissolution of the model drug substatiee mechanical properties (tensile
strength and elongation to break) of EC and theemwér weight of EC (Rowe, 1986).
The data supports the idea that the cracks onlyromith low molecular weight of EC,
which results in a rapid release of the model diituwe frequency of this defect decreases

with increasing the molecular weight.
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Figure 1-4 The interrelationships between the makecweight of ethyl cellulose, the
amount of the model drug substance release aft¢ WJhand 5h @), the tensile strength

of free films ¢) and the elongation to break of free filnsg.((Rowe, 1986)
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The relationship between mechanical properties pdlgmer and its molecular weight is
described by the Flory equation (Rowe, 1992):

P:A+VB Eql-1

whereP is the mechanical properties (tensile strength elodgation to break)l is the
number average of the molecular weight aaéndB are constants. ThB values for
mechanical properties are negative, which meantsthiga mechanical strength increase

with molecular weight.

1.2.2.3 Viscosity Grade

Viscosity is a measurement of the resistance dfiid to deform under a shear stress.
Within the application of polymer science, it is@xpression of a solvent’s ability to swell
the polymer. Intrinsic viscosity has been provethéca useful tool for solvent selection for
EC. A solvent system consisting of toluene andreghan the ratio of 80:20 (% w/w) or
methylene chloride and ethanol in the ratio of 60(%w/w) has been suggested as
favourable for EC (Arwidsson and Johansson, 199igcosity is usually measured at
25°C of a 5% w/w solution in a mixture of toluenedaethanol in the ratio of 80:20 (%
w/w). The addition of water up to 10% is thermodwyzally favourable for an ethyl
cellulose solution, however, at this concentratidms are less stress resistant, less ductile
and less stiff (Arwidsson and Johansson, 199H8ble 1-3 provides information on

different grades of EC.
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EC Grade Ethoxyl content, % Viscosity, cP
K50 45.0-47.2 40 — 52
N7 48.0 — 49.5 6—8

N14 48.0 —49.5 12 -16
N22 48.0 —49.5 18 - 24
N50 48.0 —49.5 40 — 52
N100 48.0 —49.5 80 — 105
T10 49.6 - 51.0 8-11
T50 49.6 - 51.5 40 — 52
T100 49.6 - 51.5 80 — 105

Table 1-3 Different EC Grades (Aqualon®) and threlative ethoxyl content and viscosity

It is necessary to select a suitable viscosity g@fad the polymer film so as to balance the
film strength with the drug release properties.yR@r films prepared from a solvent
system that has a high viscosity value are typicadéchanically strong due to the tight
intertwining between polymer molecules. Neverthgleacreasing the molecular weight
and viscosity grade can result in a lower mobiitghe polymer chain and also a reduction
of the free volume available for diffusion. Thenefpit will decrease the diffusion rate of

drug molecules between the polymer molecules.

1.2.2.4 Glass Transition Temperature
The glass transition temperaturg,)(is the temperature below which molecules of the

polymer have little relative mobility. Many thermaptic polymers form super-cooled
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liquids when rapidly cooled down from melt. Elestatic repulsive forces that exist
between segments of a polymer can be ‘frozen’ tiltostructure. These forces are relieved
by the energy supplied to the sample through hgatand the polymer becomes able to
flow. Hence, thelycan be defined as a temperature range at whicimanphous material
becomes less viscous and changes from a glassg fhasubbery phase upon heating, or
vice versa if cooling. Th&g is the overall glass transition temperature asnsequence of
the mobility of all these motions within the polymmolecule and an increase in heat

capacity (Coleman and Craig, 1996).

Tyis very important in polymeric characterization, the properties of the material are
highly dependent on its glass transition. Tiyeof EC determines its behaviour in film
coating formulation during the film coating processl the subsequent storagigcan also

be a specific measurement of the effect of plasdisi on a polymer since it is a function of
chain mobility and the purpose of a plasticizetoisncrease chain mobility (Sakellariou et
al., 1986a). It can also be applied to assess theibility between two or more polymers
in a system. A polymer blend could be consideradpzatible if only on€lyis observed. If

the polymer consists of an immiscible binary blethen twoTgs will be recorded.

1.2.2.5 Liquid Crystalline Nature

Liquid crystals are substances that exhibit properbetween those of a conventional
liquid and those of a solid crystal. They may flaw a liquid, but contain molecules in a
liquid arranged and/or oriented in a crystal-likarmer. Liquid crystals can be divided into
thermotropic and lyotropic liquid crystals. A ligucrystal is thermotropic if the order of

its components is determined or changed by changimgperature. Thermotropic liquid

crystals materials are generally rod-like molecwlgs rigidness in the central region and
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flexible substituent. They can be converted intmaventional isotropic liquid phase when
the temperature is raised resulting in the remayahe cooperative order of the liquid
crystal phase. A lyotropic crystal usually consistswo or more components which can
form liquid crystals in certain concentration rasgd solvent. In the lyotropic phases,
solvent molecules fill the space around the compsua provide fluidity to the system. In
contrast to thermotropic liquid crystals, thesergpics have another degree of freedom of

concentration that enables them to induce a vaoketyfferent phases.

EC with an ethoxyl content over 45% has been shtavexhibit thermotropic liquid

crystalline behaviour (Wu et al., 2002). Also, B€ aemi-rigid chain polymers, which can
form lyotropic liquid crystals in appropriate sohte (Dai and Huang, 1998). As a result of
the chirality of the cellulose backbone, EC mayrfarhiral nematic structures (Shimamoto

and Gray, 1998).

1.3 Plasticizers

One commonly used method to modify the propertigsobymers and enhance their film
forming properties is the addition of plasticizeRasticizers may be defined as low
molecular weight substances, ideally of low voigtilwhich increase the flexibility of the

polymer chains, hence producing films that areilfllex more pliable and often tougher

with a subsequent improvement in their resistangadchanical stress.

1.3.1 Effects of Plasticizers
Plasticizers are additives that increase the plistf the material to which they are added.
It is usually necessary to include plasticizerscoating films in order to obtain the

polymeric films with the appropriate properties.eyhmay reduce the brittleness of the
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polymeric films, alter the permeability of the dragd promote film formation in the case

of aqueous dispersions.

EC films without plasticizers are brittle and wiksult in a very slow drug release.
Plasticizers may increase the flexibility of theamamolecules which may give the desired
flexibility and durability to the film. The high gbs transition temperature of EC shows
that it softens and flows at a high temperaturdo#ts not form flexible films under normal
coating conditions. In order to obtain good thernphasticity, plasticizers are added, and

thus the glass transition is reduced to a loweptrature.

The use of plasticizers is essential for the imprognt of the mechanical properties of EC
films. Plasticizers work by embedding themselvesvben the chains of polymers, spacing
them apart. In polymeric solutions, plasticizersr@ase the free volume between the
polymer chains (Mauritz et al., 1990). Thus theyl wgignificantly lower the glass

transition temperature for the polymer and makeoiter. They could also reduce the
minimum film formation temperature (MFT) below thaf the coating temperature

(Tarvainen et al., 2003). Plasticizers can peretir@b the polymeric chains of EC more
rapidly and completely to take its action betwelea EC chains once MFT is exceeded,

and hence, increasing the flexibility of the polyrabkain.

The addition of plasticizers may also decreasestiteace free energy of polymeric films,
which is important in determining the adhesion lesw films and the dosage form
surfaces (Oh and Luner, 1999). Both the structacethe composition of the film surface
could be affected by plasticizers due to the polyplasticizer interaction. Plasticizers can

moderate hydrogen bonding based on their solub{Bgkellariou and Rowe, 1995a).
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Interactions between plasticizers and polymers walluce polymer-polymer reaction,

which results in the greater polymer chain mohility

1.3.2 Plasticizers Used for Film Coating

The main requirements for plasticizers used in filoatings are the permanence and the
efficiency of plasticization. The compatibility gfasticizers and the other dosage form
components also needs to be considered. There @ardearange of plasticizers that are
compatible with EC. The most common used plastisizer oral drug delivery are listed
below inTable 1-4 Other novel plasticizers have been studied t@eod the film forming
properties of EC, such asalkenyl succinic anhydrides (Tarvainen et al., 20M@Drug
release depends strongly on the type of plast&iZBne chemical nature of plasticizers

plays an important role in the drug release medmariLecomte et al., 2004).
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Density Tb
Molecular Refractive Flash
Plasticizer (gem®) (°C)
Weight Index at 25°C Point (°C)
(20°C) (760 mmHgQ)
Glycerol 92 1.260 1.473 290 177
Propylene glycol 76 1.035 1431 188 99
Polyethylene
400 1.128 1.455 (70°C) >300 245
glycol 400
Polyethylene
4000 1.20 (solid) 1.517 Solid at 25°C 262
glycol 4000
Dimethylphthalate 194 1.189 1.501 282 163
Diethylphthalate 222 1.123 1.490 296 168
Dibutylphthalate 278 1.051 1.443 340 171
Dibutyl sebacate 314 0.932 1.440 345 185
Triethyl citrate 276 1.136 1.446 127 155
Tributyl citrate 360 1.045 1.438 170 185
Triethyl acetyl
318 1.135 1.441 132 188
citrate
Tributylyl acetyl
402 1.048 1.431 173 204
citrate
Triacetin 218 1.156 1.480 258 132
Castor oll - 0.960 - >150 -

Table 1-4 Properties of plasticizers for film cogfs for oral drug delivery

(Sakellariou and Rowe, 1995a)
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1.3.2.1 Hydrophilic Plasticizers

The permeability of the film to the drug is an imamt factor in determining the suitability

of a film for the development of a controlled redegpreparation. It is also an important
factor that governs the rate of release througblynper which is insoluble in the digestive

system, such as EC. EC is a very hydrophobic n@tand thus the incorporation of

hydrophilic plasticizers can increase the permégldor hydrophilic drugs in the EC films.

The interaction between EC and a hydrophilic pta=tr polyethylene glycol (PEG) has
been studied by DSC (Sakellariou et al., 1986bg $¥ystem consisted of an amorphous
polymer (EC) and a crystalline polymer (PEG 600hree relatively sharp transitions
were recorded at — 40°C to — 47°C, 60°C and 118°Q,respectively. The first transition
is thought to be the amorphous part of the PEGdhas rise to a glass transition. In this
case, the transition height will increase with easing the PEG content. It is thought that
increasing the concentration of the amorphous petylBC results in an increased
restriction in movement of the PEG chains. Furtreemthis behaviour is associated with
the depression of the degree of crystallinity af BEG. The second transition of 605C
associated with the melting of PEG crystallites #re subsequent increase in mobility of

this polymer within a rigid matrix of EC.

Triethyl citrate (TEC) is a hydrophilic plasticizpermitted in the fields of food additives,
medical and pharmaceutical industry. It has beenfiroed that TEC is a suitable
plasticizer for an EC aqueous dispersion Aqudcod@bara and McGinity, 1995).
Plasticization time is the time between the additaf the plasticizer to the polymer
dispersion and the coating step. It has been demaded that the plasticization time had no

effect on the distribution behaviour of water-sdéuplasticizers (Bodmeier and Paeratakul,
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1997). When TEC was added to the aqueous colldidglersion, a large amount of the
plasticizer was dissolved in the aqueous phasdtasd plasticizers were not taken up by
the colloidal polymer phase prior to the coatindgieTplasticizer partitioned into the

polymer phase during the drying process and rasuitan homogeneous film.

1.3.2.2 Hydrophobic Plasticizers

The disadvantage of using a hydrophilic plasticizgehat it will leak out from the polymer
coating after contact with dissolution or physiotad fluid. Then the release kinetics will
vary due to the change of the film composition, badce the system is difficult to control
accurately. According to the literature, hydroplwlplasticizers can be applied with
hydrophilic plasticizers in aqueous dispersionsfiim coating (Felton and McGinity,

1997).

The process of water-insoluble plasticizer uptak@aqueous dispersion was divided into
three steps:
(1) emulsification: oily plasticizer droplets emulsifythe solvent phase;
(2) convection and diffusion: emulsified plasticizer lewules are transferred through
the well-stirred water phase to the polymer surface
(3) diffusion: plasticizer molecules are taken up by golymer and diffuse with the

polymer surface (Siepmann et al., 1998);

In the system consisting of water-insoluble plastic water and suspended polymer
particles (shown ifrigure 1-5, at the beginning, immediately after mixing tHaspicizer

and aqueous dispersion, emulsification of the giasts is the rate-limiting process
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(emulsification rate < diffusion rate) and diffusigontrols the transfer kinetics at the end

(emulsification rate > diffusion rate). This candxlained according to Fick’s first law.

0 g o
@ o
plasticizer o
droplet o
0
Q
o
o o o o
N °
o o o polymer
water o o particle

Figure 1-5 Scheme of the plasticizer-water-polysystem (Siepmann et al., 1998)

Plasticization time is the period from the additimnthe plasticizers to the EC solutions
until the coating dispersions are applied to thenfda. The effect of plasticization time on
the uptake of water-insoluble plasticizers haventiaeestigated (Bodmeier and Paeratakul,
1997). Water-insoluble plasticizers have to be sifiat in the aqueous phase of the
polymer dispersions, and then diffuse from the eifigl droplets into the aqueous phase
and partition from the aqueous phase to the polypmase. The emulsified plasticizers
have to be taken up completely by the colloidalypmr particles before the coating
process, otherwise both the plasticized polymer ranthining emulsified plasticizer will
be sprayed onto the solid dosage forms which ilise inhomogeneous films. Therefore,
sufficient plasticization time is necessary whernterénsoluble plasticizers are applied.
Higher plasticizer levels will lead to a higher albde amount of plasticizer taken up by
the polymer, which also need more time for plagéiciuptake. Dibutyl sebacate, diethyl

phthalate, dibutyl phthalate, acetyltrietyl citragad tributyl citrate are most commonly
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used hydrophobic plasticizers for EC. Three hydotph plasticizers were focused on in
this project. The phase behaviour and distribugb&C films with oleic acid or medium
chain triglycerides have not been fully understadile dibutyl sebacate has attracted
relatively more attention (Frohoff-Hulsmann et 4B99b; Gunder et al., 1995; Kangarlou
et al., 2008; Lippold et al., 1999; Lippold et d1989). Therefore, these three hydrophobic
plasticizers were chosen to prepare the EC filmd astudy their phase behaviour,

distribution and dissolution profiles.

Oleic acid (OA) is pale yellow oily liquid with ldrlike odour. It is an 18-C acid with
molecular mass of 282.4614 g/mol. It is insolulnlevater, but soluble in methanol. Films
prepared by using casein as a film forming agemt @A as a plasticizer agent were
capable of producing a continuous, acceptable (@dai Diak et al., 2007). OA, as a fatty
acid, was used to improve the water barrier progeeudf films (Vargas et al., 2008). The
higher the OA content, the lower the water vapaneability and the moisture sorption
capacity of the chitosan/OA dry films. It has bedtown that the addition of OA into a
chitosan matrix led to a significant increase i@ ¢joss, translucency and a decrease in the
tensile strength, elongation at break and elastidutus of the films (Vargas et al., 2008).
This plasticizer has also been reported to havastigizing effect in the sodium caseinate
films (Fabra et al., 2008). Therefore, OA is arerasting plasticizer candidate to prepare

EC films.

The plasticizer referred to as medium chain trighaes (MCT) is a colourless to light
yellow odourless liquid, produced from coconut acitlby an enzymatic esterification
with glycerol (Sumit et al., 2004). MCT has beeilizgd in the commercial product

Surelease® as a plasticizer for EC aqueous digpexsilt was suggested that the
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hydrophobic EC interacts preferentially with hydnopic MCT in the EC films

(McConnell et al., 2007).

Dibutyl sebacate (DBS) is an organic molecule and dibutyl ester of sebacic acid. At
room temperature, this material is an oily colossléquid with a melting point of -10°C
and boiling point of 344-345°C, insoluble in watleut soluble in ethanol, acetone, toluene
and diethyl ether. It provides excellent compaitipivith a range of plastic materials. DBS
has been used as a plasticizing agent in EC fifnshOff-Hulsmann et al., 1999b; Gunder
et al., 1995; Kangarlou et al., 2008; Lippold et &B99; Lippold et al., 1989). It can not
only reduce the glass transition temperature, bsd amprove the flexibility of the EC
films. When the hydrophobic plasticizer DBS wasdjgbe drug release mechanism of the
EC films was controlled mainly by the diffusion thie drugs through the polymeric films

(Frohoff-Hulsmann et al., 1999b).

1.4 Pore formers

1.4.1 Pores

Pores in controlled release films are formed dugéohydration and dissolution of water-
soluble pore formers. Using pore formers have lmerffective means to control drug
release from polymer film coated preparations. Tosage form is coated by inert
polymers; therefore, the release rate depends emprtbperties, thickness and the surface
area of the polymer films (Strubing et al., 2008¢veral mechanisms to release the drug
are described as follows

(1) Diffusion via films with big pores: polymers thi pores diameters between 0405

and 1.0um could be penetrated by most drug molecules;
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(2) Diffusion via films with micropores: most biowr@molecules could penetrate the
micropores whose diameters are between (Qrfland 0.05um. But the diffusion of drug

is affected by the structure of the film pores.

(3) Diffusion via continuous films: if the polymerifilms are continuous and uniform,
plasticizers and other additives will disperse amifly inside the coating films. There exist
molecular pores between the intertwining polymehains. Digestive juice permeates the
films into the system to dissolve the drug. Druglenales are dissolved, diffused and
dispersed in the polymeric films, and released th& digestive juice finally. Osmotic
pressure differences between the inner core andetbase medium has an effect on the
drug release rate. The drug release rate is alatedeto the properties of the model drug

and the release medium.

Three different release mechanisms of pellets doatith aqueous EC dispersions with
pore formers have been demonstrated (Frohoff-Hiisned al., 1999b). The drug release
is dependent on the physical state of the swoll€naBd on the migration of the water
soluble pore former respectively. If the pore formmstly migrates from the coating, the
type and amount of plasticizer in the swollen cuatand the temperature of the release
medium influences the release rate to a large exfahe film forming polymer is present
in the glassy state as it is after the migratiorthef water soluble plasticizer and pore
former at temperatures beloW,, the drug diffuses through water filled pores sffir
mechanism). But if the EC is in the rubbery stat is the case with the water-insoluble
plasticizer at temperatures abolg the drug release rate is characterized by a tvas®
release profile as a result of pore shrinking (sdcmechanism). If the migration of the
pore former is incomplete, the drug diffuses thfoagwollen heterogeneous membrane of

EC (third mechanism).
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1.4.2 Pore Former — Hydroxypropyl Methylcellulos#PMC)
Ethyl cellulose is a water-insoluble polymer. THere it requires the addition of a water-
miscible polymer, such as hydroxypropyl methyldele (HPMC), to produce a film-coat

with a desirable permeability for controlled releas

1.4.2.1 Chemical Structure of HPMC
Hydroxypropyl methylcellulose (HPMC) is a semisytih, inert polymer that is widely
used as an ophthalmic lubricant, as well as a watkeible pore former in the coating

industry for controlled-releasEigure 1-6shows the chemical structure of HPMC.

| —— s

Figure 1-6 Chemical structure of HPMC

HPMC is white to off-white fibrous powder or graasl It swells in water to produce a
viscous colloidal and non-toxic solution. HPMC pexdan dissolve slowly in cold water,
but is insoluble in hot water. It is soluble in mpslar solvents but insoluble in anhydrous
alcohol, ether and chloroform. HPMC aqueous sahstiare surface active. They can form
films upon drying and undergo reversible transfdramafrom solution to gel upon heating

and cooling (Ong et al., 2006).
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HMPC is manufactured by a reaction of purified welke with alkylating reagents (methyl
chloride) in the presence of a base, typically sodhydroxide and an inert diluent. The
addition of the base in combination with water \zaties the cellulose matrix by disrupting
the crystalline structure and increasing the acéasalkylating agent and promotes the
etherification reaction. During the manufacture HPMC alkali cellulose reacts with
methyl chloride to produce methyl cellulose andisadchloride. The methyl cellulose is
then further reacted with the staged addition opglene oxide. After the reaction, HPMC
is purified in hot water where it is insoluble. Drg and grinding completes the process of

the manufacture of HPMC.

HPMC is widely used in the food industry as an estfigr, thickening agent, stabilizer,
film former, protective colloid, fat barrier andsaspending agent (Lindstedt et al., 1989;
Mitchell et al., 1990; Okhamafe and York, 1984).\P also has many pharmaceutical
uses, as a drug carrier, a coating agent, a taplatient and an emulsifier in ointments. It
Is also used in ophthalmic solutions and as a pone@ing agent in the film coating

industry.

1.4.2.2 Effect of HPMC on Film Coating

As a pore forming agent, HPMC contributes to thenfation of pores in the film to permit
transport. Firstly, the hydration and dissolutidrH®MC will leave pores in the film, and
then the hydrated HPMC may be retained in the &bma barrier. The drug release from
polymeric film that consisted of EC, HPMC and didigebacate (DBS) may take place in
two phases (Gunder et al., 1995). During the fitsase, water-filled pores were formed
through which the drug, depending on its soluhilityas able to diffuse in its ionized or

unionized form. However, the increase in water enhtwas not maintained. It was
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assumed that the pores were closed as film comtitméorm. In the second phase, drug
release can only take place as a result of disioibwand diffusion of the dissociated form.
Both the concentration of HPMC and the pH of enuinent have a great effect on the
release rate of the model drug. The release rateased markedly in the concentration
range (25% - 30%) of HPMC. In the case of 40% HPbt@tent, the release was no
longer membrane-controlled, and the coats disiategt HPMC is very sensitive to
electrolytes (Mitchell et al., 1990). At a pH valwé 9, with the carboxylic groups
contained in the EC fully dissociated, the two-ghaature of the release mechanism was
only just detectible with 10% w/w HPMC. Higher HPM©Ontents resulted in single-phase
release behaviour. The coat loses more and maite mlease-controlling function as the
HPMC content increases. Cracks were observed napizslly in the case of 40% w/w

HPMC.

In the film coating process, heat will evaporate water and soften the colloidal particles
so as to make them accumulate. The minimum filnmfog temperature (MFT) is a
temperature at which the aqueous dispersion cautd & continuous film without cracks
being formed under dry conditions. The coating terajure has to be higher than the MFT
to obtain a continuous film. Otherwise, cracks lo@ ¢oating are formed, hence resulting in
a burst release (Lippold et al., 1989). The MFT rbayaffected by the glass transition
temperature Tg) of the polymer and the plasticizers (Leong ef 2002) and also the
concentration of HPMC. The effect of HPMC on the ™MMBf the plasticized EC

dispersions are shown kigure 1-7(Frohoff-Hulsmann et al., 1999a).
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Figure 1-7 Effect of the pore former HPMC on the ™M#7 the plasticized ethyl cellulose
dispersions (mean £S.D.;n=63. 12.5% DBS; 0 12.5% DBP, e 11.0%DEP; m 11.0%

TEC (Frohoff-Hulsmann et al., 1999a)

The MFT values of the EC dispersion containing weder-insoluble plasticizers DBS
(debutyl sebacate) and DBP (dietyl phthalate) demé@ with increasing amounts of
HPMC. In contrast, the effect of HPMC on the agepolymer dispersion containing
water-soluble plasticizers, including DEP and TE@swnegligible. The MFT varied

between 46°C and 43°C

The phase separation behaviour in the blends oHHERIC with different ratios was also
studied (Sakellariou and Rowe, 1995a). Both systeitits 60% and 80% EC respectively
exhibited morphologies typical to nucleation andvgh mechanism of phase separation.
The authors also confirmed that the observed palynemmpatibility was not due to the

effect of the solvent system but due to thermodyoancompatibility of EC and HPMC.
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This incompatibility was attributed to the abseméantermolecular interaction between
the polymers. The phase separation process ocuaurgydhe solvent evaporation process.
Once the system concentration has crossed the binzodli exceeded a critical value,

nucleation and growth leads to formation of twogE®

1.5 Film Formation

There are several processes to produce films, ascthe flat film, film blowing, gel
spinning processes, the zone drawing zone annealatigod, film casting and calendaring
(Pearce, 1997). However, two techniques are péatiguimportant for pharmaceutical

systems: organic solvent coating and aqueous polgispersions.

1.5.1 Organic Solvent Systems

As the solvent system has a great impact on th@epties of polymer films, the
development of means to predict the effect is ehginterest. Intrinsic viscosityy]| and

an interaction constank’, have been examined as tools for solvent seled¢torethyl
cellulose (Arwidsson and Johansson, 1991). Ingimg&cosity, fj], is an expression of the
solvent’s ability to swell the polymer and a measof a solute’s contribution to the
viscosity of a solution. A polymer solution withhagh intrinsic viscosity contains the
polymer existing as tight coils, whereas a low eati intrinsic viscosity is a result of the
polymer being present as loose coils. Polymer fiprepared from a solvent that gives a
high intrinsic viscosity value may, therefore, bgpected to be mechanically strong due to
the tight intertwining between neighbouring polymeslecules. A low interaction constant,
k', would lead to the polymer solution having a shaggosity increase during the organic
solvent evaporation. The ability of the polymer swmlles to move freely in a good solvent

results in less internal stresses in the film (Row@81). Therefore, a low interaction
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constant is favourable for better mechanical priogerof polymeric films. By using the

combination of these two parameters, Arwidsson dotinsson (1991) studied the
mechanical properties in order to choose a favderstivent system for EC coating, e.g.
methylene chloride and ethanol in the ratio of 60% w/w) or toluene and ethanol in the

ratio of 80:20 (% wi/w).

Organic solvent systems are used for film coating tb their favourable film formation
properties. A number of investigators have shoveitifluence of solvents system on the
properties of the coating (Lindholm et al., 198#owever the method still has its
obstacles such as safety and environment problé&eserally, film formation from
organic solvents takes place by the evaporatiahebrganic solvent which increases the
concentration of polymer until a gel-like stagachieved. Through further evaporation, a
solvent-free polymeric film is obtained. The intelecular forces between the film
forming polymer molecules and those between then find substrate control these
processes. The residue levels of various organiests in the coating flms depends on
the solvent, quality of the drug cores and condgiased of coating and drying (Lindholm

et al., 1984).

1.5.2 Aqueous Polymeric Dispersions

The mechanism of film formation by agueous polymelispersion is more complicated
than in organic solvent systems. Film formatioraqtieous dispersion may involve three
processes: (1) aqueous dispersion droplets load@medd on the surface of drug cores; (2)
with the water evaporated, polymeric molecules @as® tightly; (3) curing, chains of the
neighbouring polymeric molecules intertwine wittcleather; hence a continuous film is

formed. Optimal mechanical properties and film fability may be obtained by proper

56



Chapter 1

selection of the type and concentration of plastis. EC films with different plasticizers
were prepared and the drug release was investigatger different curing conditions in
the release medium and with different pH valueggBiann et al., 2007). The addition of
the small amount of PVA-PEG to EC-based film caggiallowed effective modulation of
the film properties, such as water uptake behayidoy weight loss kinetics and drug

permeability.

1.6 Application of EC Film Coatings for Controlled Release Dosage Forms

Recently, EC has been widely used as a controkdelase coating agent due to its
hydrophobic nature and low water permeability. #ncform strong films with good

adhesion, which provides a diffusion barrier whpseperties can be modified by film

thickness, level of plasticizers or by modifyingetolvent(s) used during the coating
process. Arwidsson and Johansson (1991) have dtubdee mechanical properties and
structure of the films casted from different orgasolvent systems. The polymeric films
prepared by the organic solvent system and theoagupolymer dispersion in different
release media have been compared (Wesseling anchédergd 1999). Strong curing and

media effects were seen with beads coated withcagueolymer dispersion.

Sureleas® is a commercial plasticized aqueous dispersioetb§l cellulose (EC) with
approximately 25% of solid content. It contains E0cP), 28% ammonium hydroxide,
oleic acid (OA) and dibutyl sebacate (DBS) as stpiazer. The average diameter for EC
in Sureleas®is 0.2um. The molten EC is emulsified in ammoniated wateder high
pressure. The formation of ammonium oleate stadallithe formulation and converted to
oleic acid, which then plasticized ethyl cellulaiging the drying process. Purified water

is added at the end of the process in order teeaehthe desired solid content.
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In coated pellets, the core pellets containingrttoelel drug, the lubricant, the binder and
the other additives are initially manufactured dahd EC solutions/dispersions are then
sprayed onto the surface of these pellets formiraprarolled/modified release coating.
The influence of film coating of the pellets on tinevitro drug release profile has been
studied (Sousa et al., 2002). The results showaidttie in this specific case drug release
from uncoated pellets was mainly influenced by gbkibility of the drug. Pellets coated
with aqueous EC dispersion at a 5% weight gain sldown influence of the coat
membrane on the drug release. Generally, the delepse is dependent on the drug
solubility. However, some physical characterist€she core of the pellet such as porosity
and specific surface area also contribute to thease behaviour. The knowledge of the
pellet structure, such as pore diameter and volisnef great importance as a porous
structure can decrease the film adhesiveness. Maahgroperties such as tensile strength
and elasticity are usually assessed on so-calle®’‘for ‘cast films’. In addition, the
mechanical properties of EC film coatings when mgapto the surface of pellets have been
studied as well (Podczeck and Almeida, 2002). Tleampeters of the mechanical
properties of the coated pellets were significadtfferent from the values of the uncoated

pellets, which represented the visco-elastic behumwaf the film coatings.

As a water insoluble excipient, EC can effectivelgntrol the release of an active
ingredient by modifying the size and length of thikusion path. Typically, EC is used in

combination with water-soluble drugs and/or watdtisle excipients in order to achieve
the desirable release profiles. EC solid dispessiare usually prepared by the solvent
evaporation method. By dissolving or dispersing dneg and EC in an organic solvent,
such as ethanol, after evaporation of the orgaoieest, solid dispersions are obtained

through the drying process. The release mechaniénpoorly water-soluble drug
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indomethacin from the extended release solid dsspersystems with EC and water-
soluble hydroxypropyl methylcellulose (HPMC) hagbénvestigated (Ohara et al., 2005).
The mechanism of drug release was affected byntieenial structure of EC-HPMC matrix
that is governed by the preparation method andntedium pH values. If the solid
dispersion contained finely and uniformly dispers#®@MC within its internal structure,
release of the model drug followed a diffusion nmeetbm whose dissolution rate constant
(k) depended on the medium pH values. However, ifstiiel dispersion contains a mass
of HPMC with few tens of micrometer diameters, trag release mechanism could be
divided into two phases, namely release with HPMGsien and diffusion from the

insoluble EC matrix.

1.7 Aims and Objectives

Ethyl cellulose films used for controlled releasaldormulations have been one of the
most important coating systems in the pharmacdutr@ustry. Ethyl cellulose films
incorporated with water-soluble plasticizers haeerb used extensively to prepare film
coatings for controlled release formulations. Hogresnydrophobic plasticizers may not
dissolve and leak out from the film coatings, hetie film coatings may maintain their
mechanical properties during the dissolution prec€A, DBS and MCT are three very
promising hydrophobic plasticizers for ethyl cetisg films. Therefore, the plasticizing
efficiency of these plasticizers and plasticizerxtomies, and their miscibility and
interaction with EC in organic films are investigdt Pore forming materials have been
used as a major means of controlling the drug selel|aom polymeric film coating
preparations for many years, and HPMC remains drteeomost important hydrophilic
pore forming agents in the film coating industryovrever, the specific relationship

between the components of polymer films is not wetbwn. Hence, the principle goal of
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this project is to investigate the miscibility dfet film coating material (EC), plasticizers
(OA, DBS and MCT) and the pore former (HPMC) anthlelsh a link between the film
structure and release properties of coated dosagesfto predict the release profile of
drugs. To achieve this goal, the miscibility of @@mponents of polymeric films and the
film structure will be investigated by means offelieéntial scanning calorimetry (DSC),
modulated temperature DSC (MTDSC), thermogravimeinalysis (TGA), dynamic
mechanical analysis (DMAand atomic force microscopy (AFM), and localizedrthal
analysis (LTA). Dissolution studies of water sokilgrugs from pellets coated by these

films will be performed to understand the releaskaviour in relation to the film structure.
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CHAPTER 2 MATERIALS AND METHODS

Pure EC films and those with different additivegevproduced to investigate the effect of
the additives on the film properties and the misitybof the components within the films.
All of the films were prepared by the organic seoliveasting method instead of using the
complex aqueous colloidal dispersions or commemadiucts due to the simplicity of the
organic solvent system approach. Plasticizers ane former were added to the EC films

to investigate their interactions within the calsn$.

Several thermo-mechanical and imaging techniques lma used for pharmaceutical
material characterization. Typically, multi-apprbas are required since no single
technique is capable of characterizing the matetiaroughly. Conventional differential
scanning calorimetry (Conventional DSC), modulatechperature differential scanning
calorimetry (MTDSC) and thermogravimetric analy§@i§&A) were utilized to characterize
the thermal properties of the raw materials andpfegluced films. Dynamic mechanical
analysis (DMA) was utilized to investigate the thermechanical properties of the films.
Scanning electronic microscopy (SEM) and variougliegtions of atomic force
microscopy (AFM), such as heated stage AFM, miberrhal analysisyTA) and nano-
thermal analysis (nTA), provided imaging informatielated to the thermal properties and

miscibility of the films.

Finally, multiparticulate pellets were producedngsa drug layering technique, and coated

by EC/additive films with desired formulations. Beefilm formulations were tested for
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their controlled release characteristics. This térawill give a summary of the principles

of these techniques, calibration procedures andrerpntal parameters.

2.1 Materials

2.1.1 Ethyl Cellulose

Ethyl cellulose (EC) is prepared from wood pulpcotton by treatment with alkali and
etherification of the alkali cellulose with ethytloride. As it is physically and chemically
inert, non-ionic and water-insoluble, EC offers ddight and thermal stability and can be
used in various applications, such as bindersgréll granulation aids, protective and
controlled release coatings, taste masks and ftafigatives. EC appears as a tasteless,
odourless, and white to light tan-coloured freewfloy powder which is generally
considered non-toxic. EC is practically insolublenater, glycerine and propylene glycol;
EC that contains less than 46.5% of ethoxyl grasgeeely soluble in chloroform, methyl
acetate and mixtures of aromatic hydrocarbons etitianol (95%); EC that contains more
than 46.5% of ethoxyl groups is freely soluble locoform, ethanol (95%), methanol and

toluene.

The EC used in this project were ETHOCEL7 and ETHOCEM™ 20, supplied by

Colorcon Ltd. (USA) and were originally from the @W&hemical Company (USA). It was
used as received without further purification ordmfication and stored in a dry and cool
place. These two polymers are white particles witioxyl content of 48.0 — 49.5% and
viscosity of 6 — 8 cP and 18 — 22 cP, respectivEhe viscosity is usually measured at
25°C of a 5% w/w solution in a mixture of toluenedaethanol in the ratio of 80:20 (%

w/w) (Rowe, 1986).
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Several plasticizers and pore formers were add#uetaast films in this project: oleic acid,
dibutyl sebacate, medium-chain triglycerides andirbyypropyl methylcellulose. The
following sections give an overview of these matsti A summary of all materials,

including the chemical structure and physical proes, is shown iTable 2-1

2.1.2 Plasticizers

2.1.2.1 Oleic Acid

Oleic acid (OA) is colourless to pale yellow oilgdid with a lard-like odour and taste. It

is stored in a closed container in a cool, dry @ldtis an 18-C acid with a molar mass of
282.4614 g/mol. It is insoluble in water, but midei with ethanol (95%), benzene and
chloroform. OA, as a fatty acid, was used to impravater barrier properties of films

(Vargas et al., 2008), and it has been reportedatee a plasticizing effect in the films

(Fabra et al., 2008). 25% (w/w) OA can reduceThef EC in toluene/ethanol (80:20 w/w)
organic solvent systems to 45.2°C (Vesey et alQ5200A used in this project was

supplied by Colorcon Ltd. (USA).

2.1.2.2 Dibutyl Sebacate

Dibutyl sebacate (DBS) is an organic chemical, laugil ester of sebacic acid. It is a
colourless oily liquid with a melting point of -E@ and boiling point of 344 — 345 °C. Itis
insoluble in water and glycerin, but soluble inatbl and acetone. As a plasticizer, it
provides excellent compatibility with a range ohgtic materials. 25% (w/w) DBS can
reduce the glass transition temperatdig 6f EC (T = 130 °C) in toluene/ethanol (80:20
w/w) organic solvent system to 49.6 °C (Vesey et 2005) DBS in this project was

supplied by Colorcon Ltd. (USA), and was used asived.
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2.1.2.3 Medium-chain Triglycerides

Medium-chain triglycerides (MCT, Capt®3800), with the chemical name of triglyceride
of caprylic/capric acid, was supplied by Colorcotd.L(USA), originally from Abitec
Corporation (USA). MCT is a medium chain (6 — 12ooas) of fatty acid of glycerol. It is
a colourless to light yellow odourless and tasteleguid, practically insoluble in water,
miscible with ethanol and fatty oils. MCT has a &i@nge of applications as a plasticizer,

emulsifying agent and suspending agent.

2.1.3 Hydroxypropyl Methylcellulose

Hydroxypropyl Methylcellulose (HPMC), with the cheral name of 2-hydroxypropyl
cellulose methyl ether, is a partly O-methylated &(2-hydrocypropylater) cellulose. It
is widely used in pharmaceutical products as a @itrating material for controlled release,
a binding agent for tablet and pellet coatings, ianithe liquid preparations as a stabilizing
agent or suspending agent. HPMC is an odourles® whivder, practically soluble in cold
water, but insoluble in hot water, ethanol, acetamel ether. It swells in water and
produces a clear to opalescent viscous, colloidature. HPMC used in this work were
METHOCEL™ E5 (Dow Chemical Company, USA) as the pore forimetthe film
coatings and METHOCEM™ E6 (Dow Chemical Company, USA) as the binding aden
the drug laying process of the pellets preparatdmth of them have a methoxyl content of
28 — 30% and a hydroxypropyl content of 7 — 12% TMBCEL™ E5 has a viscosity (2%
solution in water) of 4 — 6 cP, which is 5 — 7 @ METHOCEL™ E6. They were all

used as received.

64



Chapter 2

2.1.4 Model Drugs

2.1.4.1 Paracetamol

Paracetamol or acetaminophen is a widely used theecounter pain reliever and fever
reducer. The raw material is an odourless whigstalline powder with a melting point at
168°C. It is very slightly soluble in water (14 md/ at 25°C). The half-life of
paracetamol is 1 — 4 hours which makes it ascertdgirbduce a controlled release dosage
form, since if the half-life of the active compouml over 6 hours, and its release is
sustained on its own. The UV absorption waveleng?43 nm in water. Paracetamol (4-

Acetamidophenol) was purchased from Alfa Aesar,dhd was used as received.

2.1.4.2 Metoprolol Succinate

Metoprolol, presented as metoprolol succinate,sisdufor the treatment of hypertension
and angina. It is an odourless white crystalline/geer, freely soluble (100 mg/mL at 25°C)
in water. 2% solution has a pH of 7.0 — 7.6. The &bgorption wavelength is 274 nm in
water. Metoprolol succinate (Toprol XL®, AstraZeadd”, UK) was stored in a tight and

closed container in a cool, dry place, and usedeesived without further purification.
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Medium-chain Hydroxypropy!

Name Ethyl cellulose (EC) Oleic acid (OA) Dibutglmcate (DBS) Triglycerides methylcellulose Paracetamol I\git:ggg
(MCT) (HPMC)
Structural ML ? /OW T °" MW@\ Pl
h % 0 ! i )\' ' »(MN
Formula LI /W B ' \O\NH )kcﬂs gt f
A Ris H, CHor :
CH3(OH)CH;,
Material ETHOCEL™7 o _ METHOCEL™ E5 _
™ Oleic Acid Dibutyl sebacate, N.F. Capteo0 ™ 4-Acetamidophenol Toprol Xt
Used ETHOCEL "'20 METHOCEL " E6
Odourless,
Colourless to pale
Tasteless, free- o o tasteless and . ] ) )
o ] ] . yellow, oily liquid of Colourless, oily liquid of White to slightly off- Odourless white Odourless white
Description  flowing, white to light o ] colorless to ) . )
characteristic, lard- very mild odor ) ) white powder. crystalline powder crystalline powder
tan powder ) slightly yellowish
like odor and taste T
oily liquid
Moisture <5.0% (USP 28)
<3.0% NA NA NA <0.5% <0.5%
Content <10% (PhEur2005)
Insoluble in glycerin, Miscible with Insoluble in ]
) ] o Soluble in cold water;
propylene glycol, and benzene, chloroform, Soluble in alcohol, isopropyl water; miscible )
) ) ] insoluble in ethanol ) )
- water; freely soluble ethanol (95%), ether, alcohol and mineral oil; with alcohol, 14 mg/mL in water 100mg/mL in water
Solubility ) ) . ] (95%), but soluble in
in chloroform, ethanol hexane, and volatile insoluble in water and methylene ) (25°C) (25°C)
o ) _ ) mixtures water and
(95%), ethyl acetate,  oils; insoluble in glycerin chloride, hexane, cohol
alcoho
methanol and toluene water and fatty oils.

Table 2-1 Summary of the properties of EC, OA, DBST, HPMC and the model drugs used in this project
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2.2 Preparation of EC Cast Films

All cast films were made from EC ETHOCE{.7 or ETHOCEL™ 20 (Dow Chemical
Company, USA) with ethoxyl content of 48.0 — 49.88@ viscosity of 6 — 8 cP and 18-22
cP, respectively. All the solvents used in thenfipreparation were of pharmaceutical

grade.

The solvent system may have a great influence erptbperties of the produced films.
Therefore, it is important to select an optimunwveat system for EC films. It has been
suggested that the binary solvent mixtures of alpdoydrogen bonding and an alcohol,
such as methylene chloride/ethanol (80:20 w/w) tahgene/ethanol (80:20 w/w), maybe a
suitable solvent system for EC films (Arwidsson aNttklasson, 1990). However,
methylene chloride and toluene are not recommeifaedse in pharmaceutical products
due to their high toxicity. The combination of etbfacetone (40:60 v/v) was shown to
give the best film appearance in the previous stiidy, 2005). Therefore this solvent
system was applied for EC films in the present wtiW¥hen water-soluble HPMC is
involved, ethanol/acetone is not a desired solggatem. EC and the plasticizers can be
dissolved in water and in an alcohol mixture. Tle¢ically, the addition of water to a good
solvent system for the water-insoluble EC is expedo show a low solvent power.
However, by using intrinsic viscosity and interaaticonstant to assess the solvent power,
addition up to 10% of water to the favourable sotveystem was advantageous
(Arwidsson and Nicklasson, 1989). The polymer megcipitate at approximately 13%
water content in the solvent mixture. This may lesua relatively weak stress resistance
of the films. Therefore, ethanol/water (90:10 wvas used for HPMC films and all the

films were dried in the oven to speed up the evapmr of water.
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2.5%, 5%, 7.5% and 10% (w/v) EC solutions were areg by dissolving EC with relative
weight mass (shown iffable 2-3 into 20 mL of ethanol/acetone (40:60 v/v). The EC
solutions were heated to 45°C on a hot plate anghetecally stirred until EC was fully
dissolved. Parafilm was used to limit the evaporatf solvents during the stirring process.
After stirring, the solution was rested on a hattglfor another 5 minutes which allowed
the escape of air bubbles. The EC solutions wexe tlast onto the glass Petri dishes (9 cm
diameter). Films from organic solutions were oleditvy drying the polymeric solutions at

room temperature for 24 hours in a fume cupboard.

Formulation (w/v) EC (9) Solvent (mL) Solvent Systév/v)
2.5% 0.5 20 ethanol/acetone 40:60
5% 1 20 ethanol/acetone 40:60
7.5% 15 20 ethanol/acetone 40:60
10% 2 20 ethanol/acetone 40:60

Table 2-2 Formulations of pure EC films

As EC is a water-insoluble material, the drug red¢efiom EC coated dosage forms is slow
and the film coats may be brittle. A number of #igds can be added to EC films to
produce desired mechanical properties of the fiamd to improve the permeability to
aqueous medium. OA, DBS and MCT were chosen agpldsticizers while HPMC was
added as a pore former to modify the release rateCofilms. EC/additive films were
prepared (formulations seen Trable 2-3 in the same way as in the pure EC films, but
used a REF 1117 film applicator to draw the filnfusons onto a glass plate instead of the

Petri dishes. The REF 1117 film applicator was pased from Sheen Instruments Ltd.
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(England). This is a wet film applicator (shown Fgure 2-1) with two built-in metric
micrometer heads for adjusting the knife blade Isat the wet film thickness can be

accurately set from 0 — 8 mm in fufh increments.

Figure 2-1 REF 1117 film applicator (Sheen Instrumse_td., England)

EC/OA and EC/DBS films were dried in a cupboardradbm temperature whereas
EC/MCT films were dried at 45°C in the oven for@uns due to their cloudiness on drying
at room temperature. EC/HPMC films and EC/plasticidPMC films were all dried at
45°C in the oven for 3 hours so as to allow thepevation of water. All the films were

equilibrated at room temperature for 24 hours leetesting.
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Formulation (w/w) Plasticizers (9) HPMC (g) EC (g) Solve

0% plasticizers 0 0 2.0 :

5% plasticizers 0.1 0 1.9 :

10% plasticizers 0.2 0 1.8 :

15% plasticizers 0.3 0 1.7 :

20% plasticizers 0.4 0 1.6 :

25% plasticizers 0.5 0 15 :

30% plasticizers 0.6 0 1.4 :

8.8% OA + 16% DBS 0.2 OA +0.3DBS 0 1.5 2
8.8% OA + 16% MCT 0.2 OA+0.3MCT 0 1.5 2
10% HPMC 0 0.2 1.8 2

20% HPMC 0 0.4 1.6 2

30% HPMC 0 0.6 1.4 2

10% HPMC + 10% plasticizers 0.2 0.2 1.6 :
20% HPMC + 10% plasticizers 0.4 0.2 1.4 :
30% HPMC + 10% plasticizers 0.6 0.2 1.2 :

Table 23 Formulations of EC cast films with different atldés (plasticizers used were
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2.3 Thermal Analysis

2.3.1 Introduction

Thermal analysis provides information on the thdramal/or thermo-mechanical properties
of materials, such as glass transition, meltingdiaation, crystallization, degradation,
modulus, etc., which are important in understandirggthermal stability, thermal history,

compatibility, purity, polymorphism and many otlufyaracteristics of materials.

Thermal characterization of the samples was iht@¢rformed using differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMVahd thermogravimetric analysis
(TGA). DSC provides information of different therhmavents that occur to the samples
throughout the heating, cooling and reheating m®c®MA allows the investigation of
both the thermal and mechanical changes of the Isamathin the monitored temperature
and time ranges. TGA produces the thermogravimetniges of the samples in a specific
atmosphere and temperature range. Modulated tetmperadifferential scanning
calorimetry (MTDSC) has been applied for furthezrthal characterization of the samples.
This section will give a brief description on eaelchnique and experimental parameters

that have been used for this work.

2.3.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is one bétmost widely used thermal techniques
and has a variety of pharmaceutical applicatiamduding physical changes and chemical
reactions. DSC determines the glass transition ¢eatpre y). This approach works by
applying a linear heating or cooling signal to mpke and the subsequent measurements of

the temperature or energy associated with the ivelagvents, such as melting,
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crystallization, glass transition and decompositieactions of the materials (Craig and

Reading, 2007).

There are two types of DSC instruments: power corsgion and heat flux. Power
compensation DSC involves two separated furnaceshi® reference and the sample,
respectively. Both of these go through the samgraramed temperature profile while the
difference in electronic power supplied will be ma@ed. Unlike the two furnaces for the
power compensation, heat flux DSC requires only fomeace but two crucibles for the

reference and the sample. Both of them are heatedthe same source with symmetrical
heat paths and the temperature difference betwbensample and the reference is
measured. This signal is then converted into theepdifference — heat flow by this

equation

d AT
o _ a1 Eq 2-1
dt R

whereQ is the heatt is the timeAT is thetemperature difference between the sample and
the reference anR is the thermal resistance of the heat paths betweefurnace and the
crucible. FromEq 2-1, we can deduce that if the heat paths are idéntloa temperature
difference between the reference and the sam@emsasure of the difference in the heat

flow signals of DSC.

The total heat content of a body is proportionateat capacitf,, which is the amount of
heat that is required to change the temperatutieectample by 1 K and the temperattre (

of the body, i.eQ = C, - T. From the definition of heat capaci®y comes the relation

_ae i
Cp =77 Eq 2-2

differentiating this equation with respect to thed
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aQ _ . _dT

at ~ P dt Eq 2-3

aq . . . . .
Whered—(t2 is the heat flow an% is the heating rate. Therefore, the differentiathitow

can be a measure of the sample heat capacity. B&C0gtypically expressed in terms of
the heat flow as a function of the temperature.aSiomally, the heat capacity or derivative

heat capacity signals can be applied to analyzdatee

2.3.2.1 Calibration

DSC is defined as a differential method, wherettie¥mal behaviour of the reference is
compared with that of the sample. Therefore all dtteer factors apart from the sample
itself should be eliminated by calibration, suchlas heat adsorption by the crucibles, the
heat loss through convection and the minor diffeesrbetween the two crucibles and the
pans, etc. Therefore, in order to produce accuatereproducible results, it is necessary
to calibrate the DSC using the exact same parameteiit is to run the samples. DSC
Q1000 and Q2000 with Refrigerated Cooling Systelf@IRTA Instruments, UK) were
applied in this work. For the DSC Q series, thrgeges of calibrations are required:
Tzerd™ baseline, cell constant and temperature. TA Insénts suggest that for accurate
assessments, DSC should be recalibrated every nasnitell as when the experimental

temperature range or heating rate is changed.

We can simplify TzerB” baseline calibrations into two stages. The fishb without any
samples or pans: empty cells are run under theittemd-80°C to 400°C at 20°C/min)
using nitrogen as the purge gas. The second ssagerformed with two sapphire discs

(approximately 95 mg, without pans) on both the @anand reference positions using the
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same parameters as in the first stage. The slopeofiset values will be calculated and

subtracted from the experimental results.

Cell constant calibration (enthalpy calibration)swy@erformed by heating indium through
its melting transition. The corresponding heat fiath the transition was compared with
the literature values. The ratio between the catedl heat of fusion and the theoretical
value determines the cell constant that is requivdek added to the software of DSC. The

assumption of single cell constant calibrationadseptable in the entire temperature range.

Temperature calibrations are designed to corregettliermocouple readings under the
experimental conditions and to eliminate the syst&meffects, since the heat transfer
from the furnace to the pan, from the bottom of phe to the sample and throughout the
sample cannot be instantaneous. High purity metehsbit sharp melting peaks by DSC
that makes them ideal for calibrating the instrutresponse against the theoretical values.
Therefore, three high purity calibrants: n-octadec,= 28.24°C), indiumTy= 156.6°C)
and tin Tr,= 231.93°C) were chosen as the three calibratiamtgpwithin the experimental
temperature range. The practical melting tempegatumder the conditions that will be

applied to the samples may be compared with teeatiire values.

2.3.2.2 Experimental Parameters

Generally, a dry inert atmosphere and constantgafggas in the furnace is required to
run the DSC experiments to prevent any moistureoxargen and to create a stable
environment around the sample area. Dry nitro§nniL/min) was used throughout the
study as the purge gas for DSC cell and RCS. Aghokelium has a higher thermal

conductivity, nitrogen is still normally sufficiedibr most DSC experiments which do not
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involve rapid heating or cooling processes. It aidas a considerably shorter time for the

DSC system to equilibrate after the cell has bgemed to the air.

A large sample mass would increase the sensitofitipSC. In contrast, decreasing the
sample mass can actually improve the resolutiothefexperiment due to less thermal
gradient across the sample. When the DSC Q1000used, the sample mass for the
material powder and the cast films were optimizedhe range of 3 — 5 mg in crimp
aluminium and hermetically sealed pans, 5 — 7 mpimholed pans, whereas when the
DSC Q2000 was used, the sample mass applied wag I2ss than that for DSC Q1000.

This is because the DSC Q2000 has better sengithiin the DSC Q1000.

Special care needs to be taken when selecting fanspecific samples and DSC
experiments to meet all the different needs. Theonty of the work was carried out in
crimped aluminium pans, while some were perfornmeiarmetically sealed or pin-holed
pans. Crimped aluminium pans (TA Instruments, U&#9 the most widely used since
they can provide the best thermal contact betwkerDISC, the pans and the samples and
minimize the spillage. Crimp aluminium pans ardesgdy pressing the lid down on top of
the sample and folding the sidewall of the pang tive lid. The sealing process ensures a
flat bottom. Therefore, there will be good heansfar between the DSC and the pan.
When oxidative degradation was investigated, haoalét sealed pans were required
because the hermetical pans are sealed by a samgd@sulation press without putting
pressure on the sample. The sealed pans shouldtightaso as not to allow any gas
exchange. This specific property of hermeticallgpled pans can be applied to volatile
liquids, materials that sublime, aqueous solutiarl materials in self-generating

atmospheres. This will increase the thermal gradmthin the sample. Pin-holed pans
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were used during the study of residual solvenilmsf as well as when the removal of the
residual solvent was necessary during the heatiogeps. Both of the hermetically sealed

pans and pin-holed pans were purchased from PEfkier.

Regardless of which type of pan is used to preffaesamples, DSC should be calibrated
by using the same type of pan, simply becauserdiitaypes of pans exhibit different heat
resistance and pan masses. Lids are always redguwredsure good heat flow from the

bottom to the top of the sample.

After placing the reference and the sample partkarcell, the furnace was equilibrated at
the starting temperature for 2 minutes. Conseqyetité samples were heated from 20°C
to 220°C and cooled down to 20°C and then reheaganh to 220°C at a rate of 10°C/min.
All the experiments were run in triplicate to vgrithe reproducibility of the data.

Universal Analysis software (TA Instruments, USAgsawsed to analyze all DSC results.

2.3.3 Modulated Temperature Differential Scannidgpo@metry (MTDSC)

Conventional DSC, as described in secti®B.2 is a very powerful tool for the
characterisation of pharmaceutical materials. Hemew cannot separate overlapping
processes. In addition, heat capacity measurergentrally require a rather high accuracy

that simple DSC scans will not offer.

Modulated temperature differential scanning caletim (MTDSC) is based on
conventional DSC with an extension of a ‘modulatesihusoidal heating and a
mathematical procedure aiming to separate the rdiffetypes of thermal behaviour

(Reading et al., 1994). This separation proceduiexplained by
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dQ _ . dr
E_Cp E-I_f(t'T) Eq2-4

Wherei—f is the heat flowC, is the heat capacityl, is the absolute temperatutes time

andf (t, T)is a function of the time and the temperatureEin2-4 C, -‘:i—: describes the

heat flow associated with the sample’s heat capatite heat capacity iBq 2-4describes
the energy required for molecular motions, givespecific size of the sample. The energy
required to raise the temperature of a materiakbsingle unit will be released when
decreasing the temperature by the same amountefdner the heat flow contributed by
the heat capacity change through the thermal eventsversible. The functiofi(t, T) in

Eq 2-4is the underlying kinetic response which is irrevgle in most cases. The sample’s
response to the sinusoidal modulation is differénoim the linear heating of the
conventional DSC. Under the modulated mode, théftaa signal, which is equivalent to
the conventional DSC, is calculated by an averagimgess. The cyclic response of the

heat flow signal gives the heat capacity directty b

A
c, = 24 Eq 2-5

AHR

whereAyr is the amplitude of the modulated heat flow dpg is the modulated heating
rate. The reversing heat flow signal is obtainednyltiplying the heat capacity by the
heating rate. This is then subtracted from the Reat signal to obtain the non-reversing

heat flow signal.

Conventional DSC only presents one heat flow sigvlaich may involve two or more
overlapping processes. MTDSC has the capabiligefmarate the reversing response from
the non-reversing responses. The main componenheofreversing signal is the heat
capacity and thus the glass transition can be wetefrom this signal. Irreversible

processes which are kinetically hindered, suchegsadlation, is seen in the non-reversing
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signals. MTDSC has been applied to several aspégislymer science (Hourston et al.,
1996; 1997; Song et al., 1995; 1996; Song et 8b/1L It not only can measure the heat
capacity to an accurate level (Coleman and Cr&§6), but also improve the sensitivity
and resolution due to the combination of large ntatthns and low heating rates (Hill et
al., 1999). In addition, MTDSC is able to separthe glass transition process from the

endothermic relaxation.

2.3.3.1 Calibration

MTDSC calibration involves the same calibrationgrasonventional DSC. In addition, a
heat capacity calibration is required to accompl&iturate heat capacity data. The
calibration uses a standard material with a wetikin heat capacity at a specific
temperature of interest. A sapphire (aluminium exidisc, provided by TA Instruments,
was used as the calibrant in this work. Before graring the calibration, the total and
reversing heat capacity constants need to be mgraedlat 1.0. In modulated mode, the
sapphire disc was then run under the same condlifjoan type, heating rate, amplitude,
modulation period) as those that will be used far subsequent samples. At the end, the
total and reversing heat capacity constants weraually calculated by dividing the
theoretical value of the heat capacity, at a smet@Mmperature of interest, by the measured
value. This software is designed in the ways thase two calculated constants need to be

entered manually and which are then to be appheaibsequent experiments.

2.3.3.2 Experimental Parameters
To obtain reliable results, experimental parameteust be chosen carefully. There are
three important factors that have significant eéean the measurements: the heating rate,

the amplitude of modulation and the modulation qukriAll of these variables need to be
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considered as a combination, because the sampls feendergo at least six modulations
through the transition process, which is of intefesreliable deconvolution to take place.
Using a low heating rate can make the experimem tonsuming and the signal-to-noise
ratio may go out of the range. A relatively loweaking rate (1 — 5°C/min) is required in
MTDSC than conventional DSC (5 — 20°C/min). 2°C/nsithe typical rate employed with

a nitrogen purge gas. The choice of the amplitueleds to be a compromise between a
reasonable signal-to-noise ratio and a sound regptmthe modulation. In practice, the
temperature amplitude of the modulation is ususdigcted from £ 0.2°C to + 0.5°C with a
typical modulation period between 30 to 60 secoBdsnple mass, pan type, purge gas and
DSC cell cooling capacity all play a role in chowsthe optimized modulation parameters

(Hill et al, 1999).

Since MTDSC is an extension of DSC, the modulatedienwas performed on the DSC
Q1000 and Q2000 with RCS unit and dry nitrogen fd0'min) as the purge gas. The
samples were heated from 20°C to 220°C, cooled dowa®d°C and reheated to 220°C at
2°C/min with amplitude of + 0.5°C over 40 secondghe crimped aluminium pans. All

these experiments were repeated three times andnikersal Analysis software was used

to analyze the data.

2.3.4 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) is an alternatmethod for the detection of small
changes in the state of a material. This technltagea sinusoidal force (stresgwith a
given frequency applied to a sample under a progredn temperature profile. The
resultant displacement (straipis measured. When the force is applied, somelsofiay

deform elastically, returning to their former shag®l size after withdrawing the force,
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whereas liquids will flow, depending on their visdyg. The stress and strain can be
expressed as
o = ogp sin(tw + 6) Eq 2-6

€ = €, sin(tw) Eq 2-7

wherew is the period of strain oscillatiohis the time and is the phase lag between stress
and strain. The resulting strain and stress ofreepity elastic solid will be in phase ide=
0. For a purely viscous fluid, there will be a ¥jcke phase lag between the strain and the

stress i.@ = 90. Most polymers have viscoelastic behaviouhwibetween 0° and 90°.

For purely elastic materials, modulug) (is the ratio of the stress and the strain. The
storage modulusk) measures the energy stored within the materggdresenting the
elastic behaviour. The loss modulus’) measures the energy which is lost as heat during
the process, representing the viscous behaviotlreomaterial. The phase angtan(o) is

the ratio of the loss modulus and the storage nusdwhich are defined below by

E'=2cosé Eq 2-8
€o
E" =2siné§ Eq 2-9
€o
tand =2 Eq 2-10

One of the most important applications of DMA is mweasure the glass transition
temperature of polymers (Fadda et al., 2008). Amolgmer passes through ifg, the
storage modulus usually decreases by two or thider®© of magnitude, and tl&n 6 goes
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through a maximum. The decrease in the moduli esceunen there is a main chain
molecular motion and the maximum ian 6 occurs when the frequency of the forced
vibration coincides with the frequency of the dgdilmnal motion of the main chain. DMA
is also often used to examine the degree of phgsation when the two components are
mixed together (Craig and Johnson, 1995). Wheredistinct T transitions are found that
have the same values as the pure materials, teplet® phase separation can be inferred.
If a glass transition peak is observed at a tentperantermediate between the values for
two pure materials, then the two materials are gdiyesaid to be miscible. The storage
modulus usually represents the stiffness of a sanipherefore, DMA can be used to

investigate the mechanical properties of a sanipel¢zeck and Almeida, 2002).

2.3.4.1 Calibration

The aim of the calibration is to standardize eaat pf the instrument to endow a meaning
to the collected data. Three categories of caldmatre available for DMA 2980:
instrument calibration, clamp calibration and terap&re calibration. These calibrations

procedures are described in detail below.

Since no instruments are perfectly rigid, the aacurin the amount of deformation in the
instrument becomes important. The deformation therastiff samples in the analyser
could become greater than the sample’s deformafi@iding inaccuracy in the data.
Similarly, the deformation of very soft samples magt even be detected. Instrument
calibration was carried out to relate the instrutisesignal to a standard performance of
the shaft. Instrument calibration includes: positielectronics, force (balance and weight)
and dynamic calibration. After these calibratiociamp mass, clamp zero and compliance

calibration are required using the specific clammpclw would be used for the following
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experiment. Like any other thermal instrument, thecuracy of the temperature
measurement relies heavily on the temperature residm, which must be performed
routinely to ensure reproducible results. The tlwmoople in the furnace was calibrated by
comparing to the ambient temperature, by usingliabte external thermometer, to the
reading temperature of DMA 2980. The correct infation was then added to the software.
Further dynamic temperature calibration was coretudty running a standard calibrant

(Indium) and comparing the practical melting valith the theoretical one.

DMA calibration was carried out once a month, amel ¢lamp calibration was conducted

every time the clamp was changed.

2.3.4.2 Experimental Parameters

The shape and the modulus of most samples detewhiioh clamp is going to be used for
the experiment. There are six types of clamps. Tareydesigned to meet the different
needs of the samples. A 3-point bending clamp &l stiff samples such as: metals,
ceramics, highly filled thermosetting polymers dmghly filled crystalline thermoplastic
polymers. A cantilever clamp is suited for weakmoderately stiff samples whereas a
shear clamp is for viscous liquids and elastombova its glass transition. Gels and weak
elastomers are usually investigated by using cossgra clamps whereas penetration
theoretically can be used on any materials. In pinggect, a film tension clamp (tensile
film mode,Figure 2-2 was mainly used to characterize the film propsron DMA 2980
(TA instruments, USA). This is because tension ggamre typically applied on thin films.
A cantilever clamp was also used when the filmsewmepared on the stainless steel mesh
(Figure 2-3. The stainless steel mesh produced a much sséferple than the thin film

itself, which is suitable for the cantilever clamp.
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Figure 2-2 Tension film mode of DMA

Figure 2-3 Cantilever clamp of DMA

Once the appropriate clamp is chosen, the DMA rbhegirogrammed to reflect the chosen
clamp, so that the instrument can properly corttielexperiment and yield accurate data.
The clamp calibration must be performed at thigp.sfEhe thermocouples inside the

furnace can be adjusted to ensure they are clogaitmot touching the sample.
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All of the samples were heated from 30°C to 180f@ aeating rate of 3°C/min under a
frequency of 1 Hz with data sampling interval osdc/pt. The amplitude for the tension
clamp was 2@um, since the samples (cut into 30.0 x 5.3 mm sqpiaees) were thin films

with weak moduli. When a single cantilever clampswaed, the films were prepared on a
stainless steel mesh (0.140 mm wire diameter).oflthe mesh samples were cut into
pieces with dimensions of 23.0 x 12.7 mm. 100 was then chosen as the amplitude
because the samples with the steel mesh werevaediastiffer. Dry filtered air were used

as purge gas and cooling system.

2.3.5 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a technique ahhiletermines the changes in weight
of samples in relation to their change in tempeegatr isothermally as a function of time.
TGA is commonly employed in the characterizationnaditerials if a mass change is
involved. TGA can be used to determine degradatemperatures (Wilkie, 1999),
absorbed moisture content or water loss of the maéggMcPhillips et al., 1999; Tamburic
and Craig, 1997), chemical reactions (Wang an®Q8; Yang et al., 1996) and thermal
stability of materials (Yang et al., 2004). In theea of film coating, TGA is a useful
technique to determine the residual solvent wittast films, which way may be used to
optimize the drying methods. The amount of resicudvent can be calculated from the
total mass loss. The temperature at which the egssoccurs may be related to the type

of solvent and the interaction between that solasidt the substrate.

Such analysis relies on a high degree of precigsidhe measurements of the weight, the
temperature and the temperature change during elaéinly process. A high precision

balance was the weighing device that allows aceursgasurements of the sample mass (in
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mg). A pan loaded with a sample was placed in dlstectronically heated oven with a
thermocouple which should be close to, but not howg the sample. A purge gas with
optimized flow rate was required to establish dlst&nvironment around the sample in
the furnace. An inert gas is commonly chosen sgchitaiogen or dry air in cases when
oxygen is required for the reactions. A purge gas aiways used to remove the product
gases or carry on the reaction but not to affextlance. The samples for TGA should be
spread out in the pan evenly with the mass beitgd®n 5 and 10 mg. The heating rate
plays an important role in deciding the transittemperature. A method known as Hi-
Resolution TGA can be employed, in which the terapge increase slows as the weight

loss increases. Greater accuracy of transition ¢éeatpre can be obtained in this way.

Weight and temperature calibration are the twdbcalion procedures that are required for
TGA. This is because they are the two key issuethefsamples addressed by TGA.
Weight calibration should be performed once a mamith uses 100 mg and 1 g standards
to calibrate the weight signals. The temperate Ishdae calibrated using the same
conditions (heating rate, purge gas and flow rdermocouple position) that will be used
for the sample runs to eliminate the effect ofttrermal lag between the thermocouple and
the sample itself. A commonly used high purity mateis indium, which was used for

temperature calibration in this project and théocation was repeated monthly.

In this experiment, TGA (Hi-Res TGA 2950, TA Ingtrant) was performed to investigate
the water content and the degradation of the rawemads. For the prepared films, the
solvent residues as well as the degradation weaeacterized. Approximately 10 mg of a
sample was placed in an open aluminium pan, and ltbated from room temperature to

300 °C at a rate of 10 °C/min. The gas line istd@fore it enters the nodule and two flow
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meters are used to set the flow rates. Nitrogeh wiheat flow of 60cc/min through the
purge inlet and 40cc/min through the balance imles used as the purge gas. The
compressed air was used as the cooling systemwélght loss signal and the derivative
weight loss signal plotted against temperature weed to analyse the data in the

Universal Analysis software (TA Instruments, USA).

2.4 Atomic Force Microscopy-Thermal Analysis

2.4.1 Atomic Force Microscopy

A scanning probe microscopy (SPM) is comprised o$easing probe, piezoelectric
ceramics for positioning the probe, an electronantml unit and a computer for
controlling the operation of the experiment andagating images. SPM can be divided
into scanning tunnelling microscopy (STM) and atoridrce microscopy (AFM), due to
different types of sensors (tunnelling sensor foMSand force sensor for AFM). Using a
force sensor, AFM consists of a microscale cargilgtO00um long, silicon) with a sharp
tip at its end that is used to scan the surfadbetpecimen. It works by moving the sharp
tip on the surface of the sample, and the forcéwd®n them lead to a deflection of the
cantilever. The deflection is measured by a laget seflected from the top of the

cantilever into an array of photodiodegé¢n Figure 2-4
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Figure 2-4 Basic principle of AFM

AFM has different scanning modes, mainly contaat aar-contact, which simply refel
to whether or not the scanning probe comes intsiphlcontact with thsurface of the
sample. The probe tip may damage the fragile sanplech as biological specimens
polymers, when the cantilever moves across theaseirbf the sample during cont:
scanning. Pulsetbrce mode is an intermediate contact mode. It wsxd in this project
because it minimized the shear forces to avoidddmaaged surface that can result fr
utilizing contact mode on soft sampleThe pulsedforce mod: introduces a sinusoidal
modulation to the probe cantilever with amplitudel6 — 500 nn and at a frequency

between 100 Hz and 2 kHz. Tlextends the capabilities of the microscope be simply
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measuring topography to many other properties, agladhesion, viscosity and many
more which can be analysed and imaged simultangalshg with topography. AFM
enables the visualization of the sample’s surfabe. adhesion properties recorded during

scanning may provide phase images when utilizinggouforce mode AFM.

In this project, all topography and adhesion imagkeshe sample films were recorded
using Thermomicroscopes Explorer scanning proberaswope (pulsed force mode,
Anasys Instruments, USA). Small pieces of thesedsfi{approximately 10x10mm) were
cut and mounted on magnetic studs by double-sigel fThe frequency and amplitude for

modulation and subtract baselines were 500 Hz 8narg respectively.

2.4.2 Hot Stage AFM

For some systems, AFM adhesion phase images at temperature may have a low
contrast due to the paucity of the differentialrthe-mechanical properties of the phase
domains. These render it difficult to interpret thEM images properly and accurately.
The development of the heating stages for AFM hathér enhanced the capabilities of
AFM (Fasolka et al., 2001). Simply connecting atimgpapparatus to a traditional AFM
allows the morphology developments of polymers ufgio the phase transition,
crystallization and melting, etc. This technique @so enhance the phase contrast if the
stage is set at the temperature that is betweengshef the two phase domains. One needs
to be careful to make sure that the heating proiseasagnifying, but not causing phase

separation.

A Linkam TP93 controller (Linkam Scientific Instriemts, UK) was equipped with the

traditional AFM to control the temperature of thage on which the samples were placed.
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Topography and adhesion images of the prepareds fimere scanned at different

temperatures using PFM.

2.4.3 Micro and Nano-Thermal Analysis

Micro and nano-thermal Analysis (UTA and nTA) h&esome increasingly popular in the
pharmaceutical field over recent years (Grandy.e2@00; Price et al., 1999; Royall et al.,
1999). The traditional AFM is equipped with a thatroontrol unit. The scanning probe is
then replaced by a micro or nano thermal probis. ribt difficult to tell by the names that
the difference between UTA and nTA is the scalghef thermal probes that will be

introduced in more detail in this section.

UTA and nTA can be utilized mainly in two ways. Wihiae thermal probe’s tip is heated
to a given temperature, the images obtained afeerrsng are based on the topography and
the thermal properties of the materials. In otherds, the response of the sample to the
heating signal is recorded. Difficulties exist inffefentiating between materials with
similar thermal conductivities where adhesion prope can be applied. Localized thermal
analysis (LTA) can be carried out using uTA and At provide detailed information on
the distribution of the constituents of the samphdter scanning at room temperature, the
micro or nano scale probes can be located on thafgpareas of interest, and then heated
up following the temperature programme. When they@das go through a thermal
transition that results in the softening of the enal, such as glass transition or melting,
the probe cantilever will undergo a downward deitec The LTA profile is the probe’s
cantilever position plotted against the temperatlihe onset temperature of the downward

deflection is usually regarded as the softeningtpaie Ty or Tin most cases.
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The micro-thermal probe is made of a Wollaston Wiigure 2-5 with a sensing element
of 5 um diameter platinum/rhodium wire of length approately 200um. The spring
constant is 10 N/m (Veeco Probes, USA). The naeaithl probe Figure 2-§ was
purchased from Anasys Instruments, USA. It hac@&ilias the cantilever material and
doped Silicon as the resistor. The length of tlubeis tip is approximately 20@m and the

spring constant is 0.5 — 3 N/m.

Acc V. Spol Magn Det WD 200 pm
6.00 kv 3.0 i :

Mirror
-~

Wollaston

Wire \\

Platinum _»
Filament

Figure 2-5 Scanning electron micrograph of {iieA probe(Craig et al., 2002)
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Figure 2-6 Scanning electron micrograph of the rprébe (Kim et al., 2007)

When temperature is concerned, calibration of thetesn before the experiments is
necessary to relate the thermal events to the atectemperatures. The thermal system
was calibrated by using the standard calibrants,FEH and PCL, which were provided
with the instrument. The practical melting temperes of the calibrants were correlated to
the voltages applied on the thermal probe. These #Wen compared with the theoretical
values. The instrument was calibrated every tinferbat was used to ensure the accuracy

of the resulted softening temperature.

In the projectuTA and nTA were carried out using the same apparasun the traditional
AFM, i.e Thermomicroscopes Explorer scanning probieroscope, combined with a
nano-thermal unit (pulsed force mode, Anasys Imsénts, USA). The micro-thermal

probe can be cleaned by heating it up to 800°C dmtweach experiment. However, the
91



Chapter 2

nano-thermal probe can only be heated up to 400A€refore, special care is needed to be
taken when handling the nano-thermal probe duéstedcale and relatively small thermal

resistance.

2.5 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a type ofcteten microscope capable of
producing high-resolution images of a sample’saef SEM images have a characteristic
three-dimensional appearance and are useful tesafise surface structure of the sample.
In this work, the surface morphology of coated gtsll EC films and those with different
additives before and after dissolution was obsetwed&EM. The films were taken out
from the dissolution medium at time intervals of Q), 8 and 24 hours, then dried in

desiccators with silica gel for 24 hours befordites

The samples were gold coated by a Polaron SC764tfesgold coater manufactured by
Quorum Technologies. The thickness of the goldiegas about 15 nm. The imaging
process was performed in a high vacuum environmardging process was performed
with a JEOL JSM5900 LV SEM (Japan), mounted withuagsten filament with an

acceleration voltage of 5 — 20 kV.

2.6 Dissolution Studies

2.6.1 Simulated Dissolution Studies on the Cash§il

Morphology and thermal properties of free filmsdyefand after they were immersed into

the release medium were examined. The aim of tlséséies is to compensate the

dissolution profiles on model drugs in terms of ersianding the drug release mechanism.

However, after the dissolution, the model drugsotiter excipients may not be fully
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dissolved and removed from the coatings. Evenaf/tare fully dissolved by the release
medium, when the coated films were dried, thesepmorants would precipitate from the
medium remaining in the films and appear on thdaser The properties of the films
coated on the dosage forms may be affected by #hespients and yield inaccurate data.
Therefore, imaging and thermal studies were comducn free films with the same

formulation as the ones applied on model drugs.

The preparation methods of cast films have beeaoritbes! in sectior2.2 The films were
then cut into 50x50 mm square pieces and immeng@d200 mL release medium. Three
release mediums were used in this work: DI water1® and pH 6.8 buffer. The pH 1.2
buffer was prepared by placing 250 mL of 0.2 M sadichloride into a 1000 mL
volumetric flask, adding 425 mL of 0.2 M hydrochtorcid, then diluting to 1000 mL
with DI water. 0.2 M sodium chloride solution wasde by dissolving 11.69 g sodium
chloride (Fisher Scientific Ltd. UK) into 1 L of Dwater in a volumetric flask. 0.2 M
hydrochloric acid solution was prepared by diluting7% hydrochloric acid
(M=36.46g/mol, 1.19 kg) purchased from Sigma Aldr{co. (UK). Phosphate buffer pH
6.8 was made by placing 250 mL of 0.2 M sodium drbgen phosphate in a 1000 mL
volumetric flask, adding 112 mL of 0.2 M sodium hgxide, then diluting to 1000 mL
with DI water. 0.2 M sodium dihydrogen phosphattitson was prepared by dissolving
31.2 g sodium dihydrogen phosphdg&gma Aldrich Co., UK) into 1 L DI water in a
volumetric flask. 0.2 M sodium hydroxide solutiomsvprepared by dissolving 8 g sodium
hydroxide (Fisher Scientific Ltd., UK) into 1 L DVater. The films were taken out at the
time intervals of 0, 2, 8 and 24 hours and driedxigsilica gel desiccator for 24 hours.

MTDSC and SEM were then performed on these films.
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2.6.2 Pellets Coating Process

Multiparticulate drug delivery systems have beemntérest recently due to their benefits
over single unit dosage forms, such as reducedofisfose dumping and local irritative
effect (Nikowitz et al., 2011). A drug layering leaque was used for pellet production. In
this technique, drug powder, drug suspension ag dalution is applied on the sugar based
cores using a fluid bed or other coating systeniss Tethod can dose multiple, even
incompatible active pharmaceutical ingredients (jABgether and produce pellets with
desired processability. This process leads to dmmdtion of multiple layers of drug
particles around the inert cores. These drug laygrellets can be further coated by
different polymers. Crystalline drug can be embedutethe film coating, and appear on
the surface of the coatings, which may be fragmentthe core that arose during the
coating process during production (Ringqvist et 2003). Therefore, it is necessary to
have a layer of seal coating outside the drug |adethe name suggests, seal coating seals
the drug inside and prevents drug appearing in édrats as well as drug loss during next

procedure: film coating.

Paracetamol (14 mg/mL in water, 4-AcetamidopheAdfia Aesar, UK) and metoprolol
succinate (100 mg/mL in water, Toprol XLAstraZeneca LP, UK) were used as the APIs
in this project. The formulations of drug layeriagd seal coating process are shown in
Table 2-4andTable 2-5 The binding liquids were prepared initially bydaty appropriate
amount of API into 20 g DI water, cooperated witRMIC (6 cP, Colorcon Ltd., USA) as a
binding agent, magnetically stirred. The seal cwptuspensions were prepared by adding
0.01 g talc (Fisher Scientific Ltd., UK) and 0.05HPMC (6 cP) to 10 g DI water,
magnetically stirred. The binding liquids with ARlere sprayed onto the sugar beads

SureSpheréd¥ (1000 — 85Qum, Colorcon Ltd., USA) as the substrate using acheop
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fluid-bed tablet and spheroid (pellet) Coater/Dii€aleva Process Solutions, UK). The
seal coat suspensions were then sprayed onto He¢spes well. The drug coated pellets
were consequently dried in the Mini Coater/Drier 80 minutes. The film coating
solutions (formulations shown iitable 2-§ were prepared in the same way as the
solutions for the cast films, using ethanol/wat80:10 v/v) as the solvent system,
described in sectioR.2 The pellets were weighed before the film coapngcess and 8%
weight gain was controlled. The coating paramdtardrug layering, seal coating and film
coating are shown iTable 2-7 After coating, the pellets were dried in the Drfer
another 30 mins to allow the solvent to evaporebe pellets were placed in the desiccator

for 24 hours to equilibrate before further testing.

Figure 2-7 A bench-top fluid-bed tablet and sphér@iellet) coater/drier for small scale

(Caleva Process Solutions, UK)
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Drug Layer
Component Grams (Q) Total Formula (%)
Hypromellose 6 cP 0.167 1.6
Paracetamol 0.33 3.1
DI Water 20
Seal Coat
Component Grams ()
Talc 0.01 0.1
Hypromellose 6 cP 0.05 0.5
DI Water 10
SureSpheres (18/20, g) 10 94.7

Table 2-4 Paracetamol drug layering formulation

Drug Layer
Component Grams (Q) Total Formula (%)
Hypromellose 6¢cP 0.088 0.8
Metoprolol succinate 0.33 3.1
DI Water 20
Seal Coat
Component Grams (Qg)
Talc 0.01 0.1
Hypromellose 6¢P 0.05 0.5
DI Water 10
SureSpheres (18/20, g) 10 95.5

Table 2-5 Metoprolol succinate drug layering formuibn
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Film Former Pore Former Plasticizers

EC (% w/w) HPMC (% w/w) OA (%w/w) MCT (Yow/w) DBS (@w)
90 0 10 10 10
80 20 10 10 10

Table 2-6 Formulation of the film coatings appli@d APIS

Parameters Drug Layering Seal Coating Film Coating
Inlet Air Temperature (°C) 42 44 32
Air Flow (rpm) 1 1 1
Atomizing Air Pressure (Bar) 0.7 0.7 0.7
Agitator (Hz) 13 13 13
Fan (m/s) 10 10 11
Anti-static on on on

Table 2-7 Parameters used for drug laying, seatioggand film coating process using a

Mini Coater/Drier instrument

Drug content of the coated pellets were investiyde grinding 3 portions of 1 g coated
pellets respectively. Each portion was dissolvedinwater in a 100 mL flask. After
filtering, 5 mL solution was moved to a 50 mL flagkd diluted with DI water. The
absorbance of the solutions was then determinednb$-22 UV/VIS Spectrophotometer
(Boeco, Germany) at 243 nm for paracetamol and @74 for metoprolol succinate
respectively. The drug contents were calculated tabse values were used in the

calculation of the drug release, subsequently.
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2.6.3 Dissolution of Coated Pellets

Dissolution testing was performed in a BP apparat(®IS 8000, Copley Scientific Ltd.,
UK). Sink conditions should be maintained in terofsthe volume of the dissolution
medium and temperature, etc. 900 mL DI water, wipidvided sufficient release medium,
was used for all studies. The bath temperatureceasolled at 37+0.5°C and the baskets
with 2 g pellets were rotated at 100 rpm in thesahsgtion medium. 10 mL of the sample
volume was withdrawn at 0, 0.5, 1, 2, 4, 6, 8, ID,and 24 hours, and replaced with 10
mL fresh medium maintain at the same temperatufeer Ailtration through a 0.2um
Springe filter (Sartorius Stedim Biotech S.A., UK)e absorbance of the samples were
determined by UV spectrometer at the wavelength®fAPIs. All dissolution experiments
were carried out in triplicate and the average esof the absorbance were used to plot the

dissolution curves.

Calibration curves were established before theotlisisn study of model drugs. For
paracetamol, a stock solution of 0.02% (w/v) wasalty prepared by dissolving 100 mg
of the model drug into DI water in a 500 mL flagk.2, 3, 4 and 5 mL stock solution were
taken out respectively and diluted by DI waterhe 60 mL volumetric flasks. The set of
absorbance values of each concentration was detedntny UV spectrometer at 243 nm

and the calibration curve is shownRigure 2-8
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Figure 2-8 Calibration curve for paracetamol

Similarly, a stock solution of 0.1% (w/v) of metopol succinate was prepared by
dissolving 100 mg of the model drug into DI waterai 100 mL flask. 1, 2, 3, 4 and 5 mL
stock solution were taken out respectively andteduby DI water in the 50 mL volumetric
flasks. The set of absorbance values of each ctatiem was determined by an UV

spectrometer at 274 nm and the calibration curéddsvn inFigure 2-9
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Figure 2-9 Calibration curve for metoprolol succtea
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CHAPTER 3 THERMAL CHARACTERIZATION OF ETHYL CELLULOSE

AND ETHYL CELLULOSE FILMS

3.1 Introduction to Ethyl Cellulose Powder and Filns

Due to its viscoelastic properties, ethyl cellul¢g€) has been used extensively as a film
former in controlled-release systems (Dias et24(Q8; Missaghi et al., 2008; Muschert et
al., 2009a). Before complex film systems are exaahira knowledge of the thermal and
thermo-mechanical properties of the film former aisl simple film formulations is
essential since their characteristics determinebiigaviour in the more complex film
coating formulations both under ambient conditiansl at elevated temperatures during

the coating process and subsequent storage.

The issues of water content and residual solvergsceucial for film formers and the
resulting films (Lindholm et al., 1984). Water ather solvents may act as a plasticizer,
thus increasing the chain mobility of the polyméwering the T4, causing phase
separation if the excipients from the films anduti@sg in poor stability upon storage.
Therefore, it is necessary to characterize thedsagpicity of EC and the residual solvents
in the prepared films. In this case, TGA is a hyghpplicable technique to investigate
weight loss upon heating. Another application of TS to determine the degradation
kinetics of materials, which provides valuable mfation since EC may be tested and

processed under elevated temperatures.
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The glass transition, that was introducedCihapter 1 is a fundamental property of an
amorphous material that affects its end-use prgsestuich as the permeability, the thermal
and mechanical properties (Brostow et al., 2008rdst and Dalnoki-Veress, 2001;
Lafferty et al., 2002)Tgis very important in polymer characterization, las properties of
the material are highly dependent on its glasssitian. TheTy of EC determines its
behaviour in film coating formulations during thbrf coating process and the subsequent
storage.Ty can also be a specific measurement of the effleptasticizers on a polymer
since it is a function of the molecular chain mipil The purpose of a plasticizer is to
increase the molecular chain mobility (Sakellaratwal., 1986a). It can also be applied to
assess the miscibility between two or more polynes system. A polymer blend could
be considered compatible if only ofigis observed, and if the polymer consists of an

immiscible binary blend, twdgs will be observed.

In this chapter, the basic thermal properties oftfae been studied using TGA and DSC.
The residual solvents, glass transitions and otivermal events of pure EC films with
different concentrations of EC are discussed. Aetarof thermal and thermo-mechanical
techniques, including TGA, DSC, MTDSC and DMA arempared in terms of their

thermal characterization.

3.2 Methodology

3.2.1 Sample Preparation

The study on the raw materials was carried outqusie ETHOCE™ 7 (EC 7) and
ETHOCEL™ 20 (EC 20) powders, provided by Colorcon Ltd., USAey were used as

received without further purification or any dryipgocesses.

102



Chapter 3

2.5%, 5%, 7.5% and 10% w/v EC solutions were preghéy dissolving EC 7 and EC 20
with a relative weight mass into 20 ml of ethancétane (40:60), respectively. The EC
solutions were heated to 45°C on a hot plate anghetecally stirred until EC was fully
dissolved. Parafilm was used to limit the evaporatf the solvents during the stirring
process. After stirring, the solution was restedadmot plate for another 5 minutes, which
allowed the escape of air bubbles. The EC soluticgre cast onto glass Petri dishes (9 cm
diameter). Films from organic solutions were oledirby drying the polymeric solutions
under room conditions for 24 hours. The dry filmsr& then equilibrated under room

conditions for another 24 hours before being tested

3.2.2TGA

The degradation profiles of EC powders were studisilg TGA. These samples were
heated from room temperature to 350°C at 2°C, 3% #°C/min, respectively. Both the
weight loss and derivative weight loss signals wesed to analyse the onset of
degradation. TGA was also used to determine theuatnaf residual solvents of the EC
organic solution films. The samples were heateanfirmom temperature to 150°C at
10°C/min. Approximately 5 — 10 mg samples were galaim the aluminium sample pans.
Anhydrous nitrogen was used as the purge gas, ah@empressed air was used as the

cooling system.

3.2.3 DSC and MTDSC

Conventional DSC experiments were conducted by ingnthe samples from room
temperature to 220°C, then cooling down to 80°C matekating to 220°C at 2, 5 and
10°C/min in the hermetically sealed pans on a DSG0Q (TA Instruments, USA) with a

sample mass of 3 — 5 mg. When the modulated modeused, the sample went through
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the same temperature program with £°G.%nodulation amplitude every 40 seconds at a
heating rate of 2°C/min, using hermetically segbathis. DSC was calibrated before the
experiment by using standard calibrants (Indiunm, dind n-Octodacane). Dry A3 was
used to perform the heat capacity calibration far modulated mode. All experiments

were completed in triplicate.

3.2.4 DMA

DMA in film tension mode (tensile clamp) was usedinivestigate the storage modulus,
loss modulus anthn ¢ of film samples during the program used. The dmd were cut
into 30x 5.27 mni square pieces and then mounted on fix clamps.damp screws were
tightened by using a torque wrench to the apprtgcamping torque (3 — 5 in-lbs). The
thermocouple was positioned halfway between the tleonps and close to, but not
touching, the sample. Samples were heated from 36°C50°C at a heating rate of
3°C/min. Dry filtered air was used as both the puggs and the cooling system. Each run
was conducted in triplicate. The instrument paransetvere as follows: Data sampling
interval: 1.0 sec/pt; Amplitude: 20.00n; Auto-strain: 120.0%; Static force: 0.050 N;

Frequency: 1 Hz.

3.3 Results

3.3.1 General Properties of EC Powders

Ethyl cellulose has been used extensively as a fidrming material for the controlled

release of drugs (Desai et al., 2006; Frohoff-Hi@smet al., 1999b). The thermal and
mechanical properties of film coatings are consetiyerelated to the basic physical

properties of EC. Therefore, the general thermalperties of ETHOCE™ 7 and
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ETHOCEL™ 20 powders were studied initially in order to urstend the basic physical

properties of EC.

3.3.1.1 TGA Studies

The weight loss (TGA) and derivative weight losgnsils (D-TGA) of EC 20, obtained at
three heating rates (2°C, 5°C and 10°C/min) undgmdrogen, are shown iRigure 3-1
Hardly any weight loss was observed before 100da(dot shown), indicating the water
content (free water) within the EC powder was low aould be ignored. EC 20 presented
a degradation peak with the onset temperature 6f@5reaching a maximum rate of
weight loss at approximately 340°C. At 350°C, alteteight loss of 80% was observed.
The weight loss of EC after 250°C is attributedtiie anhydroglucose polymeric chain
decomposition (Singh et al., 1996). Moreover, theght loss between 100°C and 250°C
of EC may be due to the dehydration of the hydrogended water. In this case, EC
powder has a very limited amount of water exisasgeither free water or bound moisture.
After the experiments, the white EC powder becammwvb solid tar with a smell of
burning hydrocarbon, strongly suggesting the deggiad of EC occurred after 250°C. EC
7 showed a very similar degradation profile (dav& shown), which was consistent with
the literature that the molecular weight may haweeffect on the thermal decomposition
temperatures (Li et al., 1999). The heating ratedy(2, 5 and 10°C/min) did not have a
significant effect on the degradation onset, but khave an impact on the degradation
profiles. Slow heating rate renders a faster degianl and a lower degradation peak

temperature.
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Figure 3-1 Degradation of EC 20 in TGA and D-TGAaetting rates of 2°C, 5°C and
10°C/min under nitrogen conditions (solid line-wdi¢pss signals, dash line-derivative

weight loss signals)

3.3.1.2 General Thermal Properties

From the TGA and D-TGA results above, it is showatEC 7 and EC 20 start to degrade
from 250°C, therefore, the DSC and MTDSC experimemére carried out with the
maximum temperature of 220°C. The glass transigonperature and the other thermal
events were investigateligure 3-2presents the heat flow signal of EC 20 at 10°Chmin

200°C during heating, cooling and reheating in ranetically sealed pan.
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Figure 3-2 DSC heat flow curve showing the heataapling and reheating signals of EC

20 powder in hermetically sealed pans at 10 °Ctmi200 °C

The basic DSC curve (from 100°C to 200°C) reveakdkral thermal events, including a
glass transition (process A), endo- and exothelmiocess B and C) events. Process B
was only observed in the initial heating signalisTprocess was ascribed to an oxidative
degradation (Lai, 2005), even though the samples placed in a hermetically sealed pan.
This indicates that the oxidative degradation carcdused even by very small amounts of
oxygen in the pans. Process C appeared on all #igeals and thought to be associated
with the melting and crystallization of the microystallites within EC (Lai, 2005). This is
an inherent property of EC, which needs to be bormeind when interpreting the data of
EC films. The glass transition temperatuiig) (is a crucial property of polymeric films.
Numerous effects by other components on EC filmb&sed on th@gys. Therefore, this

issue will be discussed in more detail in a lagmtion of this project.
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3.3.1.3 Glass Transition Temperatures

The significance of the glass transition has beescibed inChapter 1 In order to
measure th&, values accurately, a variety of methodologiescaresidered. First, heating
rates have a pronounced effect on Theneasurements. To find a better way to measure
theTg, 2°C, 5°C and 10°C/min were applied as heatirggr&C 7 and EC 20 were initially
analyzed by Q1000 in the standard mode setkigure 3-3and3-4 shows the heating of
EC 7 and EC 20 powder at 2°C, 5°C and 10°C/min froom temperature to 220°C and

cooling back to 80°C and subsequently reheatir2?@5C.
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Figure 3-3 Glass transition of EC 7 at 2°C, 5°C daf@C/min during heating analyzed by

conventional DSC
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Figure 3-4 Glass transition of EC 20 powder at 238C and 10°C/min during heating

analyzed by conventional DSC

Heating rate (°C/min) T4 heating (°C) T4 cooling (°C) Tg reheating (°C)

2 123.4+1.2 112.2+£1.5 116.3+1.1
5 126.0+1.0 108.3+1.3 117.1+1.3
10 1286 +1.1 1112+1.1 116.0+0.8

Table 3-1 Glass transition temperatures of EC 7 ¢e@won heating, cooling and reheating

at 2°C, 5°C and 10°C/min (n=3)
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Heating rate (°C./min) Tgheating (°C)  Tg4cooling (°C) Ty reheating (°C)

2 125.3+0.1 1134 +1.2 120.1+1.0
5 126.9+0.8 1126 +1.2 120.0+1.3
10 127.8+2.2 1135+1.1 1199+15

Table 3-2 Glass transition temperatures of EC 2@ger on heating, cooling and

reheating at 2°C, 5°C and 10°C/min (n=3)

Table 3-1landTable 3-2shows the effect of heating rates on Tge from heating, cooling
and reheating signals. TAgs on the heating signals varies considerably witheaxrange
of 122°C — 129°C in terms of the heating rates. fid@&ting rate dependencyTfvalues is
probably possibly due to the thermal gradients bgesl across the sample, which may
broaden thergy and shift theTy value to a higher temperature when the heating isat
increased. However, th@g;s on the cooling and reheating signals did not gean
dramatically on increasing the heating rates. Tlhesgtransition on heating depends on the
thermal history and the preparation process of \igreas for the cooling and reheating
signals, the thermal history of the materials hasnbeliminatedTherefore, the heating
rates have less effect on thigvalues from the cooling and reheating than those fthe
heating signals. Another reasonable explanatidhasafter the initial heating process, the
EC power softened and became a molten layer whki¢himner than the original powder
samples. Therefore, the heat can be transferred quoackly across the whole sample. It is
hard to conclude which transition (heating, coolorgreheating) is the best indication of
the actual glass transition temperature in conweati DSC, in which, the measured heat

flow is actually the total heat flow which is a cbhimation of ‘kinetic’ and ‘heat capacity’
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responses, hence the technique is not able toateparerlapping transitions that occur in
the same temperature range. For instance, strlicalaaation, that releases the molecular
stress during its glass transition, could affeetdlcuracy of th&; measurements (Schawe,
1995). The energy arising from the heat capacigneis reversible, but irreversible from
the structural relaxation. MTDSC can separate thetiral relaxation from the change in

the heat capacity by applying a sine wave modulaéading rate.

From the MTDSC results[ys were observed in the reversing heat flow sigmadesthey
are associated with heat capacity change. The siegesignal showed an obvious glass
transition of EC 20 at circa 120°Cigure 3-5. Table 3-3shows the glass transition
temperatures of EC 7 and EC 20 during heating,imgahnd reheating at 2°C/min in
MTDSC. The difference between tfigs on heating, cooling and reheating was smaller
than those observed in conventional DSC. It is abbpbecause that at the same heating
rate, MTDSC imposes a sinusoidal heating or codlmthe samples rather than a linear
heating or cooling of conventional DSC. The diffeze in the heating or cooling process

may have a different effect on the eliminationkad thermal history of the samples.
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Figure 3-5 MTDSC reversing signal showing the hegtcooling and reheating of EC 20

in hermetically sealed pans at 2°C/min with a niathd amplitude of #0.5°C/40s

Material Ty heating (°C) Ty cooling (°C) Ty reheating (°C)
EC7 123.1+1.5 115.2+0.3 116.0+2.4
EC 20 1246+ 1.5 120.4+£1.3 1235+1.5

Table 3-3 Glass transition temperatures of EC 7 2@gowder during heating, cooling

and reheating at 2°C/min in MTDSC (n=3)

3.3.2 Thermal Properties of EC Films
3.3.2.1 Visual Observation
Transparent EC organic solution films were prepa®the method stated 311.1 Figure

3-6 is the 10% w/w EC 20 organic solvent film (ethdacktone 40:60). All the films
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prepared were transparent. Therefore, the preparathd drying methods were considered

to be efficient for EC films in terms of the appe&aces.

Figure 3-6 10% (w/w) EC film prepared from 20 mhagtiol/acetone (40:60 v/v) organic

solvent using 9 cm diameter petri dishes

3.3.2.2 Residual Solvents

According to the TGA results, as shownRigure 3-7,the weights of all dry films with
2.5%, 5%, 7.5% and 10% (w/v) EC 20 solution conegimns decreased when they were
heated from room temperature to 150°C at a ratdd€/min. The weight loss was about
0.3% — 0.7%, which was regarded as the amounteofdbidual solvents in the dry films.
The amount of residual solvents increased whereastng the concentrations of EC 20
solutions. These results are probably related échgidrogen bonding property of acetone.
Higher concentration of EC may be associated witbremacetone through hydrogen

bonding, hence resisting its evaporation from t@efins.
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Figure 3-7 TGA curve of EC 20 organic solvent filomsheating from room temperature to

150°C

3.3.2.3DSC

Figure 3-8 shows the conventional DSC curve of EC organivesdl films on heating,
cooling and reheating. It is reasonable to seettieheat flow signals of EC films were
similar to those of the pure material. However, tielative degradation B appeared after
the microcrystallites melting, which was the opp®sirder in the case of pure EC powder
(Figure 3-2. This could be due to the small amount of orgaivents evaporating from
the films when the hermetically sealed pans weratete up, therefore inhibiting the

oxidative degradation of the films.
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Figure 3-8 DSC curve of EC 20 organic solvent fillnsheating, cooling and reheating

signals
EC7 Ty heating Ty cooling Ty reheating
2.5% 120.2+0.3 109.4 +1.7 108.0 +1.7
5.0% 123.8 +2.7 112.2+5.5 113.0+5.0
7.5% 122.6 + 2.0 110.7 +1.7 110.8 +0.2
10.0% 122.6 + 2.5 111.6 +6.0 111.3+6.3

Table 3-4 Glass transition temperatures of filmepgared by EC 7 with different
concentrations in ethanol/acetone (40:60) orgamlvent system, obtained from MTDSC

(n=3)
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EC 20 Ty heating Tgy cooling Ty reheating

2.5% 122.6 +1.3 112.2+3.6 114.3+2.5
5.0% 1256 +1.1 112.6 £ 0.6 113.9+0.5
7.5% 126.0 £ 3.5 114.0+0.5 117.6 £0.3
10.0% 129.1+3.6 118.2+4.5 121.1+3.3

Table 3-5 Glass transition temperatures of filmsgared by EC 20 with different
concentrations in ethanol/acetone (40:60) orgamilvent system, obtained from MTDSC

(n=3)

MTDSC was also used to investigate the glass tiansof EC organic solvent films.
Table 3-4 and 3-5 show the Ty values of films prepared by EC with different
concentrations in the organic solvent of ethanel@te with a ratio of 40:60 (v/v). From
these results, we can see that, Tgés slightly higher when the concentration of EC is
increased. This was possibly due to the effecthef ¢rganic solvent ethanol/acetone
system on thdy of the EC films, providing there was a small antooiorganic solvent
remaining in the film systems. The organic solverds act as plasticizers, which may
lower theT, of the EC films. When the concentration of EC ighhithe ratio of EC to
solvent within the films may be relatively high,naparing to the films with lower levels of
EC. Therefore, the films with more EC are lesstplased, rendering a highdi. Based on
these results, during the DSC/MTDSC design of thgegment on the polymer films,
further evaporation of organic solvent should basodered. Therefore, for the following
MTDSC experiment, the crimped aluminium pans witpia holed lid were utilized to

prepare the film samples, in order to allow furtbeaporation of the solvent.
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3.3.2.4 DMA Studies

The principles of DMA have been introducedGhapter 2 Ethyl cellulose films that are
viscoelastic, exhibit behaviour somewhere in betweerely elastic materials and purely
viscous materials, i.e. some phase lag in straim f€énsion mode was used to investigate
the storage modulus, loss modulus d@ad 6 of the EC films. When a polymer passes
through itsTg, the storage modulus usually decreases by twbree torders of magnitude,
and thetan ¢ goes through a maximum. The decrease in the modalirs when there is a
main chain molecular motion and the maximuntainé occurs when the frequency of the
forced vibration coincides with the frequency o tthiffusional motion of the main chain.
Typically, the glass transition is defined as tbmperature at which either a maximum in
the mechanical damping parametan ¢ or loss modulus occurs (David, 1999). The
primary transition &, glass transition) can be attributed to an iredamobility of main
polymeric chains, whereas, tfieandy transitions may be accredited to either side group
mobility and/or end group motions of the main podyra chains. In this Chapter, the peak

temperatures dan ¢ are used to analyze the glass transition tempesaaf all the films.

Figure 3-9, 3-10, 3-1And3-12 shows the DMA scans of 2.5%, 5%, 7.5% and 10% &C 2
films, respectively. The DMA curves for all the Ens with the four concentrations were
similar. The storage modulus decreased dramatiedtign the films passed through the
glass transitions, because of the main chain mtaecootion. After that, it decreased to
zero, since the films were still being heated &/8fin. The loss modulus of EC 20 films
revealed @ transition at about 70°C, which did not change nimereasing the EC levels.
The maximum intan ¢ occurs when the frequency of the forced vibratomcides with
the frequency of the diffusional motion of the malrain of polymers, which indicates the

glass transition temperature. However, tdreo did not have an ideal glass transition peak,
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because when a tensile clamp was used, the dry Wilere aligned vertically on the clamp,
two ends of the films were fixed on the fixed clamwpd movable clamp, respectively.
When the samples were heated to a relatively regiperature and stretched at two ends,
they became soft, and the storage modulus becaroeazéhe end of the experiment, the
instrument then stopped the run automatically. Respe obstacle of the tensile clamp, it
was clear that the frozen-in molecules began to enmore freely at 60-70°C with
maximum energy dissipation at circa 130°C. Thegtaansitions of EC films completed

at 150°C.
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Figure 3-9 Storage modulus, loss modulus andtah2.5% EC 20 films with a heating

rate of 3°C/min and a frequency of 1 Hz
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Figure 3-11 Storage modulus, loss modulus anditah7.5% EC 20 films with a heating

rate of 3°C/min and a frequency of 1 Hz
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Figure 3-12 Storage modulus, loss modulus anditah10% EC 20 films with a heating

rate of 3°C/min and a frequency of 1 Hz

EC 20 T, (MTDSC) T, (DMA)

2.5% 1226+1.3 130.9+0.5
5.0% 125.6 + 1.1 132.9+0.7
7.5% 126.3+3.5 132.4+0.2
10.0% 129.1+3.6 133.2+0.4

Table 3-6 Comparison ofyValues of EC 20 films produced from MTDSC and DN#3)

As shown above iifable 3-6 theTy values from DMA increased slightly when increasing
the concentrations of EC in films, which were ab8®%C, 7°C, 6°C and 4°C higher that
those produced from MTDSC for the EC solution cotiagions of 2.5%, 5%, 7.5% and

10%, respectively. The trend is consistent with rgsults of MTDSC, which may be due
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to the plasticization of the small amount of solveesidue, as discussed $3.2.3
Apparently, ethanol/acetone had a less signifiedfieict on theTy values from DMA than
those from MTDSC. This is probably because DMA aaslatively open environment for
the tested films, where ethanol/acetone was m&edylito evaporate completely prior to
the glass transition to occur. This explanatioractually reasonably consistent with the
effect of organic solvents on the pure EC filmshwitfferent concentrations from previous
results. Therefore, care needs to be taken whepapng EC film formulations and

interpreting the data.

EC 20 Storage Modulus Loss Modulus
2.5% 759 705
5% 1954 646
7.5% 2240 1260
10% 3110 1310

Table 3-7 The storage modulus and loss modulu€a2@&films at room temperature

The storage modulus and loss modulus of EC 20 filiitis different EC levels are listed in
Table 3-7 The storage modulus of EC 20 films increased whereasing the EC levels.
And the loss modulus of 7.5% and 10% EC 20 filmsewarger than those of the 2.5%
and 5% EC 20 films. Solid bodies store applied gynemnd use this to recover from the
deformation induced by the applied stress, anddgdissipate applied energy as heat and
hence are unable to recover their structure (DehM3@9). The storage modulus represents
the energy stored within the samples, i.e. thedsoésponse, whereas the loss modulus
represents the energy dissipated within the samplethe ‘liquid’ response. Clearly, EC

films with higher solid levels had more obviousodslastic characteristics.
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3.4 Discussion

3.4.1Thermal Properties of EC

TGA experiments revealed the weight loss profileE© upon heating. The weight loss of
EC below 100°C is due to the physical desorptiomvater (inter-molecular dehydration)
in the samples (Li et al., 1999; Singh et al., 199®%ie weight loss between 100°C and
250°C of EC may be due to the dehydration of thérdxyen bonding water. In this case,
EC raw material did not show a great content dfiezitfree water or hydrogen-bonded
moisture. EC, as a film coating polymer, may enteurelevated temperatures in
processing. Thermo-stability and thermal degradatd EC is important from both
practical and academic points of view. The expentale tests and the processing
methodology should avoid increasing temperaturesvelts degradation temperature.
Different heating rates may have an effect on #ggradation kinetics of EC. However, the
degradation onset was always at 250°C. The wedagist of EC after 250°C is attributed to

the anhydroglucose polymeric chain decompositiongtset al., 1996).

Experimentally, Ty showed a dependency upon the heating rates. Higthees ofTy was
observed for faster heating rates. The reasonhiseriias been explained in the literature
(Moynihan et al., 1974). If we take the isobaria@tieg at a constant rate is the limit at
AT—0 of a series of instantaneous, small temperathengesAT, each of which is
followed by an isothermal hold of time duration

At =ATlq Eq 3-1

whereq is the heating rate

g = dT/dt=AT/At Eq 3-2

We may define at any stage of this process a retaximer by the equation
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(oHlot)r = - H-He)/t Eq 3-3
where H-Hg) is the departure of the enthalplyfrom the equilibrium liquid valued,, at
the temperature of interest.decreased with increasing the temperature. FEQr3-1it is
evident that if the heating is increased in magnitude, then the relaxatiore irmust be
correspondingly smaller to hold, and the transitegion is shifted to a higher temperature

(Moynihan et al., 1974).

For the standard DSC experiments on EC, the heedieg had a less significant effect on
the Ty values obtained from cooling and reheating sigtias the heating signals. This is
probably because the heating and cooling procegsekl cancel the effect of the thermal
history and preparation of EC. Therefore, the rehgaignals may be a better indication
for the Ty values in this case. By superimposing a sinusdelaperature change on the
linear scanning program, MTDSC is capable of sdppayathe irreversible kinetically
controlled process, such as volume relaxation, fileereversible heat capacity change. To
summarize, thdy values analyzed from the reheating signals of MTE$ 2°C/min may

be the best indication of the glass transition Gfgowders.

3.4.2 Thermal Properties of EC Films

EC films were prepared in the solvent mixture systé ethanol/acetone 40:60, which has
been proved to be a desirable solvent system fo(La{; 2005). Residual solvents were
investigated to see if a more sophisticated dryimejhod was needed. All prepared films
appeared clear and the content residual solvents {gever than 0.7%. Therefore, it is
reasonable to conclude that drying under room ¢mmdi is efficient for EC organic
solvent films. However, the residual solvents iased when increasing the ratio of EC

and the organic solvent, indicating that there sedain interaction between the solvent
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and the EC polymer chain, possibly hydrogen bondirfge EC polymer chain may, to

some extent, restrain the solvents from evaporation

In previous research (Lai, 2005), the thermal ev&and C were attributed to the oxygen
degradation and melting of microcrystallites, respely. These two events were both
observed from the DSC signals of EC powder ancEfidilms. However, in these films,
the oxygen degradation B did not always happenrbdfee melting C as the raw material
did (seerFigure 3-2and3-8). It is possible that the oxydative degradationhef dissolved

polymer chain of EC (in the solvent) was prohibigightly by the presence of solvents.

From the results, we can see that fhevalues of EC films increased slightly when
increasing the concentration of the EC. This isspayg due to the effect of the organic
solvent ethanol/acetone system on Thef the EC films. According to the Fox equation

and its extension for multi-component systems (A®&6):

Lo_ow W W,

il et
T, T ng Tgn

g gl

Eq 3-4

Ty pertains to the blendyg, to pure componem, andw, is the mass (weight) fraction of

componenm.

Ethanol or acetone can act as the plasticizers withTgs, hence when increasing the
levels of EC, thélg of films are closer to th&; of EC, which is higher. Therefore, under
the same evaporation level, organic solvents goec®d to have a significant effect on the
Ty values of EC 20 films with a lower level of EC, spége the films with high
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concentrations of EC had more residual solventsrdtbre, in the next chapter, 10% w/w
EC was used to prepare EC/plasticizer films in otdaninimize the effect of the organic
solvents. The effect was not obvious for EC 7, thight be because EC 7 has a lower
viscosity than EC 20, and ethanol/acetone may easponore from EC 7 films than EC

20 films.

DMA is a method based on the thermo-mechanicalgtgpf materials. The changes of
the mechanical properties upon heating will det¢iteT, values. DMA results showed a
less significant effect of the concentrations of & theTy values of the EC films. In
addition, DMA has a relatively open environmentuend the films compared with the
hermetically-sealed pans used for DSC experimeavtigsh allows the evaporation of the
organic solvents during the heating process. Ttiagé modulus and loss modulus of EC
films revealed the viscoelastic properties of Elth$i High level EC films tend to have
higher storage modulus and loss modulus, i.e. nm@®us and elastic responses when

confronting mechanical forces.

3.5 Conclusion

Basic information on the thermal events associate BC was provided. In particular the
degradation had been investigated and found to eamenat around 250°C. Thg value
varies depending on the measurement mode, butoimadrl10 - 120°C. It is a subtle
transition so care will be required in identifyiitgwith. EC 7 and EC 20 were found to
have similar values ofy. Further events were noted at around 180°C, whely be
related to degradation and microcrystalline (L&0%). These studies have shown that EC
films may be prepared using ethanol/acetone mirdstlaat these films are satisfactory in

appearance. The solvent residue could affecTghaf dry films; if so, DMA may provide
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more accurate values of tfigin this case. The mechanical properties of ECditan also

be affected by the concentrations of EC withinftimes.
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CHAPTER 4 THE EFFECTS OF PLASTICIZERS ON ETHYL CELLULOSE

FILMS

4.1 Introduction

Pure EC films without plasticizers are normallyttbe which may result in cracks in the
film coats (Rowe, 1986). This may in turn lead tecontrolled drug release profiles.
Hydrophilic plasticizers and/or pore formers areally added to the EC films in order to
adjust the mechanical properties as well as thg trlease rates (Bonacucina et al., 2006;
Pongjanyakul and Puttipipatkhachorn, 2007). Durithg plasticization process, the
plasticizer will partition into and soften the aotlal polymeric particles, thus promoting
particle deformation and coalescence into a homegen film. The effectiveness of a
plasticizer for a given polymer will depend on thlasticizer-polymer compatibility and
the permanence of the plasticizer in the film dgrooating, storage and during contact
with the drug release media. They can leak out ftbenpolymeric coating after contact
with the dissolution media, and drug transport mmegur through the channels formed by
the dissolved additives. The leaking of the hydropiplasticizers will alter the ratio of
polymer to plasticizer in the film coating, hendeey may cause changes in the film
composition during dissolution (Frohoff-Hulsmann ak, 1999b), hence the glass
transition temperaturel§) and the mechanical properties of the resultilgsficould be
difficult to control. This may lead to completelyffdrent drug release mechanisms from

the films produced by hydrophobic plasticizers.

Hydrophobic plasticizers may not have a significafifiect on the release rates, but the film

properties can be affected dramatically by thetigiaer’s level, as indicated by a study on
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the mechanism of release from pellets coated witlE@ film incorporating a lipophilic

plasticizer, dibutyl sebacate (Ozturk et al., 1990he choice of polymer/plasticizer
combination and the plasticizer level utilized e film coating are crucial when deciding
controlled release formulations. The polymer/ptasér interaction and miscibility are
therefore extremely important in understanding rtteansport mechanisms from the

dosage form.

The objectives of this chapter is to develop a iplétdiscipline approach in order to
evaluate the plasticizing efficiencies of seleqwéakticizers, characterize their interactions
with EC 20 and distribution within the EC films, daroptimize the controlled release
formulations. EC 20 was used throughout the ptdecause EC with higher viscosity
may result in cracks and flaws in films (Rowe, 1p@8ased on the previous results, 10%
EC w/w was used to minimize the effect of the orgawolvent. Oleic acid (OA), dibutyl
sebacate (DBS) and medium-chain triglycerides (MGiUgre chosen as lipophilic
plasticizers in this project. OA and MCT have net ypeen studied thoroughly as the
plasticizers for EC films, whereas DBS has beendus®re often (Bodmeier and
Paeratakul, 1994; Frohoff-Hiulsmann et al., 1999andsarlou et al., 2008; Lippold et al.,
1999). EC/plasticizer films were produced to sttigy effect of these plasticizers on the
thermal and mechanical properties of the EC filiiige miscibility and interaction between

the polymer and plasticizers within the film coatsre investigated.

4.2 Methodology
4.2.1 Preparation of EC/Plasticizers Films
EC/plasticizers films were prepared by using theesanethod as for the pure EC films

(introduced inChapter 3. 5%, 10%, 15%, 20%, 25% and 30% (w/w) of oleidd©A),
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dibutyl sebacate (DBS) and medium chain triglyceesidMCT) were added into the EC

solutions, respectively. The solutions were stiroeda 45°C hot plate until the polymer

was fully dissolved. A layer of PET Melinex sheetsmMaid over a toughened glass plate
and was secured in place with sellotape. Wet filmese then obtained by casting the
organic solutions on the toughened glass plategutia film applicator with a wet film

thickness of 2000um in order to obtain a dry fimtkness of 150um+10um.

Plasticizer mixtures were used to investigate ffects of multiple component plasticizers
on EC films. These films were prepared in a similay to the EC/plasticizers films, i.e.
by mixing the plasticizer mixtures with the EC daus. 1.5 g of EC was applied in the

formulations, and the other components were apjplgeshown imable 4-1

All of the films were dried under room conditions a cupboard for 24 hours, and
equilibrated at room temperature for another 24rsibdefore being tested. EC/MCT films
were prepared again by drying them at 45°C in thenofor 3 hours, and then going

through the same equilibration.

Component (%)

Formulation

EC OA DBS MCT
EC/OA-DBS 75.2 8.8 16.0 -
EC/OA-FCO 75.2 8.8 - 16.0

Table 4-1 Components of EC/plasticizer films
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4.2.2 Thermogravimetric Analysis

TGA was used to determine the solvent residue agdadation of the produced films. All
of the samples were heated from room temperatud®@6C at 10°C/min. Both the weight
loss and the derivate weight loss signals were tsadalyze the onset of degradation. The
sample mass was approximately 5 — 10 mg. Dry retmogas used as the purge gas and

compressed air was used as the cooling system.

4.2.3 DSC Studies

MTDSC experiments were initially conducted by rurgfpisamples from room temperature

to 220°C with = 0.5°C modulation amplitude everysé@onds at a heating rate of 2°C/min.
The sample mass was 2 — 5 mg. Initially MTDSC expents were conducted using pin-

holed pans, aiming to allow the evaporation of nig&olvents. The repeatability was not

satisfactory, possibly due to the films moving desithe pans. Pin-holed pans have a
relatively larger space than the other pans, ssctrimmped and hermetically sealed pans,
hence the signals were not stable. Therefore, edhpans were considered, since the
samples could be pressed tightly inside the pamasno movement. A hole was made on
the lid of the crimped pans to allow the evaporatd organic solvents. The repeatability

of the data was improved significantly.

Further MTDSC experiment was conducted on a Q2030 Ifstruments, USA) using
standard pans by heating the samples from roomeasanpe to 100°C, cooling to room
temperature and then heating to 180°C again wiitb2C modulation amplitude every 40
seconds at a rate of 2°C/min. The glass transtgomperaturesTys) were determined as
the inflection points in the reversing heat capasignals and the peaks of the derivative

reversing heat capacity signals in some cases.
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4.2.4 DMA Studies

For the tension mode of DMA, approximately 8%.27 mm square pieces of the films
were mounted on a tensile clamp of DMA. Samplesweated from 30°C to 150°C at a
rate of 3°C/min with a frequency of 1 Hz and an hmge of 20 um. For the single
cantilever mode of DMA, the film samples were pregaon the stainless steel mesh
(0.240 mm wire diameter) first. They were then iowd pieces with dimensions of 23.0 x
12.7 mm, and mounted on a single cantilever clafifese samples were heated from
30°C to 180°C, then cooled down to 30°C, and tedreated to 180°C at a rate of 3°C/min
with a frequency of 1 Hz and an amplitude of 1@Q. The storage modulus, loss modulus
and tan 6 of samples during the program were recorded tdyae@athe mechanical
properties and the peak temperatures of thired were taken as the glass transition

temperatures of the films.

4.2.5 AFM Studies

The theory of AFM, as well as heated stage AFM,rmi@and nano-thermal analysis was
described inChapter 2 Small pieces of films (approximately 200 mm) were cut and
mounted on the magnetic stub by double-sided tape. surfaces of the dry films were
scanned initially to obtain topography and adhesimages simultaneously by using a
pulsed force mode. The frequency and amplitudenfodulation and subtract baseline
were 500 Hz and 50 nm respectively. The scan agsabetween 50 — 100m® and the

scan speed was 1@@n/s with 200 lines of resolution.

After the images of the film surfaces were obtaia¢doom temperature, the stage was
heated to a relatively higher temperature of 455€Ctlie EC/plasticizers films and 110°C

for the pure EC films. The surfaces of these fiwere scanned again using the same
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parameters as those at room temperature. Images n@eorded to compare with those

taken at room temperature.

Micro- and nano-thermal analysis was applied toareas of interest. Thermal analysis
data was obtained at 5°C/s between room temperande 150°C. Probe cantilever
deflection was plotted against probe tip tempeeatarobtain th& ;s of specified locations

on the film surfaces.

4.3 Results

4.3.1 Visual Observations

In general, film formation from organic solventkda place via the evaporation of the
solvent(s), which increases the polymer concewinaintil an intermediate gel-like stage is
reached. Upon further evaporation, a solvent-frelgrperic film is obtained. In order to
compare their properties, all films were preparsidgithe same organic solvent system, i.e.
ethanol/acetone (40:60 v/v), which has been shovgive optimal films (Lai, 2005). After
drying at room temperature for 24 hours, all filwere equilibrated under the same
condition for a further 24 hourg&igure 4-1shows the appearance of pure EC films and
those containing plasticizers at various conceiotnat Even though the pure EC films
were inflexible and easy to break, their transpeyaemas satisfactory as expected. EC films
with different concentrations of OA and DBS weredisar as the pure EC films. This
implies that the added plasticizers at the levededudid not have any effect on the
appearance of the resulting films. However, EC dilmith 20%, 25% and 30% MCT
contained numerous white spots. The cloudinessfilens with high concentrations of
MCT might be due to the precipitation of EC caudmd water sorption, which can

subsequently lead to poor product performance. efoer, EC/MCT films were dried at
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45°C for 3 hours in the oven, and they appearedrckehen taken out. The drying
conditions including two possible variables, tengp@re and humidity, may have an
impact on the film appearance. Evidence has beesepted that films prepared in
desiccators with silica gel and in the oven atGlgave the best film appearance (Lali,
2005). However films prepared in desiccators witicas gel at various temperatures did
not affect its transparency. Therefore the preseafaaoisture in the environment is the
main contributing factor on the cloudiness of filmSomparing the appearance of

EC/plasticizer films, only EC/MCT films were affect by the moisture at room conditions.

This suggests MCT has more significant affinityntoisture than OA and DBS.

EC films that contained 8.8% OA and 16% DBS werewshto be clear, as shown in
Figure 4-2 Interestingly, when plasticizer mixtures OA-MCTere applied, the films

(dried under room temperature) presented as tram®paagain, even though the
concentration of the overall plasticizer was ové%a2 which was higher than 20% when
EC/MCT films appeared cloudinesBased on these results and the fact that EC filitis w
20% MCT and beyond had cloudiness phenomenon at temperature, we can conclude

that EC films with less than 20% MCT can obtairlemcappearance at room temperature.
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Levels OA DBS MCT MCT (oven)

0%

5%

10%

15%

20%
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30%

Figure 4-1 Visual observation of EC cast films inmparated various types of plasticizers

with different concentrations dried at room tempara or 45°C in the oven
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8.8% OA-16% DBS 8.8% OA-16% MCT

Appearance

Figure 4-2 EC cast films with 8.8% OA-16% DBS arg@d8 OA-16% MCT as the
plasticizers, dried under room condition

4.3.2 Thermogravimetric Analysis
Ethanol and acetone have relatively low boilingnt®i(78.4°C and 56.5°C, respectively).
The weight losses of all of the prepared films wanalyzed at temperature up to 120°C,
based on the assumption that all the residual stdyencluding ethanol, acetone and
moisture, would evaporate by themable 4-2 presents the percentage weight loss
calculated at 120°C of EC films with OA, DBS and MO he sample mass decreased less
than 0.7% for all of the films when they were hdatg to 120°C. Surprisingly, the
plasticizer concentration had a negative effecttlom residual solvents of these films,
irrespective of the plasticizer types. This indésathat the participation of the plasticizer
molecules into the polymeric matrix possibly redlithe number of solvent molecules

adhering to the polymer chains.

Both weight loss and derivative weight loss signetse used to analyze the degradation of

pure MCT and EC/MCT films Higure 4-3. All dry films had a degradation onset

temperature at about 160°C. The degradation ofiling with a higher level of MCT was
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quicker. This is probably due to MCT having a mimher degradation onset temperature

(120°C) than pure EC (250°C, data showRhapter 3.

Plasticizer
EC/OA Films (%)  EC/DBS Films (%)  EC/MCT Films (%)
Concentrations
0% 0.67 0.67 0.67
5% 0.60 0.59 0.53
10% 0.51 0.49 0.42
15% 0.45 0.40 0.44
20% 0.38 0.35 0.27
25% 0.33 0.29 0.28
30% 0.26 0.24 0.24

Table 4-2 Weight loss of EC films with various falations at 120°C
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Figure 4-3 Thermogram showing the degradation of ECT dry films and pure MCT in
weight loss and derivative weight loss signals aeating rate of 10 °C/min under

nitrogen conditions

Figure 4-4 shows both of the weight loss and derivative weigks signals of EC/OA-
DBS films and EC/OA-MCT films. The weight loss obth films at 120°C is less than
0.5%, which means there was a rather small amdurgsaual solvent in the dry films.
From the derivative weight loss signals, we can tbe for the EC/OA-DBS films a
degradation peak appeared at about 230°C with theetotemperature of 130°C.
Nevertheless, the degradation acceleration ratengagly constant after 285°C; it then
increased at 320°C, which did not present a pedtrddhe experiment finished (final
temperature of 350°C). EC/OA-MCT films showed sligldifferent plots to EC/OA-DBS

films. The derivative signal exhibited 3 degradatiperiods; first from 150°C (onset
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temperature) to 300°C, second from 300°C to 32044, #he third was from 320°C to

350°C. A total weight loss of 70% was observeddth films.
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Figure 4-4 Decomposition of EC/OA-DBS and EC/OA-MiBiis in TGA and D-TGA at a

heating rate of 10 °C/min

4.3.3 DSC Studies

The heat capacity changdQ,) associated with thg; of EC is known to be small (Lai et

al., 2010). The heat flow baseline of EC films ha&en proven to be drifting due to the
inherent property of EC (Lai, 2005) that was albsayved in this study (data not shown).
If two transitions are rather close to each ottlex,decision on the step range of transition
is critical to obtain accurate data, which can thected by the operator’s choice. Therefore,

the peaks of the derivative reversing heat capaaiyals was utilized to analyze thgs of
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EC/OA films, EC/DBS films and EC/MCT filmsFigure 4-5 shows the derivative
reversing heat capacity signals of MTDSC scans@fCA films by heating from 20°C to
220°C with £ 0.5°C modulation amplitude every €@ands at a heating rate of 2°C/min.
One single oflfy was observed from each film under the parametses.uTheTy values
(shown in Table 4-3 decreased from 129.2 + 0.1°C to 53.2 + 0.7°C witeae
concentrations of OA (0% — 30% w/w) increased. Thigplies that EC could be
plasticized by OA. The transition associated witle melting endotherm (described in

Chapter 3 similarly decreased and became less pronounced.

Similarly to EC/OA films, DBS presents a plastiagieffect on EC filmgFigure 4-6)
The Ty values (shown imable 4-3 decreased dramaticallyhen the concentrations of
DBS were increased up to 30% (w/w). However, frdd2onwards, the reduction @f
values were rather small in comparison with thaeenf0% to 20%. This might be due to
the plasticizing efficiency being reduced when tbacentrations of DBS were increased.

This will be further discussed in a later section.
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Figure 4-5 Derivative reversing heat capacity sitnaf MTDSC scans of EC/OA films by

heating from 20°C to 220°C at a heating rate ofZZrin
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Figure 4-6 Derivative reversing heat capacity siggnaf MTDSC scans of EC/DBS films by

heating from 20 °C to 220 °C at a heating rate 62Zmin
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The derivative reversing heat capacity signals fMADSC scans of EC films and those
with 5%, 10%, 15%, 20%, 25% and 30% MCT are shawrigure 4-7. On adding 5% of
MCT, the T, value decreased from 129.2 + 0.1°C to 110.5 #3.3his decrease ifiy is
consistent with behaviour associated with plasticimiscibility and has been similarly
observed for the 10% MCT system. However, Thef 15% MCT system was very similar
to that of the 10% MCT system. On increasing theceatration of MCT to 20% and
beyond, theTy value remained reasonably constant at circa 978{leva further lower
temperature peak was observed at circa 52°C. Havwéransitions are seen that do not
correspond to either individual component. We ssgtfeat the phase separation may not
comprise simply with the presence of individual gaments but may instead reflect mixed

phases. This will be further discussed in a lagetion.
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Figure 4-7 Derivative reversing heat capacity signaf MTDSC scans of EC/MCT films

by heating from 20 °C to 220 °C at a heating rat€ 6C/min
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Plasticizer
_ OA Films Ty (°C) DBS FilmsTy (°C)  MCT Films Ty (°C)
concentration
0% 129.2+0.1 129.2+0.1 129.2+0.1
5% 104.9+£0.7 105.5+0.8 110.5+0.3
10% 88.4+0.3 88.5+0.4 103.8 £ 0.6
15% 74.3+£05 73.9+0.5 103.9+1.2
20% 59.1+£0.3 64.3+1.2 540+£0.3 99.8+2.1
25% 56.3+0.6 59.3+0.7 53.8+1.9 99.3+3.9
30% 53.2+0.7 53.7+0.7 51.0+09 97.2+1.1

Table 4-3 Glass transition temperatures of EC/ptazer films with different

concentrations from MTDSC (n=3)

Figure 4-8shows the reversing heat flow signals of EC/OA-Oik8s and EC/OA-MCT
films. Interestingly, these two films exhibited b glass transitions at 50.0 + 1.3°C
(EC/OA-DBS films,n = 3) and 52.1 + 0.7°C (EC/OA-MCT filmsy = 3) respectively.

There was no second glass transitions observed.
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Figure 4-8 Reversing heat flow signals of EC/OA-DiBBs and EC/OA-MCT films by

heating from 20°C to 220°C at a heating rate of 20

4.3.4 DMA Studies

4.3.4.1 Thermal Properties

As described inrChapter 2 in viscoelastic materials, throughout the glassdition, the
storage modulus decreases, &t goes through a peak max, which indicated the glass
transition temperaturegigure 4-9 Figure 4-10 and Figure 4-1&hows thdan ¢ of DMA
scans of EC films incorporated with a range of ewmtiations of plasticizers. Since the
position of the maximumtan ¢ was shifted to lower temperatures with increasing

plasticizer concentration, this was assigned tgthasticization of the polymer.

As shown inTable 4-4 T, for EC/OA films went down from 133.6 + 0.3°C t0.6% 0.5°C

when the OA concentration was increased from 0%3Q0&6 (w/w). Only one tard
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maximum was observed in each DMA scanfor EC/DBS films went down from 133.6 +
0.3°C to 71.2 £ 0.3°C when the DBS concentratios imareased from 0% to 30% (w/w),
which was a similar trend to that seen for EC/OMn$. These results indicate an

appreciable interaction between the polymer angkhsticizers.

For EC/MCT films, theT, decreased from 133.6+0.3°C to 121.2+0.3°C when its
concentration was increased from 0% to 5% (w/wy] &llowing the decreasing trend
from 5% to 15%. At 20% MCT level, thg, of films showed two tan delta peaks (69.8 +
1.3°C and 107.7 + 0.7°Gigure 4-1)), that indicates a phase separation that occuatred
this concentration level. Nevertheless, at both 2% 30% (w/w) MCT levels, the storage
modulus decreased dramatically when the temperahaeeased, in consequence the
instrument stopped running the experiments aut@algti Therefore, no further high
temperature transitions could be detect&dno is a measure of the damping and therefore
the degree of segmental motion taking place withipolymer. Damping at temperatures
above and below th&; is small but ideally rises to a maximum at Meitself. A sharp
peak oftan ¢ denotes good polymer/plasticizer compatibility, endas a broad peak

denotes poor compatibility.
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Figure 4-9 Tary of DMA scans of EC/OA films by heating from 306@&0°C at a

heating rate of 3°C/min
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Figure 4-10 Tarv of DMA scans of EC/DBS films by heating from 3@5@60°C at a

heating rate of 3°C/min
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Figure 4-11 Tarv of DMA scans of EC/MCT films by heating from 38@60 °C at a

heating rate of 3 °C/min

Plasticizer

concentrations

OA Films T, (°C)

DBS FilmsT, (°C)

MCT FilmsT, (°C)

0% 133.6+0.3 133.6+0.3 133.6+£0.3
5% 116.3+0.7 117.1£05 121.2+0.3
10% 98.6 + 0.7 97.6+0.5 109.5 £ 0.4
15% 90.4 +0.4 89.9+0.3 108.4 + 0.4
20% 83.3+0.5 83.9+0.5 098213
107.7 0.7
25% 76.3+0.1 82.0+0.5 69.4+0.3
30% 65.6 + 0.5 71.2+0.3 68.2+0.4

Table 4-4 Glass transition temperatures of EC/ptastr films with different

concentrations from DMA (n=3)
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The DMA (tensile clamp) results indicated that B@/OA-DBS films and EC/OA-MCT
films presented th&gs at 70.9 + 0.1°C and 73.1 + 1.2°C respectivelgifated by thean

0 peaks, as seen Kigure 4-13. Good reproducibility of data using the singlatilaver
clamp can be seen Figure 4-13 These results are in good agreement with thase fr
MTDSC studies. It is interesting to note that the o peaks of EC films with plasticizer
mixtures were sharper than those of EC films witkirgle plasticizer. This suggests a

better compatibility between EC and the plasticizexture than that of EC and a single

plasticizer.
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EC/OA-MCT Film
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©
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Figure 4-12 Tarv of EC/OA-DBS films and EC/OA-MCT films in tenslEmp
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Figure 4-13 Tar of EC/OA-DBS films and EC/OA-MCT films in singdatilever clamp

4.3.4.2 Mechanical Properties

The storage moduli of the films, determined by DNt@nsile clamp) at 50 mN dynamic
force are showed ifrigure 4-14 They measure the stored the energy, represetitang

elastic component of the sample behaviour. Theagiomoduli of all of the films were

observed to decrease with increasing in plasticlegels, regardless of the types of
plasticizer. This could be attributed to the im@e in the polymer chain mobility and the

resulting flexibility of these EC films.

148



Chapter 4

250 -+
200 ==
150

100

50 -

Storage Modulus (10xMPa)

O T T T T T 1
0% 5% 10% 15% 20% 25% 30%

Plasticizer Levels (%)

—o— 0OA —a—MCT DBS

Figure 4-14 Storage moduli, determined at dynamicd of 50 mN and frequency of 1 Hz,

of the films from different formulations

4.3.5 AFM Studies

4.3.5.1 AFM — Thermal Analysis

Figure 4-15shows the topography, adhesion images and lodalim¥mal analysis (LTA)

of the pure EC, EC/30%0A, EC/30%DBS, EC/30%MCT, B&/DBS and EC/OA-MCT
films. The height range and the adhesion voltaggeas well as the scales are presented
along with the topography and adhesion images otisp/. The numbers on the adhesion
images present the locations where LTA was perfdrarel the corresponding LTA data
with their numbers were presented. Micro-thermallysis (UTA) was initially carried out
using a wollaston probe on all of the EC/additifitkas. For EC/30%MCT films alone, a
nano-thermal probe was utilized to improve the ltggm. The reason for this exception is

explained later in this section.
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Pure EC films appeared to have a relatively flafase (174.57 nm height range, as
indicated inFigure 4-15 with less features, when comparing the topograptages, than
those of EC/plasticizer films. LTA thermal data sélected areas revealed a constant
expansion and had the repeatable downward defteqgimnts at around 140°C. This
softening temperature is regarded asTga this case, which corresponds to Thef EC.

As expected, these results implied only one simpglase in this film. The topography
image of EC/30%0A shows the height range (362.87 was relatively high. More
features on the adhesion images of EC/OA films ve&served than those of the pure EC
films, as seen irFigure 4-15 however, this may be due to the topographicalufes.
When LTA was performed on the dark and bright amaghe adhesion image, it was
found that the softening curves were rather simdad reproducible. The softening
temperatures were observed at about 70°C. The taplg and adhesion images of the
EC/30%DBS films were similar to the EC/30%OAidure 4-15. The corresponding
topographical features and thermal contrasts oradlesion images were observed. LTA
data showed similar softening temperatures at #h€n the probe was located on the

selected areas.

A wollaston probe was initially used to carry ol i TA experiment on the EC/30%MCT
films. During the experimental program, the meltragge on the surface would cover both
dark and bright areas that resulted in unrepeatabfeening profiles. Therefore, the
Wollaston probe was replaced by a nano probe. fum Sopography and adhesion images
were scanned. Due to the smaller scan area agpli€&C/30%MCT films, the peak height
of the topography was about 138.38 nm, which wagtahan those of EC/30%0A and
EC/30%DBS films. When LTA was conducted on the ctelg dark and bright areas, a

very different profile was revealed. The softentegnperatures at the dark areas were
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around 110°C whereas the bright areas started dinmward deflection at about 63°C.
These softening temperatures could be relatedasetiobtained from MTDSC. This will

be discussed in detail later in this Chapter.

The topography and adhesion images of EC/OA-DBS8sfiand EC/OA-MCT films were
very similar. Nearly no features or thermal cortsawere observed from the scanned
images, which imply that uniform films were obtainélo be more rigorous, LTA was
performed on the selected areas on both films.élpansion continued until about 55°C,
which could be related to the MTDSC results of E&/DBS films and EC/OA-MCT
films. LTA results of EC films with plasticizer mixres are supporting previous MTDSC
and DMA studies. EC and the plasticizer mixtured batter miscibility than that between

EC and a single plasticizer at the same level.
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Figure 4-15 Topography, adhesion images and loedlthermal analysis of pure EC, EC/30%0A, EC/30%BBSEC/30%MCT films and their scales.
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4.3.5.2 Hot Stage AFM Studies

Figure 4-17shows adhesion images and histograms of EC filwsrporated with 0%, 5%,
10%, 15%, 20%, 25% and 30% of MCT, scanned at &€ 45°C respectively. The
images were initially scanned at room temperatunel #éhen at several elevated
temperatures, i.e. 35°C, 45°C, 65°C, 85°C and 11@*@as decided that 45°C was the
final temperature for the scanned images, becauseralatively high temperature, the
samples presented flowing liquid at their surfaddss could contaminate or even break
the probe tip due to the liquid viscosity. Scanatd rather low temperature, there was not
a sufficient contrast to allow satisfactory imagé&se image histogramF{gure 4-17
represents the pixel intensity of the correspondadpesion images, i.e. in theory the
phases on the film surfaces. The pixel intensity mat necessarily reveal the phases of

the whole sample, but only the surfaces.

Pure EC films did not show a significant differerfmetween their adhesion images that
were scanned at 25°C, 45°C and even at 110°C (d#tshown). Similar results were
obtained for EC films with a 5%, 10% and 15% of MG&Dbr EC films with 20% to 30%
MCT, enhanced adhesion contrast of the images bserged. Two to three pixel intensity
histogram peaks existed for the 25% and 30% MQWsiilOne can argue that the phase
separation observed for EC/MCT films was causedhleytemperature rising, rather than
the film properties themselves under ambient caymst However, LTA results obtained
for EC/MCT films have suggested phase separaticth@iilm surfaces. This indicates hot

stage AFM is a complementary technique to detectébponse of different phases to heat.
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Figure 4-17 Adhesion images and histograms of E@sfincorporated with 0%, 5%, 10%,

15%, 20%, 25% and 30% MCT, scanned at 25°C and 4&spectively ( to be continued)
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Figure 4-17 Adhesion images and histograms of Efsfincorporated with 0%, 5%, 10%,

15%, 20%, 25% and 30% MCT, scanned at 25°C and A&fspectively

4.4 Discussion
4.4.1 Visual observations
The solvent evaporation rate, that was mainly rotletd by temperature and relative

humidity (RH), may affect the appearance of thedpoed films (Lai, 2005). Slow solvent
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evaporation will lead to less cloudy films, whilast evaporation rate makes the films
cloudier with a crease appearance. Therefore srptioject, wet films on glass plates were
placed in a fume cupboard to facilitate the sole@poration process. This drying method
produced a satisfactory appearance for the EC, BECHEC/DBS and EC/plasticizer

mixture films.

Cloudiness was observed when MCT was applied asrtbe plasticizer. The humidity of
the casting environment and the water present éensthivent system can cause phase
separation and polymer precipitation due to mogstiandensation, which renders the film
opaque (Arwidsson and Johansson, 1991; Lai, 2@Q5.critical water concentration, EC
precipitated out from the solution, which caused fibrmation of cloudy domains. From
the visual observation of all of the films, MCT se=l to have a greater affinity for water
than OA or DBS. Increased levels of MCT would bpested to attract more moisture into
the solvent system. Even at the same plasticixet,|&C films with plasticizer mixture of
OA and MCT did not show cloudiness whereas filmthw0% and beyond MCT alone
were cloudy. Therefore, an elevated temperaturensaded to dry EC/MCT films, so that

clear films will be obtained.

4.4.2 The Study of Residual Solvents and Degradatio

Residual solvent is an important issue when pradguéims. Small amounts of residual
solvents could affect the properties of the resglfilms, such as th&;. The weight loss
profiles obtained from TGA experiments can be cduseresidual solvents and/or volatile
plasticizers. EC/plasticizer films show very low iglg loss at 120°C. There was no
significant difference in the weight loss betwebase plasticizers or plasticizer mixtures,

because the lipophilic plasticizers are expectelbiee very low volatility; the weight loss
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is probably due to the residual solvents. Increagkedticizer concentrations actually
decreased the amount of the residual solvents. Ehiprobably because when no
plasticizers are added, the solvent molecules wadltkere to the polymer molecules to a
certain extent. After the plasticizers are incogped, their molecules would interact with
the polymer molecules, rendering fewer moleculesilable for solvent molecules to

interact with. Therefore, less organic solvent wicadlhere to the EC molecules strongly.

The speed of thermally-induced degradation of ECIMins, comparing with it of pure
MCT as seen irFigure 4-5,increased when the concentrations of MCT were aszd.
MCT plays an important role in the degradation peobf EC/MCT films, since its
degradation is faster. The hydroxyl group with &oa chain of MCT may significantly
decrease the degradation temperature, accelerateonceation of polymer. The
degradation profile of EC/plasticizer mixture filmsvealed three degradation rates. These
results indicated that possibly the two types @afsptizer molecular chains decomposed

first, where after the polymer chains were disassed

In conclusion, the weight loss of the EC films wiighophilic plasticizers is mainly due to
the residual solvents. Increased level of plagtisizinhibited the adhesion of organic
solvent molecules to the polymer molecules. Incaapon of plasticizers plays an
important role in the degradation profiles of tlesulted films. The applied drying method

was sufficient for EC/plasticizer films.

4.4.3 Plasticizing Efficiency
Plasticizers work by penetrating into the polymed &ncreasing the free volume between

the polymer chains by reducing their intermolecdtaices. The efficiency of a plasticizer

159



Chapter 4

is determined by the compatibility with its painedlymer (Wang et al., 1997). In general,
an effective and compatible plasticizer should haweilar intermolecular forces as the
polymer. Plasticization generally produces a dessea theT, of plasticized polymer films.
The extent of decreasiniys UTy=Tgeciplasticizer- Tgec) IS regarded as a good indicator for
the plasticizing efficiency. Thé&ys obtained from MTDSC, DMA showed a similar
decreasing trend when increasing the concentratibpkasticizers. Th@y values obtained
from DMA were 10 — 15°C higher than those from MTIQ)Swhile the softening
temperatures observed from localized thermal arsalysre 10 — 20°C higher than those
from MTDSC. This is because MTDSC is effectivelstatic technique whereéan ¢ peak

of DMA is obtained at a frequency of 1 Hz (Kalickky et al., 1992). LTA is not onlg
thermal technique but also a mechanical approathithé high scan speed of LTA, the
softening of the sample will be observed at an aky temperature, comparing to those

obtained from MTDSC and DMA results.

The Gordon Taylor/Simha Boyer equations are welbvikm to predict glass transition

temperatures of polymer blends (Gordon and Tay@s2; Simha and Boyer, 1962).

— [Ty + KW, [T,
Im w, + K [, Eq 4-1

— Tgl wl

Tg 2 1P, Eq 4-2

whereTy is the glass transition temperatuneis the weight fraction of the componeris,

is a constant anglis the true density of the components.
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TheTgys of the liquid plasticizers used in this projeet, OA, DBS and MTC could not be
characterized using DSC, MTDSC or hyper DSC (datashown). Therefore, in tHeq 4-

1 and4-2, at 5% plasticizer levely; = 0.95,w, = 0.05,Ty; =129.2°C Ty of EC),p1 = 1.13
g/mL, poa = 0.89 g/mL ppes= 0.94 g/mLpmct = 0.92 g/mL andymix can be obtained from
the MTDSC results for each plasticizer. Thgs of each plasticizer can be estimated by
usingequations Eq 4-hnd4-2 asTy4(OA) = -75°C, Ty (DBS) = -77°C andiy (MCT) = -
50°C. Using the same approach, the theoreTigaklues for 10% and onwards plasticizer
system could be calculated. Therefore, the expertiahd@,s from MTDSC were used to
indicate the decreasing iy values, i.e. plasticizing efficiencyI{gex), Whereas the
calculated values using Gordon Taylor/Simha Boygrations were compared Trable 4-

5.

Plasticizer OA Films DBS Films MCT Films

Leve|S ATgexp(OC) ATgca| (OC) ATgexp(OC) ATgca| (OC) ATgexp (OC) ATgca| (OC)

0% 0 - 0 - 0 -

5% -24.3 - -23.7 - -18.7 -

10% -40.8 -45.4 -40.7 -44.4 -25.4 -35.4

15% -54.9 -63.7 -55.3 -62.5 -25.3 -50.4
-75.2/-

20% -70.1 -79.9 -64.9 -78.6 -63.9
29.4
-75.4/-

25% -72.9 -94.2 -69.9 -93.0 -76.1
29.9
-78.2/-

30% -76.0 -107.0 -75.5 -105.9 -87.3
32.0

Table 4-5 Comparison of measuretT e ) and calculated plasticizing efficienciesTjca)

of EC films with different levels of plasticizers
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As can be seen, OA and DBS are more effectiveipiasts than MCT. However, the two
distinct Tgs of some EC/MCT films indicated a phase separatidnch will be discussed
in section4.4.4 The plasticizing efficiencies of OA and DBS seeather similar,
compared to that of MCT. This is probably due te smilarity of OA and DBS on their
molecular structures that are both long hydrocarbbains, whereas MCT has three
carboxyl groups with carbon chains. A positive d&ein from ideal behaviour was
observed for all of the EC/plasticizer films (dexse of the experimentals was smaller
than the theoretical values). The reasons for éwations between the theory and practice
are probably due to the assumption made Hqgr 4-1, i.e. the mixture is an ideally
compatible system. Therefore the plasticizatiorcess is simply a dilution effect on the
polymer matrix through which the free volume isragased. This is not necessarily
applicable to the tested system if phase separatonrs. At relatively low plasticizer
concentrations, the deviation of the experimental #he theoretical values indicates that
the assumption is reasonably valid in this case, there is good polymer/plasticizer
compatibility. However, at high plasticizer conaatibns, rather large differences between
the experimental and the theoretical values sughastthe assumption is invalid due to
poor compatibility. The plasticizers may aggregat® small domains dispersed in the
polymer matrix. Consequently, the actual amounttlé plasticizer dispersed in a
molecular level is less than the nominal. In theecaf EC/MCT films, the detected phase
separation showed one separafgdthis was rather close to the theoretical valugs Ts

strongly supportive to the above explanation.

EC/OA-DBS films and EC/OA-MCT films have the reddcg, values of -79.2°C and -
77.2°C, respectively, whereas the theoretical redlig values are -94 °C and -82°C. The

overall plasticizer concentration was 24.8%, whghlose to the 25% plasticizer level that
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was applied for a single plasticizer. The plasécimixtures were more efficient in
reducing theTy values of EC films than the same level of a singlasticizer. This
indicates that when two types of plasticizers gmgliad, the free volume is increased more
dramatically than when a single plasticizer is sguplat the same level. It has been
suggested that the molecular chain of a plastiozer be encapsulated along its long
dimension by the polymeric chains (Mauritz et &B90). Therefore, the increase of the
free volume can be related to the length of thetaer molecules. When two plasticizers
with different chemical structures are used, theapsulation of the plasticizers may not
necessarily be in the same direction, i.e. thetiplasr chains may not be parallel to each
other. Hence it is possible that an increase ire fiwlume is resulted from the

encapsulation along different directions of thesptazer chains.

4.4.4 Miscibility Studies of EC/plasticizer Films

MTDSC and DMA allow the determination of tfigs of the films, which can indicate the
interactions and the degree of mixing between Ef€the plasticizers applied. The mixture
could be considered compatible if only ohgs observed. Twdgs are expected if phase
separation occursiTA and nTA were chosen for the atomic force micopsc studies,
because they can provide topographical, adhesidnhemmal information simultaneously.
This is based on the information provided by MTD&@ DMA on the thermal properties
of the bulk samples, while LTA enables the charazaéon of specific regions of interest.
Although, it is a semi-quantitative approach, LTAsufficient to identify different phases
on the sample surface. Besides, the topographyasnagre presented and compared along
with the adhesion images to prevent misinterpratatf the data. Observed adhesion

contrast may be due to the topography featuresvéomnd concave) or the different
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phases. Hence, by considering the topographyrnafdirfaces, the adhesion contrast due to

more than one phase could be observed.

For EC/OA and EC/DBS films, no doublgs were observed for all of the concentrations.
However, there was a large difference betweenttberetical and practicdl, values when
plasticizers with relatively high concentrations reveapplied, indicating not ideal
compatibility. When complete phase separation agctine Ty value should not be
composition dependent, which is not the case fofCACand EC/DBS films. In other
words, EC/OA films and EC/DBS films did not showamplete phase separation when

the plasticizer concentration is relatively high.

The situation for EC/MCT films is more complicatédan in EC/DBS films.Ty of
EC/MCT films decreased when the concentration waseased from 0% to 10%, which
was expected. However, it remained at about 10380 f10% to 15% according to
MTDSC results (109°C from DMA), which implies thahother glass transition at a
different temperature may occur. At 20% and beyahe, Ty remained at circa 97°C
(MTDSC), 107°C (DMA) and 110°C (LTA), whereas a lEmtemperature transition was
observed at circa 51°C (MTDSC), circa 69°C (DMAyamrca 63°C (LTA). Although, the
values obtained from DMA and LTA were 10°C — 20°@her than those from MTDSC
results, there is a fine agreement between thetmitpes on these two glass transition
events. Such phenomenon has been associated va#e geparation. Two areas with
different adhesion properties were imaged by upuged force mode AFM, which could
be related to the lowWy and highTy respectively from the LTA results. These tilgs do
not correspond with either thg, of pure EC or that of MCT, therefore, two phasés o

EC/MCT mixture with different ratios were considaérdhese values for different levels of
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MCT were rather similar, implying there might befuather glass transition occurring,

possibly pure MCT.

Since theTgs of plasticizers was estimated in the previousieed-4-3 by using Gordon
Taylor/Simha Boyer equations, one can estimatednstant asKoa = 2.57,Kpgs= 2.47
and Kyct = 2.2. Similarly, at 20% MCT level and beyond, ksing the values obtained
from MTDSC as thdynmix of these two phases, the weight fraction of MCThia highT
phase can be estimated as approximately 8%, whabeag 24% in the lowWy phase. It is
interesting to note that between 20% and 30% F@QO ¢lvalues do not change, implying

a further phase separation, possibly of pure MCT.

No more than one glass transition was observedE@/OA-DBS films or EC/OA-MCT

films from MTDSC or DMA (tensile clamp and singlartilever clamp). Results from the
two types of clamps of DMA used on these sampleshdéu proved the great
reproducibility of the technique. In terms of thgs, MTDSC and DMA results are in great
agreement with each other. The topographical artesadn images of EC/plasticizer
mixture films showed more flat surfaces with lesatfires than the EC/plasticizer films
with the equivalent concentrations. It shows a fgrascibility between the plasticizer

mixtures and their polymers in terms of these teqpes.

The plasticizer mixtures seem to have better coimipgt with EC when they are on the
same plasticizer level. Based on the free voluneerthof the glass transition, the actual
volume of a polymer can be expressed as a sumeof/dlume occupiedV}..) by the
molecules and the free volume between the mole¢U}gswhich is used for molecules to

undergo rotation and translational motion.
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V(T) = Voec(T) + V¢ (T) Eq 4-3
When plasticizers are introduced into polymer systethey increase the occupied volume,
but more dramatically increase the free volume,cbea lower of theT;. However,
different types of plasticizers may interact witliffetent structural groups of EC.
Therefore, at the same plasticizer level, the muésc of one type of plasticizer will
compete with each other, whereas the moleculesmfypes of plasticizers will bond with
different structural groups of EC or even bond vatth other as well, rendering a much

better compatibility and stability.

In summary, OA and DBS showed finer miscibilitythdCT as a plasticizer for EC films.
High concentration of MCT could lead to phase safpam of EC films. Plasticizer
mixtures of OA-DBS and OA-MCT provided better plaing efficiency with less risk of

phase separation.

4.4.5 Mechanical Properties

Generally, film coating systems suitable for tabletr pellets coating require certain
mechanical strength and flexibility of the filmsth@rwise, splitting or cracking may occur,
which is not only unattractive but, more importgntesults in the protective advantages of
the film coating being lost. These issues may betduhe stress that builds up within the
film coating upon during drying, which exceed theamanical strength of the coating
(Gibson et al., 1988). This stress arises becahea the sample is dried either under room
conditions or in the oven, the wet films must skras the solvents evaporate. When the
coated pellets are dried in an elevated temperéitum@ost cases), a thermal stress occurs

as the coated pellets cool due to the higher theexpansion of the polymeric films
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compared with that of the pellet substrate. Thehaercal properties of the film coatings
determine their response to these stresses ane litsnesistance to rupture. It has been
demonstrated that when larger amounts of plastieée® employed, tougher films (higher
energy to break) are produced (Hutchings et aB4L9%Plasticizer, acting as a solvent for
the polymer, can change the viscoelastic behawbpolymer significantly. Essentially, a
plasticizer transforms hard, brittle polymer intsddt, rubbery material. It provides greater

resistance to the polymers when mechanical stressespplied.

Storage modulus, representing the elastic portiothe@ sample, is a characteristic of the
sample stiffness, i.e. higher storage modulus wahkre related to films having greater
stiffness whereas lower modulus values are assocwith softer films. As the plasticizer
content increases in the polymer, the stiffnesthefpolymer will decrease as the polymer
becomes simply a solute in the polymer-plastic&@ution. The decreasing trends of films
when OA and DBS were employed are rather similars 1§ probably due to the similarity

of their chemical structures.

A critical plasticizer concentration, at which thensile strength, and the modulus or
elongation reach the original values of the unpieestd polymer has to surpass to yield the
desired plasticization effect. Both the Young's mlod and tensile strength were not
influenced by the hydrophilic or hydrophobic natafethe plasticizers. Plasticization of
the polymer encourages stress relaxation becaasgldhkticizer increases the free volume

of the polymer, making it less rigid and more abladapt to the applied stress.

167



Chapter 4

4.5 Conclusion

This chapter indicates that a multi-disciplinarypeagach is necessary when characterizing
the distribution of lipophilic plasticizers withithe EC films and their interaction. While
guantitative information on the polymeric systenas de provided by TGA and DSC,
which however, only analyze the bulk sample. DM&egi not only thermal information,
but also the mechanical properties of the bulk sanfpomplementarilyy TA and nTA, as
the semi-quantitative techniques, offer topogragh#s well as thermal properties of the
film surfaces. Alternatively, HS-AFM allows asseggihe effect of the temperature on the
adhesion images of the surfaces of these filmschwvhould be a temperature dependent

interpretation of the data. All of these techngjuedicate that

(a) OA is miscible with EC and form a homogeneous films an effective plasticizer
and, therefore, be able to reduce Thef EC films.Tyoa Was estimated as -75°C;

(b) DBS is also an effective and miscible plasticizerEC films. No phase separation
was observed for up to 30% plasticizer leVgbgswas estimated as -77°C;

(c) Tyuct Was estimated as -50°C. Concentration-dependesgepheparation occurs
between EC and MCT. Two phases with correspondigg were successfully
imaged by using localized thermal analysis. We sagthat the separation may be
detected and imaged using thermal and microscopsthads and that the
composition profile may be more complex than a $nlyinary separation process.

(d) Plasticizer mixtures seem to have more desirabgeimiity with EC than a single

plasticizer with equivalent concentrations.

The investigation of the miscibility and interact®obetween the polymer and the lipophilic

plasticizers are extremely crucial in understandhgjr transport mechanisms when used
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in the pharmaceutical dosage forms. The distrilbbutibthese components could affect the
drug release mechanism, especially when these fidrasexposed to the drug release

medium, in which case, the distribution of the &igids may change.
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CHAPTER 5 THE EFFECTS OF PORE FORMER INCLUSION ON ETHYL

CELLULOSE FILMS

5.1 Introduction

The previous chapter focused on the thermal, thermachanical properties and imaging
studies of ethyl cellulose (EC) films with varioadded plasticizers. This chapter discusses
EC films incorporating a pore former, hydroxypropgkthylcellulose (HPMC). A pore
former is another important component that can deed into the EC films in order to
adjust the drug release profiles of the coatedrobtletl release formulations (Frohoff-
Hulsmann et al., 1999b). The definition of a paefer is, as the name suggests, additives
that generate pores on the film coats when in contath the drug release media.
Therefore, pore formers are generally water-solygklymers. Even though some water-
soluble plasticizers may perform similar functiodsring drug release, the effects of
plasticizers and pore formers on the mechanicapgrt@s are significantly different
(Heinamaki et al., 1994). This is because plastisiZsmall molecules) increase the free
volume of the polymer chain, hence lowering th#fretss and improving the flexibility of
the films, whereas the HPMC is generally not cortyetvith the film forming polymers,

hence it is difficult to evaluate its impact on thechanical properties of the films.

The addition of HPMC to EC films can improve thetevapermeability of the resulting
films, since HPMC will dissolve and dilute out frotine EC films after contracting with
release media. The water permeability of the pohenmembranes is of fundamental
importance to the drug release profiles. Howeviggndon must be paid to the effect of the

concentration of the pore former, because thealhjtisemipermeable EC/HPMC films
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become also permeable for the drug at high HPMQeown(Siepmann et al., 2006).
Therefore, the interaction between the polymenddeat a molecular level becomes
important (Siepmann et al., 2008), because this affgct the morphology and phase
distribution of the polymers, hence affecting thaglrelease profiles. Polymer blends in
general are immiscible, since the entropy of mixgmgmall and does not compensate for
unfavourable endothermic heat of mixing (Siepmainal.e 2008). The significance of the
phase morphology of polymer blends in controllihng tirug release has been addressed in
the literature (Menjoge and Kulkarni, 2007). HPM@shbeen reported to have no
interactions with EC in the films (Lai, 2005). Hove, there is not much imaging
evidence of the distribution of HPMC within the E@ns and the relationship between
that and the concentrations of HPMC added. Theeefibre thermal, thermo-mechanical
properties of EC films with various levels of HPM@d their resulting phase distribution

must be thoroughly understood.

In this chapter, the imaging and thermo-mechanpcaperties of EC/HPMC films are
investigated, aiming to study the polymer-polymeteractions and the polymer
distribution in the prepared free films. The weidigs profiles of EC films incorporated
with different levels of HPMC and HPMC itself arenspared by means of TGA. MTDSC
and DMA are compared in terms of the characteonnabif the glass transition events of all
films. Imaging and polymer distribution of thesknis are examined by using pulsed force

AFM and LTA techniques.
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5.2 Methodology

5.2.1 Preparation of EC/Pore Former Films

Pure EC and EC/HPMC films were prepared by theestlgolution casting method, which
was introduced irChapter 2 The formula of EC/HPMC films is seen Trable 5-1 After

EC and HPMC were fully dissolved, the solutions evdren cast onto a glass plate. The
wet film thickness was controlled at 2Q@0 to achieve a dry film thickness of 150+10um.
EC/HPMC films were dried in the oven at 45°C fon@urs. All the dry films were stored

under ambient conditions for 24 hours to equilieta¢fore testing.

EC (9) HPMC (g) Solvent System
EC/10%HPMC 1.8 0.2 20 mL ethanol/water (90:10)
EC/20%HPMC 1.6 0.4 20 mL ethanol/water (90:10)
EC/30%HPMC 1.4 0.6 20 mL ethanol/water (90:10)

Table 5-1 Film formula of EC/HPMC films

5.2.2 TGA Studies

For the raw materials of the pore former, TGA wasdito detect the water content and
also the degradation profile. HPMC powders wereal izsereceived. All the samples were
heated from room temperature to 350°C at 10°C/iamn.the EC/HPMC films, TGA was
applied to determine the amount of residual solv@mthe dry films. These samples were
heated from room temperature, ramping 10°C/min 36°C. 5 — 10mg samples were
placed in the sample pans. Dry nitrogen was usequlege gas while compressed air was

used as the cooling system.
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5.2.3 DSC Studies

For the HPMC raw materials, MTDSC was performedhbgiting the samples from 25°C
to 120°C, cooling to 25°C and then reheating thenges to 220°C with + 0.5°C
modulation amplitude every 40 seconds at a rat2°6fmin.. For the EC/HPMC films,
MTDSC was conducted by running the samples fronC2&® 200°C with a modulation
amplitude of + 0.5/40 s at 2°C/min. The sample mass 1 — 2 mg. Crimped pans were

used.

5.2.4 DMA Studies

DMA tension film mode (tensile clamp) was usedrteestigate the storage modulus, loss
modulus andan ¢ values of samples during the program used. Apprately 30x 5.27
mm square pieces of samples were mounted onteetisfd clamp and then heated from
30°C to 180°C at a rate of 3°C/min under frequenic¥ Hz and amplitude of 20m. Dry
filtered air was used as the purge gas and thengpel/stem. The storage modulus, loss
modulus andan ¢ of samples during the program were recorded tbyaadahe mechanical
properties and the peak temperaturestaf 6 were taken as the glass transition

temperatures of the films.

5.2.5 AFM Thermal Studies

Different locations of the dry film surfaces (200 mm) were initially scanned to obtain
topography and adhesion images simultaneously mgube pulsed force mode AFM.
The frequency and amplitude for modulation were 520and 50 nm respectively. The

scan area wasim® and the scan speed wagr/s with a resolution of 200 lines.
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Nano-thermal analysis was applied to the areamtefrast. Thermal analysis data was
obtained at 5°C/s between room temperature andCL9®robe cantilever deflection was
plotted against probe tip temperature to obtainlyseof specific areas on the film surface.
The topography and adhesion images obtained fahmples were flattened and equalized

by using a software named WSxM 5.0 (Horcas e2@Dy).

Heated tip AFM was also carried out on the prep&hex$ by applying a heated (at 150°C)
nano-thermal probe and scanning across the filnfacas under the pulsed force mode.
However, no significant of enhancement of the plsegmration was observed, therefore,

the data is not shown in this chapter.

5.3 Results

5.3.1 Visual Observations

The prepared solutions of EC/HPMC films appearedbéorelatively transparent, but
slightly more opaque than pure EC solutions. Tlitsses were dried in the oven at 45°C
for 3 hours in order to allow the complete evaporabf solvents. The visual observations
of these dry films are shown Kigure 5-1 and they are relatively clear, irrespective @& th
concentrations of HPMC. All the films seem to h@aod mechanical strength, but very
brittle and easy to break. This is probably duthtoabsence of plasticizers. EC films with
10% and 20% HPMC were relatively flat, whereas ¢hasth 30% HPMC were slightly
creased. It can be assumed that high temperatommopes fast solvent evaporation rate
and therefore give rise to wrinkled film. Howevérese films were dried under the same
conditions. Therefore, it is reasonable to concltide the solvent residue of these films,
which can be related to the HPMC concentrationsy mmave an impact on the film

appearance. This suggestion is supported by the rEGélts.
174



Chapter 5

Game
30% HPMC

Figure 5-1 Visual observation of EC/HPMC films

5.3.2 TGA Studies

TGA studies were initially carried out to investigahe weight loss profiles of the pure
HPMC powder. The weight loss and derivative weigks signals of pure HPMC powder
are shown inFigure 5-2 More than 2% weight loss was observed at 150°Riciwis
higher than that of pure EC powder. This indicdtes HPMC absorbed more moisture
than pure EC. HPMC exhibited a degradation onsabatit 180°C, showing a degradation
peak at approximately 337°C. By the end of the arpent at 350°C, 80% weight loss was

obtained.
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Figure 5-2 TGA scans &fPMC powder (weight loss and derivative weight Isigmals)

Weight loss signals of EC films, EC/10%HPMC fiim&C/20%HPMC films,
EC/30%HPMC film and pure HPMC are comparedrigure 5-3 The total weight loss at
120°C was increased with increasing the conceatraif HPMC {Table 5-3. The weight
loss of the EC/HPMC films was proportional to tfencentration of HPMC presented in

the films. Pure HPMC had the greatest moistureerdrdcompared to the other samples.
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Figure 5-3 Comparison of the weight loss signalgGffilm, EC/HPMC films and pure

HPMC powder

Residual Solvents EC Films (%)
EC film 0.6+0.1
EC/10%HPMC 0.6+0.1
EC/20%HPMC 09+0.1
EC/30%HPMC 14+04
HPMC 16+0.2

Table 5-2 Amounts of residual solvents of EC filmsrporated with 0%, 10%, 20% and

30% HPMC and pure HPMC, data analyzed from TGAltssat 120°C (n=3)
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5.3.3 DSC Studies

TheTy of HPMC film is relatively weak and difficult toebdetected by using MTDSC (Lai,
2005), even in the reversing signdfsgure 5-4 shows the reversing heat flow signals of
EC films added with 0%, 10%, 20% and 30% HPMC amM& powder in the standard
aluminium pansTable 5-3shows the comparison of thg values of EC/HPMC films,
analyzed from the reversing heat flow signals o tMITDSC experiments. When
increasing the levels of HPMC, tfigs of EC films remained constant at circa 130°C, and
the differences were as small as 1-2°C. It was lodled that this temperature corresponds
with the Ty of EC 20 itself (Lai, 2005), whereas HPMC had@yat circa 150°C, indicating
HPMC might not interact with EC dramatically innes of the glass transition. Therefore,
two Ty values of EC and HPMC respectively are expectedhfthe MTDSC results.
However, the heat flow change of HPMC might be domll to be revealed from the heat
flow signals of EC/HPMC films. The melting of mianystallites and oxidative
decomposition events of EC film around 180°C becd®ss significant and negligible

when HPMC was introduced into the film systems.
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Figure 5-4 Comparison of the glass transitions &f #m, EC/HPMC films and pure

HPMC powder by using the reversing heat flow signal

HPMC Concentration T4(°C)
0% 129.2+0.1
10% 131.7+0.9
20% 129.6 +0.9
30% 130.7+1.2
HPMC 1494 +0.4

Table 5-3 Glass transition temperatures of EC filmih 0%, 10%, 20%, 30% HPMC and

pure HPMC, obtained from the reversing heat flognais of MTDSC (n=3)
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5.3.4 Thermo-mechanical Properties

Typical examples of the thermo-mechanical behavadUeC films added 0%, 10%, 20%
and 30% HPMC are shown Figure 5-5(Loss modulus against temperature) &iglre

5-6 (tan 0 against temperature), while tigs analyzed from the peaks of loss modulus and
tan o and storage modulus under room temperature ¢halsystems are listed Trable 5-

4.

250

200+

EC Film

150

1 EC/10%HPMC
100

50 EC/20%HPMC

04 EC/30%HPMC

-50 B S S R R
30 50 70 90 110 130 150
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Loss Modulus (MPa)

Figure 5-5 DMA scans of EC films with different centrations of HPMC using the tensile

clamp at 3°C/min
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Figure 5-6 Tary of EC films with 0%, 10%, 20% and 30% HPMC

HPMC Tpeak Tpeak Storage Modulus
Concentration  (°C, Loss Modulus) (°C,tano) (MPa)
0% 125.8+0.7 133.6+0.3 982 + 269
10% 134.140.7 141.9+0.8 1577211 1178 +312
20% 134.5+0.8 1415+0.9 1589+ 1.7 1948 + 193
30% 135.8+0.2 142.1 +0.3 166.2+1.0 2050 + 478

Table 5-4 Peak temperatures of loss modulus and tdrEC films with 0%, 10%, 20%

and 30% HPMC, obtained from DMA (n=3)

Generally, the onset temperature of storage modthespeak of loss modulus or the peak

of tan ¢ can be utilized to analyze tig of samples. However, for the EC/HPMC films,
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one single peak was observed for each film fromdes modulus profile, but two slightly
overlapping peaks from than ¢ plots. Therefore, both peak temperatures were aedly
for comparison and they are presented Tiable 5-4 In previous chapters, peak
temperatures dbn ¢ from DMA results were analyzed as the glass ttemstemperatures.
TanJ may be a better indication of the glass transitfan the loss modulus in this case,
especially when it had a disagreement with the hosdulus. This is probably because the
loss modulus represents the dissipated energyeofilins. The difference between the
glass transition temperatures of EC and HPMC isi&B0°C. In other words, the softening
of HPMC may follow that of the EC. The peaktah ¢ could be more sensible than that of
the loss modulus since it is the temperature thatftequency of the forced vibration
coincides with the frequency of the diffusional roatof the polymer chain. Therefore, the

tan o data here would be selected in this chapter.

At 10%, 20% and 30% HPMC compositions, two tranasi were recorded corresponding
to the glass transition of the two polymers (cidke#0°C for EC and circa 160°C for
HPMC). These results are in agreement with a pusvatudy (Sakellariou et al., 1986b), in
which two glass transitions for EC and HPMC respebt were observed. Therefore, it is
fair to conclude that an obvious phase separaicaroed in the EC/HPMC films. Than

0 peaks of both transitions were overlapping, intlgaan incomplete separation of the
transitions of the components. It is interestingnéde that thély value of the EC phase is
higher than that of the pure EC film, and fhevalue of the HPMC phase is increasing
slightly with increasing the weight fractions of ME. These phenomena may be a result
of the increase in the film stiffness with incre@sthe HPMC levels as indicated by the
storage moduli iMable 5-4 since DMA is not only a thermal but a mechanteahnique.

The Ty values obtained from thtan ¢ peaks were under specific mechanical stress applie
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to the film samples. Another possibility is thasmaall amount of HPMC formed a phase
with EC, resulting a slightly highefy values of EC phase. However, this cannot be

concluded at this stage.

The storage modulus of EC/HPMC films was recordeevall. As introduced in previous
sections, the storage modulus is the ratio of sttesstrain under vibrating conditions
(frequency of 1 Hz), which represents the in-ph@@bastic) component of the oscillatory
flow. In other words, storage modulus (tensilea imeasure of the stiffness of the samples.
As seen inTable 5-4 the standard deviations of storage modulus wetteer significant,
which can be caused by the operator or instrumeat.eHowever, an increasing trend of
storage modulus was observed when increasing theeatrations of HPMC. These results
indicate that the addition of HPMC can enhancestiftness of the resultant films. This is
possibly due to the inherent property of HPMC sipaee unplasticized HPMC films are

regarded as brittle and hard (Heinaméki et al.41.99

5.3.5 Localized Thermal Analysis (LTA)

Pulsed force AFM has been introduced and appliegssess the film samples in previous
chapters. It was therefore applied again to ingagti the phase distribution on the film
surface and to further confirm the limited inconipiity of EC and HPMC, based on the
phase separation between EC and HPMC within thesfdemonstrated from the MTDSC
and DMA results.Figure 5-7 shows the topography, adhesion and LTA nano dhta o
located specific areas of EC/HPMC films. The numbef the nano-thermal plots

correspond to the numbers that highlighted in thteeaion images of EC/HPMC films.
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The pure HPMC film presents a fairly flat surfacéghwalmost no features on the film
surface. For the EC/HPMC films, with increasing HRMC level, more features appeared
on the surfaces. The adhesion images of those shoaeesponding features in most
cases. Care needs to be taken when interpretinglditd, because of the colour differences,
which represent different adhesion properties. ldedifferent phases on the adhesion
images may be caused by the height differencetetopography images, rather than the
separated phases. As seerFigure 5-7 HPMC films provided repeatable nano-thermal
downward deflections at approximately 170°C whea pinobe was located on selected
areas. This temperature reasonably representg, thieHPMC. At 10% w/w HPMC level,

it is difficult to differentiate EC or HPMC phases the adhesion image, however, the
nano thermal data is telling a different story. oselected areas (1 and 2) provided
softening temperatures at about 150°C while therosinea (3) exhibited & which was
approximately 20°C higher than the lower one, amdtrselected areas (4-8) had both. For
higher levels of HPMC (20% and 30%), the adhesinages revealed more features than
that for the 10% w/w HPMC level. Reproducible seped glass transitions were observed
for both levels of HPMC. The lowdl,, around 150°C, corresponds to heof EC, while
the higher one, around 170°C, corresponds toTghef HPMC. These temperatures are
about 20°C higher than those observed from the MID&sults. This is because LTA-
AFM scanning is a mechanical method with a rapidting rate, which was explained in
detail inChapter 4 This interesting phenomenon indicates the schtaeodistribution of
these two polymers is dependent on the level of BPM a low HPMC level, the scale of

the phase separation is smaller than the prolregigution.

184



Films Topography Adhesion Localized Thermal Anaysi

3
173.70 nr _ 2.20\ 1
: 25
2
$ 3
215
Pure HPMC =
Film w1
0.5
i
0.00 nn 169\ 25 75 125 175
Temperature/ C
]
269.92 nr 101.24 m' E
7
&
s
a2
4
EC/10%HPMC i
3
2
1
0
0.00 nn -101.69 m'
0 50 100 150 200 250

Temperature/C

Figure 5-7 Topography, adhesion images and LTA tiermal data of EC/HPMC films (5umx5um, to be aountid)



Films Topography Adhesion Localized Thermal Anaysi

349.51 nr 72.49 m\

EC/20%HPMC

0.00 nn

-64.56 m\

25 50 75 100 125% 150 175
Temperaturef C

276.74 nr 880.73 m'

EC/30%HPMC

0.00 nn

25 45 a5 a5 105 125 145 1e5  18% 205
TemperatureffC

-858.99 m'

Figure 5-7 Topography, adhesion images and LTA rtaromal data of EC/HPMC films (S5pumx5um)



Chapter 5

5.4 Discussion

5.4.1 The Study of Residual Solvents

Residual solvent is one of the major concerns wireducing the films, since even small
amount of residual solvents can have a great impacthe thermal properties of the
prepared films, such af; (Masilungan and Lordi, 1984). The extent of weigfds of
prepared films can be summarized to comprise tlkee aspects: volatility of the
excipients, hygroscopicity of the polymer and solveontent remained in the films.
Unlike some volatile additives, such as triethytate, HPMC will not evaporate from the
films during heating. HPMC is a hygroscopic mateaiad does not degrade until a much
higher temperature (near 200°C). Therefore, itessonable to conclude that the weight
loss for pure HPMC seen iRigure 5-3 was due to water that HPMC absorbed. The
weight loss of EC/HPMC films increased as the cabregion of HPMC increased,
implying two possibilities: the weight loss proslef these films was due to the moisture
content of HPMC (hygroscopicity of HPMC) or somdest of binding between HPMC

and the solvents that hindered the evaporatioheosblvents from the films.

In conclusion, the weight loss profiles of the BIgh§ with added plasticizers and/or pore
formers are mainly due to the nature of these m@dit TGA is an easy and efficient
technique in measuring the weight loss profile§ilofs. However, it cannot determine the
nature of the weight loss. Trace amounts of watea sample can be distinguished and

determined by other analytical methods, such akMsiner titration.

5.4.2 Miscibility between EC and HPMC
MTDSC is generally an effective tool to provide gtieative information on the degree of

mixing and the compatibility of the polymer blenisthe films. By determining thé&,
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values of the film systems, one should be ableaeciuide if there is any interaction
between EC and the additives. For example, theigleers would shift the glass transition
of EC to a lower temperature, as discusse@hiapter 4 HPMC has & value at about

150°C. If these two polymers are compatible, th&meuld be onely value observed

between 130°C and 150°C from MTDSC results. HoweaeingleTy at circa 130°C was

revealed for all EC films, irrespective of the centrations of HPMC. The glass transition
of HPMC was probably too weak to observe from MTDS@Gese results are indicating
that HPMC does not interact with EC dramaticallghwi the film systems. However, the
endo- and exo-thermal events of EC films around°@8@ere much weaker after the
incorporation of HPMC. This is probably because al@lation event and the melting of
micro-crystallites within EC were inhibited sindeey were sitting in a pool of molten EC

and HPMC.

The dynamic thermal and thermo-mechanical propedfepolymeric films are primarily
dependent upon the compatibility of the componelftthe two polymers are mutually
compatible, a single glass transition is expectetba observed from both MTDSC and
DMA, but if they are mutually incompatible, thenopiding the difference between the
glass transition temperatures of the two polymereeds the resolution of the measuring
technique, two glass transitions are expected t@t@ded. Based on the MTDSC results,
given the glass transition of HPMC was rather wgadlgse separation between EC and
HPMC was suspected. However, the results from DMf@eements are much more
complicated than expected. TWgs of EC/HPMC films were recorded from ttzn o plots.
The lowTy values remained relatively similar when increagimg levels of HPMC added,

whereas the higligvalues had a more significant increase. From thests, we can tell
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that DMA is a more sensitive technique comparinthidSC, in terms of the detection of

the motion of the polymer chain.

If we apply the Gordon Taylor/Simha Boyer equati¢g@erdon and Taylor, 1952; Simha
and Boyer, 1962) again to calculate the theoretglaks transition temperatures of
EC/HPMC blends, providing that EC and HPMC are cletey miscible, we can obtain

the predicted values belowWwdble 5-5

HPMC Concentration Predictag
10% 131.0°C
20% 132.8°C
30% 134.6°C

Table 5-5 Predicted glass transition temperatureEG films with 10%, 20% and 30%
HPMC, using the Gordon Taylor/Simha Boyer equatignsviding EC and HPMC are

miscible

The Ty of the pure EC films was determined to be 129.8%n MTDSC results. The

increase between each 10% HPMC is only 1-2°C, whiohld not be confirmed using

MTDSC with confidence, even though the standardafiewm values are less than 1°C.
Therefore, based on the MTDSC results alone, waatasonclude that EC and HPMC are
not miscible at all. Based on the DMA results, stgossible that EC and HPMC are
partially miscible. However, the miscibility of E&hd HPMC could be rather low, in spite
of the similarities in the chemical structures lodége two polymers. Immiscibility between
HPMC and another polymer hydroxypropyl cellulos®C), which has a similar chemical
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structure as well, has been reported in the lieeatNyamweya and Hoag, 2000).
However, polyvinylpyrrolidone (PVP), which has aryelifferent structure than HPC, is

miscible with HPMC (Nyamweya and Hoag, 2000).

The ability of polymers to form compatible blen@sjuires that favourable intermolecular
interactions occur between the polymer chains. Faamermodynamic point of view, two
polymers are miscible if they form a single phadsm. this to happen, the Gibbs free energy
of mixing AG,,;, needs to be negative. This is given by

AGoix = AH iy — TAS iy Eq 5-1
whereAH,,;, andAS,,;, are the enthalpy and entropy of mixing, respebtjvandT is the
temperature. The right side &fg 5-1 needs to be negative to obtain a negativg,, .
There are numerous ways of arranging the moleaidabese two polymers in space;
hence there is always an increase of entropy ofngrixHowever, the entropy of mixing
EC and HPMC may be small, because the connect¥itiie long polymer chains of EC
and HPMC would normally restrict the ways of arnaggthe molecules. Therefore, a
negativeAH,,;, is required. Strong interactions, such as hydrdgemding, between the
polymeric chains are required to produce a negativeeat of mixing. HPMC is given the
presence of unsubstitued hydroxyl group on theulme chain as well on the
hydroxylpropyl substituent groups. These propertigake it able to interact with PVP
through hydrogen bonding (Nyamweya and Hoag, 20€§l@xe PVP has the carboxyl and
amido groups as the hydrogen acceptors. In EC henwavgreat portion of hydroxyls on
the cellulose chain have been substituted by eghguips, leading to a relatively low
hydrogen bonding potential, hence low interactiothwPMC. A concept called solubility
parameter has been introduced to predict the pahpolmer miscibility (Sakellariou et

al., 1994; Sakellariou et al., 19860he solubility parameters of EC and HPMC are 20.6
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and 24.4 MP& respectively, calculated by van Krevelen usingrtiwecular structure of
the polymer from the summation of the group mol#aation constantsH) resent in the
molecule using the formula (Sakellariou et al.,8&8
A=Y F |V Eq 5-2

where V is the molar volume of the polymer. Evenuh a difference of less than 7
MP&a"2in the solubility parameters is usually considesgghificant miscibility (Forster et
al., 2001), EC and HPMC did not show great misitibffom the experiments. However, it
may still be possible that EC and HPMC have a lowcihility, since the solubility

parameters of these two polymers are relativelylaim

The AFM images of EC/HPMC films did provide a graatount of information on their
distribution and phase behaviour. However, as a-geantitive technique, LTA would not
be able to detect a softening temperature changmal as 1-2°C. Even so, increasing the
levels of HPMC did have an impact on the distribntof EC and HPMC within the films.
At low level (10%) of HPMC, the film surface is neohomogeneous than those when
more HPMC was added. The LTA nano-thermal data sdows that at 10% level, HPMC

dispersed at a smaller scale than those at 2098G&tdevel.

In summary, phase separation occurred in EC/HPNM@sfiHowever, the argument of
HPMC is not miscible with EC may not be true instbase. A miscibility of less than 10%
(HPMC) is possible. The distribution of HPMC withihe EC films are affected by the
concentrations of HPMC added. DMA is a more sersitechnique than DSC when
detecting the motion of the polymer chains, heheeglass transition temperatures. AFM-
LTA is of great use in distinguishing different glea and examining their softening

temperatures.
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5.5 Conclusion

The combination of TGA, DSC, DMA and AFM-LTA hadaled a better understanding
of the phase behaviour of EC/HPMC films. It is ipegpriate to conclude that EC does not
interact with HPMC solely based on the DSC resuits;e the theoretical glass transition
of ‘miscible’ EC/HPMC blends is only 1-2°C highérain that of the pure EC film. EC may
be partially miscible with HPMC. However this misitity between EC and HPMC was
rather low. A clear phase separation between ECHMC phases occurred. AFM-LTA
indicated that the concentrations of HPMC applietl wefinitely affect the phase

distribution of EC and HPMC within the films.

The investigation of the miscibility and phase wlgttion between the polymer blends are
of great significance in understanding the drugeasé mechanisms when used in the
pharmaceutical dosage forms. The partially mistybibr immiscibility may play an
important role in the controlled release formulatio Drug release profiles of partially
miscible and immiscible formulations and their murogy before and after the

dissolution process will be further discussed mltter chapters.
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CHAPTER 6 THERMAL AND THERMO-MECHANICAL PROPERTIES OF
ETHYL CELLULOSE FILMS INCORPORATING VARIOUS PLASTICIZERS

AND HYDROXYPROPYL METHYLCELLULOSE

6.1 Introduction

Ethyl cellulose (EC) is a hydrophobic polymer, #fere formulations coated using pure
EC films release the drug very slowly. Sometimesks may occur during processing or
dissolution due to the brittleness of EC films. Tiheorporation of plasticizers primarily

aims at: (a) reducing the brittleness of the polyméims; (b) altering the permeability

and (c) promoting film formation in the case of aqus polymer dispersions (Lecomte et
al., 2004). Hydrophilic pore formers can acceletagedrug release rate of the drug from
the release controlling membranes (Gunder et 8B5) Plasticizers and pore formers
should therefore ideally be incorporated into the fiEm system in order to achieve the
desirable mechanical properties and drug releaslgs However, most studies have
been only focused on plasticizers or pore formehgppola et al., 1996; Palmer et al.,
2007). Even when both were incorporated, drug selgaofiles were more emphasized,
rather than the interaction and distribution of ghasticizers and pore formers (Frohoff-
Hulsmann et al.,, 1999a; Frohoff-Hilsmann et al.9%®. Therefore, the aim of this

chapter is to study the thermal and thermo-mechapioperties of EC/plasticizer films

with various levels of HPMC and investigate theiteractions, phase behaviour and

distributions within the prepared films.
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EC/plasticizers/pore former films were preparedesiablish relatively complex film
systems in order to investigate their interactiamsl behaviour within the films. 10%
plasticizer level was used, since at this levelphase separation was caused based on the
previous findings. Hydroxypropyl methylcellulose RMC) was chosen to be the
hydrophilic pore former. This chapter will discukg preparation of EC/plasticizer/HPMC
films and study the residual solvents, interactigrig|ase behaviour and distribution using

TGA, MTDSC, DMA and AFM-LTA.

6.2 Methodology

6.2.1 Preparation of EC/Plasticizers/Pore Formieng-i

The solvent solution casting method (introducedCimapter 3 was applied to prepare
EC/plasticizers/pore former films. The formulatiooisall films are shown ifmrable 6-1
Oleic acid (OA), dibutyl sebacate (DBS) and mediahain triglycerides (MCT) were
utilized as the plasticizers and their concentretiovere controlled at 10% (w/w) in order
to avoid phase separation caused by high plastideaeels, based on the findings in
Chapter 4 10%, 20% and 30% HPMC were added to the filmesgstrespectively. For
the films with plasticizer mixtures, the ratios€ and the plasticizers were 75.2:8.8:16.0
(EC: OA: DBS or MCT), the same as those usedimapter 4for the films prepared
without HPMC. After all ingredients were fully med and dissolved in ethanol/water
(90:10 v/v), the solutions were then cast onto asglplate. The wet film thickness was
controlled using a film applicator at 2Qd8@. The resulting dry film thickness of all films
was 150+10um. EC/plasticizer/HPMC films were driedhe oven at 45°C for 24 hours.
All dry films were placed in a silica gel dessiaator 24 hours to equilibrate before being

tested.
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Films EC(g OA(g) DBS (9) MCT (g) HPMC (g)
EC/OA/10%HPMC 1.6 0.2 - - 0.2
EC/OA/20%HPMC 1.4 0.2 - - 0.4
EC/OA/30%HPMC 1.2 0.2 - - 0.6
EC/DBS/10%HPMC 1.6 - 0.2 - 0.2
EC/DBS/20%HPMC 14 - 0.2 - 0.4
EC/DBS/30%HPMC 1.2 - 0.2 - 0.6
EC/MCT/10%HPMC 1.6 - - 0.2 0.2
EC/MCT/20%HPMC 1.4 - - 0.2 0.4
EC/MCT/30%HPMC 1.2 - - 0.2 0.6

EC/OA-DBS/10%HPMC 1.354 0.158 0.288 - 0.2
EC/OA-DBS/20%HPMC 1.203 0.141 0.256 - 0.4
EC/OA-DBS/30%HPMC 1.053 0.123 0.224 - 0.6
EC/OA-MCT/10%HPMC 1.354 0.158 - 0.288 0.2
EC/OA-MCT/20%HPMC 1.203 0.141 - 0.256 0.4
EC/OA-MCT/30%HPMC 1.053 0.123 - 0.224 0.6

Table 6-1 Film formulations of EC/plasticizers/HPMi{tns

6.2.2 Residual Solvents

For the EC/HPMC films prepared, TGA (Hi-Res TGA R9FA Instrument) was used to
determine the amount of residual solvents in thefitns. The samples were heated from
room temperature, ramping at 10°C/min to 150°C. BDmg samples were placed in the

sample pans. Dry nitrogen was used as purge gde wtinpressed air was used as the
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cooling system. All experiments were carried outriplicate. Weight loss of the dry films

at 100°C was taken as the amount of residual sblven

6.2.3 DSC Studies

MTDSC (Q2000, TA Instruments, USA) was conductedunyning the samples from 0°C
to 200°C with modulation amplitude of +0.5°C/40s 28C/min. Samples with a mass
between 1 and 3 mg were prepared in the standantgirdlm pans (TA Instruments, USA).
Calibration was carried out before running the eixpent. All experiments were carried
out in triplicate. TheTy values of the films were taken from the midpoioitshe reversing

heat flow signals.

6.2.4 DMA Studies

DMA tension film mode (tensile clamp) was usednweestigate the storage modulus, loss
modulus andan ¢ values of the prepared films during the programdusSamples were
heated from 30°C to 180°C at a heating rate of @i€hlnder 1 Hz frequency and aén
amplitude. Dry filtered air was used as purge ga @ooling system. Triplicate studies
were performed to obtain an average value of tkalte Ty of all films were analyzed

using thetan § peak values and the storage modulus values wesa &K30°C.

6.2.5 AFM Studies

AFM measurements were performed in a ThermomicpesdExplorer scanning probe
microscope (pulsed force mode, Anasys Instruman®A). Small pieces of these films
(approximately 10x10 mm) were cut and mounted ogmatc studs by double-sided tape.
Different locations of the dry film surfaces weasned initially to obtain topography and

adhesion images simultaneously by using pulsedefonode AFM. The frequency and
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amplitude for modulation and subtract baselinesev®0 Hz and 50 nm respectively. The
scan area was 5%Bn” and the scan speed wagrB/s with a resolution of 200x200 pixels.

A WSxM 5.0 software was applied to analyzed theogwpphy and adhesion images

(Horcas et al., 2007). All resulting images wermply flattened and equalized. Nano-

thermal analysis was applied to the areas of iatefidhermal analysis data was obtained at
5°C/s between room temperature and 150°C. Probtlesaan deflection was plotted

against probe tip temperature to obtainTggeof specific area on the film surfaces.

6.3 Results

The residual solvent levels of all produced filmsrgvexamined initially to ascertain that
the drying method is adequate to allow the accuratestigation of the dry films. TGA
results showed that the residual solvents werethess 0.6% (w/w) of all films (data not
shown). Further investigations were then continicedharacterize the thermo-mechanical

properties of EC/plasticizers/HPMC films.

6.3.1 MTDSC Studies

Interactions between HPMC and EC/plasticizer filpstems with 10% plasticizer level
were investigated. Therefore 10% plasticizers wesed in the prepared films in order to
avoid any phase separation by the plasticizers,adritie same time, allowing adequate
plasticizing effect to be afforded. The reversimghflow signals from MTDSC of EC/OA
films and those with 10%, 20% and 30% (w/w) HPM@ aompared irFigure 6-1 A
single Ty was observed for all the systems, indicating a jpimese system. However, the
glass transition of HPMC powder was known to belkrbased on the results @hapter 5
and noTy was observed from the pure HPMC films (data nowst). Therefore, even if

HPMC was separated from the EC/OA films, it may betrevealed from the reversing
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heat flow signals. It was noticed that fhgvalues increased slightly when increasing the
concentration of HPMC incorporated, especially froOf to 10% HPMC levels. This
result implies HPMC may have an interaction witke tblasticizer. This is because if
HPMC does not have any impact on the EC/OA phagbarfilms, theTy values of the
films should be lower than that of the EC/OA filmvghout HPMC, since the ratio of EC
to OA was decreased after adding 10% HPMC. HowelieiTy values of EC/OA/HPMC
films remained similar or even increasing slightlyis possible that there were actually
two phases existing, an EC domain and an HPMC durighen more HPMC was added,
some plasticizer formed a phase with HPMC, leal@sg plasticizer with EC, resulting in
a slightly highefT of the EC phase. Unfortunately, there was no todiggass transition of
the HPMC/plasticizer phase from the MTDSC signals tb the weak glass transition of
HPMC. Very similar results were observed for EC/DBBMC and EC/MCT/HPMC

films, shown inFigure 6-2and6-3 respectively.
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Figure 6-1 Reversing heat flow signals of EC/O/A fiiams incorporated with 0%, 10%, 20%

and 30% HPMC, obtained from MTDSC at 2°C/min ingtendard aluminium pans
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Figure 6-2 Reversing heat flow signals of EC/DB fiilms incorporated with 0%, 10%,

20% and 30% HPMC, obtained from MTDSC at 2°C/mithastandard aluminium pans
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Figure 6-3 Reversing heat flow signals of EC/FCeéeffilms incorporated with 0%, 10%,

20% and 30% HPMC, obtained from MTDSC at 2°C/mitheastandard aluminium pans

Table 6-2compares th&gs of EC/plasticizer films with 0%, 10%, 20% and 36#BMC.
EC/MCT/HPMC films showed higherTgs compared with the same levels of
EC/OA/HPMC films and EC/DBS/HPMC films, suggestilogver plasticizing efficiency.
This is consistent with previous EC/plasticizemm$l study, indicating the chemical

structures of plasticizers may have an impact empthsticizing efficiency.
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T, (°C) OA T, (°C) DBS T, (°C) MCT
0%HPMC 88.4+2.0 88.5+0.4 97.2+1.3
10%HPMC 92.3+1.4 88.7+1.7 100.7+2.7
20%HPMC 93.6+0.2 88.8+1.8 102.4+1.3
30%HPMC 94.2+0.6 91.6+1.4 104.2+1.1

Table 6-2 Glass transition temperatures of EC/p&str films on adding different

concentrations of HPMC, obtained from the reversignals of MTDSC (n=3)

EC/plasticizer mixture/HPMC showéds at circa 50°C which is consistent with previous
studies of EC/plasticizer mixture films, shown kigure 6-4 6-5 and Table 6-3.The
incorporation of 10% HPMC resulted a 3-4°C higfigthan those of the films without
HPMC. However, when increasing the concentratiorHB®MC from 10% to 30%, no
significant increasing of th&; was observed. This may because the plasticizakent
ability of HPMC is not significant. Therefore, extHPMC did not have a dramatic impact

on theTy values of the EC/plasticizer films.

HPMC was reported to have a decreasing effect onnmaim film forming temperature
(MFT) of the EC/DBS films (Frohoff-Hulsmann et all999b). TheTy of the polymer
component is one of the factors which can influatheeMFT of films (Leong et al., 2002).
However, the relationship dfy and MFT is rather complex since MFT is the propeit
entire formulation and not just the polymer. Nelkekess, these indicate HPMC may have

limited interaction with plasticizers utilized ihis project.
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Figure 6-4 Reversing heat flow signals of EC/OA-DiBfs with different concentrations

of HPMC, obtained from MTDSC at 2°C/min in the slam aluminium pans
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Figure 6-5 Reversing heat flow signals of EC/OA-Mi{is with different concentrations

of HPMC, obtained from MTDSC at 2°C/min in the slam aluminium pans
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HPMC Ty (°C) EC/OA-DBS Films T4 (°C) EC/OA-MCT Films
0% 50.0+1.3 52.1+0.7
10% 53.1+15 56.0+2.7
20% 528 +1.7 55.4+£0.5
30% 544 +23 56.0+0.8

Table 6-3 Glass transition temperatures of EC/p&azgr mixture films on adding different

concentrations of HPMC, obtained from the reversigpals of MTDSC (n=3)

In summary, according to the MTDSC studies, onglsifiy value can be observed for all
film systems. The addition of 10%, 20% or 30% w/\RMIC to the EC/plasticizer films
did not have a significant effect on thigvalues of these films. However, it is possible tha

two phases, i.e. EC and HPMC phases with plasteested in the films.

6.3.2 DMA Studies

6.3.2.1 Thermal Properties

Figure 6-6shows the loss modulus atah ¢ signals of EC/OA films with 0%, 10%, 20%
and 30% HPMC. Without HPMC, EC/OA films showed q@aak for the loss modulus and
one peak for théan d. This is reasonable since 10% OA is able to mastithe polymer
but not cause phase separation. On adding 1092to-F8@MC, another transition appeared
in the range of 50-70°C on the loss modulus sigrala temperature lower than the glass
transitions. These may kg transitions, which are associated with the mowdrsmall
groups of either EC or HPMC. EC/OA films hadam ¢ peak at 98.6, 107.2, 105.8 and

105.9°C, when adding 0%, 10%, 20% and 30% HPMCeasmly. These values are
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ascribed to thely values of EC/OA/HPMC films. The increasing of tiig values of

EC/OA films with 0% to 10% HPMC is consistent withe previous observations from

MTDSC results. Similar behaviours were observed E@/DBS/HPMC systems and

EC/MCT/HPMC systems, as seen kigure 6-7 and 6-8, further confirming that it is

possible that HPMC interacted with the plasticizers

In summary, the addition of 10% HPMC to the EC/tazer films increased th§; values

of these films slightly, however higher level (2@¥d 30%) of HPMC had no significant

effect on thesdy values, indicating HPMC was plasticized by onlgraall amount of

plasticizers.
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Figure 6-6 Loss modulus and tarsignals of EC/OA films with 0%, 10%, 20% and 30%

HPMC, obtained from DMA
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Figure 6-7 Loss modulus and tarsignals of EC/OA films with 0%, 10%, 20% and 30%

HPMC, obtained from DMA
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Figure 6-8 Loss modulus and tarsignals of EC/MCT films with 0%, 10%, 20% and 30%

HPMC from DMA
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Figure 6-9 Loss modulus and tarsignals of EC/OA-DBS films with 0%, 10%, 20% and

30% HPMC from DMA
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Figure 6-10 Loss modulus and tarsignals of EC/OA-MCT films with 0%, 10%, 20% and

30% HPMC from DMA
206



Chapter 6

The loss modulus artdn ¢ signals of EC/OA-DBS and EC/OA-MCT films with 0%0)%,
20% and 30% HPMC are shownHigure 6-9and6-10, respectively. A single peak was
observed from the loss modulus aad ¢ signals respectively for all systems. In contrast
to from the EC/plasticizer films, thg transition in the temperature range 50-70°C
disappeared. A possible explanation is that thstiplaer mixtures can crosslink with the
polymers via different structure sites, hence limgtthe motion of the side groups of the
polymers.Table 6-4summaries th&, values of EC/plasticizer/HPMC and EC/plasticizer

mixture/HPMC films, obtained from thtan ¢ peaks of DMA.

HPMC OA-DBS
OA (°C) DBS (°C) MCT (°C) OA-MCT (°C)
Concentration °C)
0% 98.6+0.7 97.6+0.5 109.5+0.4 70.9+0.1 73.1+1.2
10% 107.2+0.4 106.2+1.9 116.9+0.8 65.4+0.4 66.6+1.2
20% 105.8+1.8 107.9+0.5 117.0+0.2 67.3+0.7 66.4+0.5
30% 105.9+0.9 106.3+1.5 119.4+0.8 71.2+0.3 68.6+1.1

Table 6-4 Glass transition temperatures of EC/p&str films on adding different

concentrations of HPMC, obtained from tapeaks of DMA (n=3)

6.3.2.2 Mechanical Properties

Figure 6-11compares the storage modulus of EC films with @ewaof plasticizer types

and different concentrations of HPMC at 30°C. Wheareasing the concentration of
HPMC, no constant increasing of the storage modas observed. This is probably
because when the concentration of HPMC was incteake concentration of EC was

actually decreased, i.e. the overall solid conegioin was constant. EC and HPMC both
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can enhance the stiffness of the films. When thastlizer mixtures were used, the
involvement of HPMC and different plasticizer levehake it difficult to compare their

storage modulus. However, higher plasticizer levesailted in lower storage modulus of
EC films, irrespective of the concentrations of HBM herefore, we can conclude that in
the EC/plasticizer/HPMC films, the plasticizer lev@the main factor that is responsible

for the change of the storage modulus.
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Figure 6-11 Storage moduli of EC/plasticizer filmh 0%, 10%, 20% and 30% HPMC at

30°C, obtained from DMA

6.3.3 Localized Thermal Analysis (LTA) Studies
Figure 6-12 shows the topography, adhesion (5pumx5um) and éhnesponding LTA
nano-thermal data of EC/plasticizer/30% HPMC filrAsfew features were observed on

the topography images for all systems, and the sadheémages showed corresponding
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phases in bright and dark colour respectively. &toee, the nano-thermal probe was
located on selected bright or dark areas, presagedimbers on the adhesion images. The
probe went up first due to the thermal expansiotheffilms. For the EC/OA/30%HPMC
films, two softening temperatures at approximatéB0°C and 165°C were observed,
which are associated with tig values of the EC phase and HPMC phase respectively.
Some selected areas went through a thermal expanaisoftening, another thermal
expansion and another softening at the above teyes, indicating a two layer structure
at some areas. The probe would hit the EC/plasticighase first and then the

HPMC/plasticizer phase, which was at a higher teatpee.

For the EC/DBS/30%HPMC films, similar behaviour wasealed. The LTA nano data
exhibited a highlTy and a lowTy, that were ascribed to the HPMC/plasticizer phease

EC/plasticizer phase respectively. However, a breaftening occurred, which covered
both the softening temperatures of EC and HPMC gshabBhere was no second thermal
expansion as the EC/OA/30%HPMC films. TWg values were again obtained for the
EC/MCT/30%HPMC films. All these results are indiogt that two phase systems were
formed in the EC/plasticizer/30%HPMC films, eveough MTDSC or DMA could not

detect thely of HPMC phase.

The topography and adhesion images of EC/plasticmeture/30%HPMC films, as seen
in Figure 6-13 showed no distinguishing features. Thereforendweo probe was located
randomly on the images. EC/OA-DBS/30%HPMC films wsbd two probe downward
deflections as well, whereas EC/OA-MCT/30%HPMC §lonly showed one, which was

the T, of the EC phase.
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Figure 6-12 Topography, adhesion images (5pmx5umd)@rresponding LTA data of EC/OA/30%HPMC, EC/C3%HPMC and EC/MCT/30%HPMC

films observed by using pulsed force mode AFM arl technique (to be continued)
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6.4 Discussion

6.4.1 Miscibility Studies-MTDSC

MTDSC provides quantitative information on plastiog efficiency of selected
plasticizers and miscibility of the plasticizerstvthe polymer blends. By assessing The
of the films, one should be able to predict thearbisity of the flm components and their

interactions.

Comparing theTy values of EC/plasticizer/HPMC films, DBS had th@snsignificant
plasticizing efficiency. However, DBS and OA rewshlsimilar plasticizing efficiency for
EC/plasticizer films (without HPMC), showed iGhapter 4 The chain length of
plasticizers were reported to have an effect orrékalting film properties (Sanchez et al.,
1998). However, DBS (18 C) and OA (17 C) have samihain length. This indicates that
DBS may interact with HPMC, possibly through hydengbonding, since it has two
carbonyl groups that OA does not have. MCT haddivest plasticizing efficiency that is
consistent with previous study @hapter 4 Plasticizers that have low molecular volumes
can diffuse and interact with the active groupthim polymers more efficiently (Gutiérrez-
Rocca and McGinity, 1994). Even it has only 6-12MCT possesses three chains that
may be a hindrance when it comes to embedding #lgsss in polymeric chains.
Therefore, the chemical structures of plasticizeay play an important role in plasticizing

the film coating polymers.

When HPMC was incorporated into the film systerhs, Ty values increased slightly, but
close to thely of EC. No trace of the glass transition of HPM@ildobe observed. When
polymer blends are applied, plasticizers could atgrto the polymer domain that they

have higher affinity to (Lecomte et al., 2004). figfere, it is possible that the plasticizers
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formed two phases with EC and HPMC, respectivehe Ty of the HPMC phase was too
small to be observed using MTDSC, similarly obsdrigr that of pure HPMC film. When
more HPMC was incorporated, small amount of plastirs joined the HPMC phase,

leaving less plasticizer in the EC phase, henadtneg a slightly higheiTy.

6.4.2 Miscibility Studies-DMA

DMA has been used to characterize the rheologicapgrties and glass transition
behaviours of materials of pharmaceutical inte(€saig and Johnson, 1995). Film coats
are among those materials that can be assessedM#, Due to their viscoelastic
properties. The extensive theory of DMA has bednoduced inChapter 2 Several
clamps can be used to detect the thermo-mechamiocpkrties of films, such as single-
cantilever, dual-cantilever, three-point bending &émnsion film (Craig and Johnson, 1995).
The first three clamps were initially applied. Hoxge, the prepared films were too thin to
obtain reproducible results, even when films weaeppred on a metal mesh. These three
clamps all involve the film coats lying flat witvd or three points in contact with the
clamps. Therefore, the film thickness may be ctuci@btain valuable and repeatable data.
For the tension film clamp, the films were mountegftically and placed in tension
between a fix and movable clamp. In oscillation exkpents, a small static force was

applied in order to prevent buckling.

A number of output values can be obtained, amonghyistorage modulus, loss modulus
andtan o were analyzed. Amorphous polymers generally eklilmhajor (glass) transition
which is associated with the mobility of the maimaim, while secondaryg( y and o)
transitions may also occur due to side chain meti¢@raig and Johnson, 1995). A

secondary transition was revealed from the lossutoisdsignals for EC/OA/HPMC and
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EC/DBS/HPMC films, but could not be observed food films without HPMC. This is
indicating the observefl transition can be due to the side chains of HPK@er than EC
or the plasticizers. For EC/MCT systems, fheansition was observed for films with and
without HPMC. Unlike OA or DBS, MCT has three chaitmnat may not all interact with
EC or HPMC. Therefore, HPMC may be responsiblétierside chain motion in this case.
Apart from glass transition, no other transitionsrgvobserved at all for the EC/plasticizer
mixture/HPMC films, indicating the plasticizer mixes may work better in interaction

with different polymeric chain groups, hence hindgiside chain movements.

The Ty values obtained from DMA seemed to be in good egent with those from
MTDSC. However, the increase of tiig values when increasing HPMC levels were not
significant, probably due to system error. Everutitfothetan ¢ peaks, i.e. glass transition
of these films were broad, no glass transition 6fMC was revealed. Therefore, the

sensibility of DMA (2980) is not adequate for thetetction of HPMC glass transition.

The mechanical strength of the film coats is onehef factors that can affect the drug
release mechanisms, since polymeric films generbbye hydration and swelling
properties when contacting the drug release medBoateng et al.,, 2009). Cracks and
other defects may occur if the films are brittleoy®, 1981). The mechanical strength can
also determine the rate of hydration and eventisdotution (Bashaiwoldu et al., 2004;
Podczeck and Almeida, 2002). In this chapter, wtherplasticizer level was kept constant
at 10% w/w, the changing of the storage modulus neddollowing any law, irrespective
of the concentrations of HPMC. When the plasticinextures were used, the ratio of the
plasticizer mixtures was kept the same a€lvapter 4 From 10%, 20% to 30% HPMC

film systems, the plasticizer mixture level decesh$rom 22.3%, 19.9% to 17.4%. The
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resulting increasing stiffness of the films suggeastthe polymer blend films, plasticizer

level is a dominant factor which determines thelmaeacal strength of the prepared films.

6.4.3 Miscibility Studies-LTA

Localized thermal analysis (LTA) was chosen to gtie prepared EC/plasticizer/HPMC
films as it provides simultaneous topographical ahdrmal information of the film
surfaces. Rather than the bulk samples, it focasespecific areas of interest on the films
surfaces (Price et al., 1999) by using a nano-taepmobe. Unlike MTDSC or DMA, LTA

IS a semi-quantitative technique, since the heatster of the probes are affected by
surrounding conditions. However, it is of wide usagn identifying phase separations and
component distribution (Kim et al., 2007; Priceaét 1999). The adhesion images do not
always present different phases since the obsedieesions may be a reflection of surface
features due to differences in the contact arewdsst the probe and the sample at the
bumps and concaves of the film surfaces. Therdf@egopography images are presented

alongside with the adhesion images.

The topography features of the EC/plasticizer/HPii@s indicate that these films were
relatively flat. The adhesion images had featuréghvcorresponded to the topography
images, but did not represent different phases.WH&A was performed in the selected
areas, two distinct softening temperatures werervksd for all film systems, which are
associated with EC and HPMC phases respectiveli fwbvides a higher sensibility than
MTDSC and DMA in this case since the glass tramsiof HPMC phase was too weak to
be observed from either MTDSC or DMA. However, tlswiation of theTy values was not
as satisfying as the results from MTDSC or DMA. sTié because LTA is not only a

thermal technique but can also be affected by therascopic viscosity of the samples
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(Six et al., 2003). The macroscopic viscosity ofaied areas can vary if they are not
molecularly dispersed, hence the resulting reststdn the probe tip penetration can be
slightly different. Consequently, the observed esaiftg temperatures can be several
degrees different even if they are the same pHdmrefore, small increasing or decreasing
observed by using MTDSC and DMA is not possibleealetected by using LTA. LTA is

able to identify two phases that correspond to BCHPMC phases respectively.

Before the probe tip experiences a downward deéflecta thermal expansion normally

occurs. We can see from the nano-thermal datasiwaie located areas had only one
domain (either EC phase or HPMC phase), since loerental expansion and a consequent
downward deflection of the probe cantilever werseasbbed. For some other areas, two
thermal expansions and two softening were obseimdd;ating one phase domain was on
top of the other phase domain. These unique plegseation patterns and scales may play

a crucial part when deciding the drug release nrashes.

6.5 Conclusion

This chapter applied a variety of approaches tesasshe miscibility, interaction and
distribution of the film components. MTDSC providgsantitative information on the
miscibility and interactions between EC, plasticzand HPMC while DMA allows the
determination of the thermo-mechanical propertiéspeepared films. Both of the
techniques only allow the analysis of bulk sampleBA focuses on the topography and
adhesion images of the film surfaces and allowotheervation of the thermal properties of
different phases and their distribution on the fdorfaces. All these techniques indicate
that OA and DBS are more efficient plasticizers € and HPMC than MCT. The

chemical structure of the plasticizers, includinglecular volume and chain length, may
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be an important factor that determines the plastigi efficiency. HPMC does not interact

with EC, however the plasticizers may form two @sawith EC and HPMC respectively.

The study of miscibility, interaction and phasetrlition of EC/plasticizer/HPMC films

Is extremely important in understanding the druans$port mechanisms and predict the
drug release profiles. In next chapter, films aft&ing immersed into drug release
mediums are assessed to further understand thicagoe of phase distribution of these

films.
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CHAPTER 7 DRUG RELEASE MECHANISMS AND MORPHOLOGY OF

EC/PLASTICIZER FILMS INCOPORATING A PORE FORMING AGENT

7.1 Introduction

Dissolution studies of film coated controlled-rededormulations have drawn a significant
amount of attention (Frohoff-Hulsmann et al., 199Bippold et al., 1989; Ozturk et al.,
1990; Schultz and Kleinebudde, 1997; Siepmann et2806). This issue is of great
importance since by understanding the underlyingy delease mechanisms, one may be
able to predict the resulting drug release kinedind optimize the controlled drug delivery

systems.

A drug layering technique was chosen to prepareci&ted pellets due to the various
advantages of this approach (Nikowitz et al., 2Q@fjuding controlled processability and
the ability to incorporate multiple components. Trag layering technique involves drug
powder, suspension or solution being applied osugar based cores using a centrifugal
fluid bed or another coating system. This proceasl$ to the formation of multiple layers
of drug particles around the inert cores. Thesg thyered pellets can be further coated by
different polymers. Crystalline drug can be embeldihethe film coating, and appear on
the surface of the coatings, which may be fragmeitthe core that arose during the
coating process during production (Ringqvist et 2003). Therefore, it is necessary to
have a layer of seal coating the outside of theydayer. As the name suggests, seal
coating seals the drug inside and prevents drugapm in film coats as well as drug loss

during the next procedure, film coating.
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Different types of release mechanism have beenrtegpan the literature for polymer
coated solid dosage forms (Ozturk et al., 1990ufzland Kleinebudde, 1997; Theeuwes,
1975; Zentner et al., 1985), including drug diffusthrough the polymeric network, drug
release through water-filled pores caused by cramksvater-soluble excipients, water
penetration into the pellets, polymer hydration anelling, drug dissolution, and osmotic
effects generated by the pellet core. A number athematical models have also been
developed in order to analyze the dissolution diakeal delivery of drugs would follow
‘zero-order kinetics’, wherein blood levels of dsugould remain constant throughout the
delivery period. In its simplest form, zero ordelease can be represented as (Schultz and
Kleinebudde, 1997)

Q: = Qp + Kot Eq 7-1
whereQ; is the amount of drug released or dissolved a tinQ, is the initial amount of

drug in solution, which is usually zero, aKglis the zero order release constant.

Drug dissolution is also considered to be potdgtigbverned by a first-order process
(Ritger and Peppas, 1987)

LogQ: = LogQ, + Kft/2.303 Eq 7-2
whereQ; is the amount of drug released or dissolved a tinQ, is the initial amount of
drug in solution, which is usually zero, aligis the first order release constant. This
equation in accordance with other rate law equatipredicts a first order dependence on
the concentration gradient between the staticdidayer next to the solid surface and the

bulk liquid.

The Hixson-Crowell cube root law describes the asdefrom systems where there is a

change in the surface area and diameter of paticletablets. For a drug powder
220



Chapter 7

consisting of uniformly sized particles, this eqgoas is expressed as the rate of dissolution
based on the cube root of the amount of drug reteasm the dosage form
1/3 _ 41/3

0 t = KHCt Eq 7'3

whereKy is the release rate constant for the Hixson-Crionvetlel.

Many controlled-release products are designed emtimciple of embedding the drug in a
porous matrix. Drug release medium penetrates theixmand dissolves the drug, which
then diffuses into the medium. Higuchi derived guation to describe the release of a
drug from an insoluble matrix as the square rooa dime-dependent process based on
Fickian diffusion (Higuchi, 1967), presented as
Q¢ = Kyt'/? Eq 7-4

whereKy is the release rate constant for the Higuchi mddeklly, we should be able to
relate the drug release profiles to these existimathematical models, in order to
thoroughly understand the underlying drug releaseciples and optimize controlled-

release formulations.

The aim of this chapter is to better understanduihé@erlying drug release mechanisms
from pellets prepared using drug layering technidure drug release behaviour of EC cast
films that incorporated with oleic acid (OA), digutsebacate (DBS) or medium chain
triglycerides (MCT) and/or the pore former, hydrprypyl methylcellulose (HPMC), were

studied by means of the standard BP Il rotatingkdéaslissolution method. The

morphology of the prepared pellets before the dalgase was examined by using SEM.
In parallel, for the stimulated film dissolutiorudies, the prepared films were immersed

into the drug release mediums with different pHuesl After different time intervals, the
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resulting films were then dried and tested usindISthd MTDSC in order to investigate

the changing of the cast films during dissolutitmges.

7.2 Methodology

7.2.1 Simulated Dissolution Studies on the Cash§il

Morphology and thermal properties of free filmsdrefand after they were immersed into
the release medium were examined. The prepared fikere then cut into 50x50 mm
square pieces and immerged into 200 mL DI water,lgHand 6.8 buffers, respectively.
The pH 1.2 buffer was prepared by placing 250 mD.@& M sodium chloride into a 1000
mL volumetric flask, adding 425 mL of 0.2 M hydrdahc acid, then diluting to 2000 mL
with DI water. 0.2 M sodium chloride solution wasde by dissolving 11.69 g sodium
chloride (Fisher Scientific Ltd. UK) into 1 L of Dwater in a volumetric flask. 0.2 M
hydrochloric acid solution was prepared by diluting7% hydrochloric acid
(M=36.46g/mol, 1.19 kg) purchased from Sigma Aldr{€o. (UK). Phosphate buffer pH
6.8 was made by placing 250 mL of 0.2 M sodium drbgen phosphate in a 1000 mL
volumetric flask, adding 112 mL of 0.2 M sodium hgxide, then diluting to 1000 mL
with DI water. 0.2 M sodium dihydrogen phosphattitson was prepared by dissolving
31.2 g sodium dihydrogen phosphdg&gma Aldrich Co., UK) into 1 L DI water in a
volumetric flask. 0.2 M sodium hydroxide solutiomsvprepared by dissolving 8 g sodium
hydroxide (Fisher Scientific Ltd., UK) into 1 L @Vater. The films were taken out at time
intervals of 0, 2, 8 and 24 hours, dried in a gilgel desiccator for 24 hours. MTDSC and

SEM were then performed on these films.
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7.2.2 MTDSC Studies

MTDSC (Q2000, TA Instruments, USA) was carried ontthe prepared samples from the
simulated dissolution studies. After taken out frdm medium at 2, 8 and 24 hours and
then dried under appropriate conditions. All thempkes were heated from room

temperature to 220°C at 2°C/min with amplitude 8f22C/40s in the standard aluminium
pans (TA Instruments, USA). MTDSC was calibratedote used. All the runs were

completed in triplicate.

7.2.3 Morphology Studies

The samples prepared followig3.3were gold coated by a Polaron SC7640 sputter gold
coater manufactured by Quorum Technologies. Treknieiss of the gold coating is about
15 nm. The imaging process was performed in a k@gtuum environment. Imaging
process was performed with a JEOL JSM5900 LV SEAp&d), mounted with a tungsten

filament with an acceleration voltage of 5 — 20 kV.

7.2.4 Pellet Coating Process

The coated pellets for dissolution studies wergared using a drug layering technique.
The sugar beads SureSphéYeg1000 — 85Qum, Colorcon Ltd., USA) was coated as the
substrate using a bench-top fluid-bed tablet arterspd (pellet) Coater/Drier (Caleva
Process Solutions, UK). The binding liquids of HPME& cP, Colorcon Ltd., USA)
solutions with selected model drugs and the seatirm® suspensions of talc (Fisher
Scientific Ltd., UK) and HPMC (6 cP) were appliedt@ the sugar beads. The drug coated
pellets were consequently dried in the Mini Co@gsr for 30 minutes. The film coating
solutions were prepared in the same way as thetiaodufor the cast films, using

ethanol/water (90:10 v/v) as the solvent systenscideed insection 2.2 10% (w/w)
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plasticizer and 20% (w/w) HPMC were added to E@dil The pellets were weighed
before the film coating process and 8% weight geas controlled. The detailed coating
parameters for drug layering, seal coating and filoating have been introduced in
Chapter 2 The pellets were placed in the desiccator forh@adrs to equilibrate before

further testing.

7.2.5 Dissolution Studies

Dissolution testing was performed in a BP apparat(®IS 8000, Copley Scientific Ltd.,
UK). The bath temperature was controlled at 37#D.ahd the baskets with 2 g pellets
were rotated at 100 rpm in 900 mL DI water. 10 nmilthe sample volume was withdrawn

at 0, 0.5, 1, 2, 4, 6, 8 10, 12 and 24 hours, @pliaced with 10 mL fresh medium
maintain at the same temperature. After filtratiorough a 0.2um Springe filter (Sartorius
Stedim Biotech S.A., UK)the absorbance of the samples were determined by UV
spectrometer at the wavelength of the APIs. Alsdistion experiments were carried out in

triplicate and the average values of the absorbasmece used to plot the dissolution curves.

7.3 Results

7.3.1 Simulated Dissolution Studies on the Cash§il

The morphology and thermal properties of free filmfter they were immersed into the DI
water, pH 1.2 and pH 6.8 buffers for 0, 2, 8 ancdh@drs were examined. This would help
understanding the drug release mechanisms of ARétpecoated by prepared film

formulations.
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7.3.1.1 MTDSC Studies

Free cast films were immersed into DI water, pH a2l pH 6.8 buffers, respectively.
Samples were taken out at 0, 2, 8 and 24 hoursvalge After drying, MTDSC
experiments were then conduct&igure 7-1shows the reversing heat flow signals of EC
films with 10%, 20% and 30% HPMC taken out fromvi2dter at sampling interval O and
24 hours, andFigure 7-2shows those of films taken out from pH 1.2 andg8ibuffers at
24 hours (2 and 8 hours sampling data not showmg.T§ values of EC films remained in
the range of 127-130°C, irrespective of the HPM@cemtration, pH values or immersion
period. This is further confirming that HPMC doest interact with EC. Therefore the
detectedTy values were only associated with thg of EC, which was not affected by

HPMC concentrations, pH values or immersion period.
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Figure 7-1 Reversing heat flow signals of EC filmth 10%, 20% and 30%HPMC before

and after immersion into DI water for 24 hours
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Figure 7-2 Reversing heat flow signals of EC filmth 10%, 20% and 30%HPMC after

immersion into pH1.2 and pH6.8 buffers for 24 hours

Figure 7-3andFigure 7-4shows the reversing heat flow signals of EC/10%f{DAs with
10%, 20% and 30% HPMC taken out from DI water, pR &nd pH 6.8 buffers,
respectively, at sampling interval 0 and 24 ho@rar{d 8 hours sampling data not shown).
The Ty values of EC/OA/HPMC films decreased up to 6°@rdfieing placed in the release
media, irrespective of the pH values. MTDSC coutdlyadetect one€ly value which has
been ascribed to thg of EC/OA phase. The lowering of thig value suggests a change in
terms of the phase components. It is possibly duihé moisture residue after drying of
these films, hence water plasticization occurredATwas carried out on some randomly
chosen samples. Less than 2% water residue wasvelisglata not shown). Therefore, it

is possible that this slightly lowering iy values was a result of the water plasticization.
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A similar decrease of th§; values of EC/DBS/HPMC films after exposure to Ddter,
pH 1.2 and pH 6.8 buffer for 24 hours is presenteBigure 7-5and7-6. However, for
EC/MCT/HPMC films, this decreasing trend was natsistent with all systems, shown in
Figure 7-7and7-8. This is probably because MCT has a structure-b2 &. The variety
of the chain length may result in slightly diffeteRy, values, hence a more significant

standard deviation.
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Figure 7-3 Reversing heat flow signals of EC/Osilwith 10%, 20% and 30%HPMC

before and after immersion into DI water for 24 h®u
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Figure 7-4 Reversing heat flow signals of EC/Oéilwith 10%, 20% and 30%HPMC

after immersion into pH 1.2 and pH 6.8 buffers2drhours
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Figure 7-5 Reversing heat flow signals of EC/DB&diwith 10%, 20% and 30%HPMC

before and after immersion into DI water for 24 h®u
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Figure 7-6 Reversing heat flow signals of EC/DB&diwith 10%, 20% and 30%HPMC

after immersion into pH 1.2 and pH 6.8 buffers2drhours
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Figure 7-7 Reversing heat flow signals of EC/MQmdiwith 10%, 20% and 30%HPMC

before and after immersion into DI water for 24 h&u
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Figure 7-8 Reversing heat flow signals of EC/MAmdiwith 10%, 20% and 30%HPMC

after immersion into pH 1.2 and pH 6.8 buffers2drhours

7.3.1.2 Morphology of Cast Films

Figure 7-9 compares the scanning electron micrographs ofila@ fwith 10%, 20% and
30% HPMC after in contact with DI water for O, 2a8d 24 hours. At time zero, i.e. before
contacting with release medium, EC/HPMC films lodksimilar, in spite of the
concentrations of HPMC. At t=2 hours, small poresavgenerated on the films surfaces.
After 8 hours in DI water, for the EC/10% HPMC fdmsome slightly larger pores
remained, others looked like ‘dents’ on the filmrfages, indicating the HPMC on the
surfaces dissolved completely. After 24 hours,gbees became slightly larger again, but
not dramatically. For the higher concentration HPM@s, the dissolution of HPMC was

obvious. Hence, significant hollows appeared orfithesurfaces.
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SEM images of EC/OA films with 0%, 10%, 20% and 36#8MC removed from DI
water at t=0, 2, 8 and 24 hours are presentédguare 7-10 EC/OA films without HPMC
exhibited no signs of pores and remained similailahe time intervals. This indicates the
OA may not migrate on the film surfaces or dissoint water. Before dissolution,
surfaces of EC/OA/HPMC films seemed smoother thase without OA, suggesting the
plasticizing effect of OA. After dissolution, at #@OHPMC level, the pores that HPMC left
were in the circle shapes and became outstandin@0% and 30% levels, those pores
generated by HPMC were in irregular shapes. THerdifice between the morphology of
10% HPMC and higher level HPMC systems is indigatimat the HPMC concentration
has an effect on the distribution of EC and HPMG@gds, which has been suggested in
Chapter 5 From these images, we can see that HPMC diss@uedkly in the first two

hours.
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Figure 7-10 SEM images of EC/OA films with 10%, 208 30% H
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Figure 7-11 SEM images of EC/DBS films with 100/%29101 30% HPMC removed from DI water at time= OB&nd 24 hours
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7.3.2 Morphology of Coated Pellets

The SureSpheres® sugar pellets were coated byrédpaned API binding solutions and
seal coat suspensions, following coated by the B&Mpizer or EC/plasticizer/HPMC
solutions as described in methodology. After dryitite coated pellets were examined
using SEM.Figure 7-13shows the scanning electron micrographs of petietted by
EC/OA, EC/DBS, EC/MCT, EC/OA/HPMC, EC/DBS/HPMC aB€/MCT/HPMC films.

In general, the coated API pellets seemed undglaind rough as well as containing some
surface debris, which is probably due to the pgidtet contact and the mutual rubbing.
Those pellets coated by EC/plasticizer films seemm@andogeneous and relatively smooth,
compared with those coated by EC/plasticizer/HPM@st This is probably due to the
water content in the formulation of the EC/plaggeiHPMC film coatings. It has been
predicted that the water-based film coating forriafes with a higher viscosity than
organic solvent-based formulations would produecggher films (Rowe, 1988). The shear
stresses applied to the film coating formulationdoying may also have an impact on the
roughness of the coated pellets. A thicker coalayg@r may facilitate better quality of
surfaces of the coated pellets (Nikowitz et al.1P0 Study of the morphology of the
coated pellets after dissolution was attempted. él@n the pellets were difficult to handle

and probably damaged by operation before SEM test<o their softness.
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Figure 7-13 Morphology of API pellets coated by EWA plasticizer and EC/10%

plasticizer/20% HPMC films
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7.3.3 Drug Release from Coated Pellets
Metoprolol succinate and paracetamol were usetleambdel drugs to investigate the drug
release profiles. The standard calibration cuniesRis in distilled water have been shown

in Chapter 2

7.3.3.1 Metoprolol Succinate as the Model Drug

The percentage cumulative release profiles of mmetop succinate from EC/10%
plasticizer and EC/10% plasticizer/20% HPMC film® &hown inFigure 7-14 Drug
release from EC/10% plasticizer films was less tB@#o after 24 hour releasing. Using
OA or DBS as the plasticizer did not have a gregtact on the drug release profiles,
whereas the incorporation of MCT resulted in sliglglower drug release profile than
those with OA and DBS. EC/OA/HPMC films produceck tfastest drug release rate,
releasing 100% of the initial amount of metopradoiccinate present by 8 hours. Drug
release from EC/OA/HPMC films reached 100% after Hdurs releasing, however,

EC/MCT/HPMC films did not produce 100% release4ahdurs.

The drug release profiles of metoprolol succinatenfcoated pellets in the first 12 hours
were fitted into four different drug release modeigoduced inSection 7.1 including
zero-order, first-order, Hixson-Crowell and Higuchodels, shown asq 7-1, 7-2, 7-3 and
7-4. Table 7-1shows the values ofRand drug release constant K of the fitting resialts
each model respectively. By comparing the fittieguits from different models, the one
with R? value closest to 1 would be the best fit. Metapirsluccinate is a water soluble
drug with a solubility of 157 mg/mL (Ravishankar at, 2006). When the pore former
HPMC was not incorporated, approximately 30% maetlmbrsuccinate was released
according to a zero-order kinetic witlf Rround 0.99. When HPMC was added to the

EC/plasticizer films, the best model to fit the ginelease data was the Higuchi model,
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with R® around 0.97. Therefore, zero-order and Higuchi ehadere the best fit for

EC/plasticizer and EC/plasticizer/HPMC films.
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Figure 7-14 The percentage cumulative release l@®fHf metoprolol succinate from
pellets coated with EC/OA, EC/DBS, EC/MCT, EC/OAVMR EC/DBS/HPMC and

EC/MCT/HPMC films up to 24 hours
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Fitting EC/OA EC/DBS EC/MCT EC/OA/HPMC EC/DBS/HPMC EC/MCTPMIC

Models R? K R? K R? K R? K R? K R? K

Zero-
0.994 1.774 0.998 1.813 0.987 1.274 0.897 6.525 180.9 7.197 0.873 5.305

order

First-order 0.940 0.187 0.931 0.189 0.977 0.180 0.802 0.108 990.7 0.132 0.723 0.119

Hixson-
0.975 0.128 0.970 0.129 0.983 0.112 0.839 0.139 460.8 0.164 0.779 0.138

Crowell

Higuchi  0.953 7.309 0.966 7.506 0.921 5.180 0.972 8.52 0.983 31.34 0.961 23.42

Table 7-1 The values of Bnd K (drug release constant) of drug releaseifg®iof metoprolol succinate from pellets coated®EB/OA, EC/DBS, EC/MCT,
EC/OA/HPMC, EC/DBS/HPMC, and EC/MCT/HPMC films,ashed from dissolution model fitting, including @aesrder, first-order, Hixson-Crowell and

Higuchi models, according to Eq 7-1, 7-2, 7-3 andl 7
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7.3.3.2 Paracetamol as the Model Drug

When paracetamol was used as a model drug, EC/OMCHRIMs produced the fastest
drug release again, however, only up to 90% ofititeal model drug present. The drug
release from EC/DBS/HPMC and EC/MCT/HPMC films vedightly slower. Incomplete
drug release is probably due to the solubility afgeetamol (14.9 mg/mL) (Granberg and
Rasmuson, 2000) being lower than that of metopsalotinate (157 mg/mL) (Ravishankar
et al.,, 2006), since metoprolol succinate had 10{if4g release using the same film

coating formulations.
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Figure 7-15 The percentage cumulative release [@®fielease profile of paracetamol
from pellets coated with EC/OA, EC/DBS, EC/MCT,G&HPMC, EC/DBS/HPMC and

EC/MCT/HPMC films up to 24 hours
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Fitting EC/OA EC/DBS EC/MCT EC/OA/HPMC EC/DBS/HPMC EC/MCTPNIC

Models R? K R2 K R? K R? K R? K R? K

Zero-order 0.976 0.458 0.992 0.445 0.984 0.441 10.99 4.958 0.994 4.522 0.990 4.647

First-order 0.935 0.225 0.927 0.222 0.871 0.268 8.8 0.213 0.885 0.210 0.873 0.215

Hixson-
c I 0.976 0.090 0.976 0.089 0.950 0.098 0.941 0.194 4209 0.187 0.932 0.191
rowe

Higuchi 0.909 1.861 0.939 1.823 0.940 1.817 0.977 0.72 0.980 18.90 0.984 19.50

Table 7-2 The values of Bnd K (drug release constant) of drug releaseif@®if paracetamol from pellets coated by EC/OB/EBS, EC/MCT,
EC/OA/HPMC, EC/DBS/HPMC, and EC/MCT/HPMC films,ashed from dissolution model fitting, including @aesrder, first-order, Hixson-Crowell and

Higuchi models, according to Eq 7-1, 7-2, 7-3 andl 7
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Drug release fitting was subsequently carried outhe release data of paracetamol from
pellets coated by EC/OA, EC/DBS, EC/MCT, EC/OA/HPMEC/DBS/HPMC and
EC/MCT/HPMC films in the first 12 hours. As seenTiable 7-2 for the pellets coated by
EC/plasticizer films, zero-order kinetic was thestoit with RZ around 0.99, whereas for
the pellets coated by EC/plasticizer/HPMC films thiug release data were also following
the zero-order release pattern witd Bround 0.99. Even though when HPMC was
incorporated the drug release rates were much hiple those from pellets coated with
EC/plasticizer films, the release mechanism did ei@nge. This is probably due to the
relatively lower solubility of paracetamol (14.99mL) (Granberg and Rasmuson, 2000).
This suggests the drug release mechanism was hotamtrolled by the properties of the

film coatings, but also affected by the solubibifythe model drugs.

7.4 Discussion

A type of commercial sugar spheres was chosen tthdeellet core since the type of

starter core (sugar cores, MCC cores, sealed suges) did not have a significant effect

on the drug release kinetics, irrespective of ype tof release medium (Muschert et al.,
2009b). Drug release was predominantly controllgdhe polymeric membrane barrier,

and not by the starter core. Pellets containingy dayered sugar cores revealed smaller
changes in the release rate when increasing thelakiy of the release medium than

pellets containing MCC cores or sealed sugar coresspective of the type of release

medium (Muschert et al., 2009b). Therefore, Sure8gE® was the best choice to prepare
the film coated pellets. The roughness of the abptdlets could be due to three aspects:
coating formulation, method of application and tieeighness of the substrate. Tablet-

tablet contact and mutual rubbing have been sugdéBiowe, 1988).
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The release data of metoprolol succinate and paacté from pellets coated by
EC/plasticizer films followed a zero-order releaas,shown by linear regression of the
drug release data of metoprolol succinate and ptaaml| coated pellets. SEM images of
these films showed that the plasticizers did n@rate or leak out from the EC/plasticizer
films after dissolution. Therefore, it is reasomabd conclude that the drug release from
pellets coated by EC/plasticizer films was mairdytrolled by the diffusion process of the
drug through the continuous plasticized polymerrmaHowever, the overall drug release
was probably well affected by the solubility of thredel drugs, since paracetamol coated
pellets only released a third of the drug amouat thetoprolol succinate coated pellets

released.

The drug release mechanisms of pellets coated bipl&icizer/HPMC films were
expected to follow first-order or Higuchi modelgce these films with 20% HPMC were
reasonably hydrophilic. SEM studies of free filnfeeadissolution did show significant
amount of pores generated by the dissolution of BPMrom the data regression fitting
results, we can see that the metoprolol succinatease from pellets coated by
EC/plasticizer/HPMC films was a Higuchi model redeawhereas the paracetamol release
from pellets coated by EC/plasticizer/HPMC filmssasmzero-order release. In both cases,
the rate of dissolution of HPMC into the dissolatimedium was controlling the rate of
drug release and not its rate of diffusion throdlé films. The thermal properties of
polymer films containing plasticizers and pore forgnagents give insight in the behaviour
of the respective coatings of pellets. During disson, the incorporated water did not act
as plasticizer, but was only mechanically fixeghores and channels, and enabled the high
permeability of the films. Water insoluble plastieis mainly remained in the EC films

during the exposure to the release medium, whé#@adC dissolved and migrated from

244



Chapter 7

the films. It has been suggested that during thggation of HPMC, the polymer chains of
EC squeezed out water from pores and channelseahated the free volume (Frohoff-
Hulsmann et al., 1999a). These films, plasticizétth whe lipophilic plasticizer and water,

have a good mechanical stability. Hence, no flamnsracks were presented.

A two phase order release model with a fast releagbe beginning and a slow release
during the second phase has been suggested (Fklisthann et al., 1999b). In the first
phase, the drug diffused through water-filled poaesl channels after the migration of
HPMC. In the second phase, the free volume betleemolymer chains was reduced
dramatically and therefore the permeability of fileis decreases. The drug diffused
through a swollen heterogeneous membrane contalBgnd DBS. This phenomenon
was also revealed for the metoprolol succinateasaleprofile from pellets coated by
EC/plasticizer/HPMC films. However, this theory magt be appropriate for all water-
soluble drugs. As indicated, the paracetamol relga®files from pellets coated by
EC/plasticizer/HPMC films were not a first-order ldiguchi, but a zero-order release. In
addition, the drug release data of paracetamolndidshow two phase release profiles.
Therefore, it is reasonable to conclude that tHebdldy of paraetamol was hindering its
drug release rate, since a limited amount of péaaoal can dissolve in the water influx
through the pores and/or channels generated by HAM@ng the constant rate release
period a saturated solution of the API is the pmesdthin the pellet giving a constant

driving force for the release (Borgquist et al.02p

Mechanistic mathematical modelling of the drug ask from controlled-release
pharmaceuticals is an important tool in obtainimjoimation on the mechanisms

governing the release process. The use of modeilinghe development of new
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pharmaceuticals allows drug release rates and diffigsion behaviour through polymers
to be predicted (Borgquist et al., 2004; Borggeisal., 2002). The main release process
occurring during the lag phase in pellets coatethva semi-permeable membrane

(Menjoge and Kulkarni, 2007).

7.6 Conclusion

In summary, the dissolution data of metoprolol e from pellets coated by
EC/plasticizer films was best fitted into the zerder release, while those from pellets
coated by EC/plasticizer/HPMC films was best fittedo the Higuchi model. When
paracetamol was the model drug, the release messhamas following the zero-order drug
release, irrespective of the types of the film cws. This indicates that the release rate
was governed by the dissolution of HPMC within e and also affected by the drug
solubility. It is reasonable to predict the drudease mechanism by correlating the
regression of the drug release data and the maghaf the free films before and after

exposure to the release mediums. Therefore, ibeastoncluded that

a) The release of metoprolol succinate and paracetdnooh pellets coated by
EC/plasticizer films were probably via the drugfasion through the continuous
plasticized polymeric phase; the drug release wae mainly governed by the
hydration-erosion of the polymeric films;

b) The release of metoprolol succinate and paracetdnooh pellets coated by
EC/plasticizer/HPMC films was via the aqueous dillpores generated by the
dissolve HPMC; the drug release rate was mainlyegwd by the rate of HPMC

dissolution;
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c) In both the release mechanism, the drug releasealsasaffected by the solubility

of the model drugs;
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CHAPTER 8 CONCLUSIONS

Ethyl cellulose films are of great significance foontrolled release formulations in
pharmaceutical industry, due to the hydrophobicrattaristics of ethyl cellulose. Even
though EC films have been used for decades, tleeaictions between EC and other film
components, such as plasticizers and pore forngegta and their phase distribution are
still not fully understood. Consequently, the pijpat goal of this project was to investigate
the thermal, thermo-mechanical and phase distabufproperties of EC films with
plasticizers and pore forming agents, and undedstiae release characteristics in relation

to these properties.

8.1Thermal Properties of EC and EC Organic SolvenEilms

The thermal properties of EC powder were initiallyestigated. The degradation of EC
powder was found to commence at around 250°C. BGd7EC 20 were found to have
similar values ofly. The glass transition of EC powder was subtleiarile range of 110 -
130°C, depending on the measurement mode. Funketsewere noted at around 180°C,

which may be related to oxidative degradation amnmtauorystalline melting (Lai, 2005).

EC films prepared using ethanol/acetone mixes heh@wvn satisfactory appearances,
irrespective of the solid concentrations. MTDSQuhessshowed that th§, values for 2.5%,
5.0%, 7.5% and 10% w/w EC 20 films were 122.6°C5.62C, 126.3°C and 129.1°C,
respectively. DMA results presentdq values between 130.9°C and 133.2°C for these
films. Even though the residual solvents of all #@s were less than 0.7% w/w, they

could still affect theTy of dry films. Therefore, DMA may provide more acate values of
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the Ty in this case. High level EC films had higher sggranodulus and loss modulus, i.e.
more viscous and elastic responses when confromti@ghanical forces. Therefore it is
reasonable to conclude that the mechanical prgseofi EC films can also be affected by

the concentrations of EC within the films.

8.2 Plasticizing Efficiency of OA, DBS and MCT

OA, DBS and MCT, as lipophilic plasticizers, argegted to reduce thg, values of EC
films. However, their originaly values have not been published in the literatncecauld

not be obtained by using DSC, MTDSC or hyper DSZu8ing the Gordon Taylor/Simha
Boyer equations, one could estimate Tge of OA, DBS and MCT as -75°C, -77°C and -
50°C respectively. The plasticizing efficiency dégticizers is one of the criteria that have
been used to evaluate a plasticizer for a polyihéias been presented in this thesis in the
format of reduced th&, values f), i.e. Tqeciplasticizerfims- Tgec fims OA and DBS were more
efficient than MCT in reducing th&, values of EC films, probably because they have
lower Ty values than MCT and MCT may have a space hindraviven it comes to
embedding themselves in the polymeric chains comgavith OA and DBS due to their
structural characteristics. By comparing the expental and calculated (using Gordon
Taylor equation) reduce® values of EC/plasticizer films, we can concludat tht lower
plasticizer loading, the compatibility of EC anck thlasticizers is better than that at higher
plasticizer loading. However, no evidence of phseggaration was observed from MTDSC

or DMA for EC/OA and EC/DBS films, irrespective thfe plasticizer concentrations.

The application of the plasticizer mixtures (OA-DBS8d OA-MCT) seemed to be more
efficient than using a single plasticizer at thenesaconcentration. OA and DBS have a

single chain with 17C and 18C respectively, wheM@&s possesses three shorter chains.
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When the plasticizer mixtures were used, more atit sites of EC chains could interact
with OA and DBS or MCT respectively. This work isgreat practical significance since
it is concluded that plasticizer mixtures are meffcient in plasticizing EC films and a

stronger interaction between EC and the plasticizgtures may result in better real-time

stability.

8.3 Miscibility of EC and Selected Plasticizers

The determination of th&; values is one of the best approaches to detedhtéctions
and the degree of mixing between EC and the plast& For EC/OA and EC/DBS films,
a singleTy was observed for all concentrations, indicatingcomplete phase separation
occurred. However at higher plasticizer loadinge tbompatibility of EC and the
plasticizers is poorer than that at lower plaséicibading. For EC/MCT films, clear phase
separation was observed at and above 20% w/w @iastiloading from MTDSC results.
This finding has been further confirmed with the BMInd LTA results. By using Gordon
Taylor/Simha Boyer equation, the weight fractiofsMCT in the highTy and low Ty
phases were estimated as 8% and 24% w/w respgctiVake EC/plasticizer mixture films
did not show any sign of phase separation, indigaplasticizer mixtures can provide
better plasticizing efficiency with less risk of gde separation, comparing with a single

plasticizer.

8.4 Phase Distribution of EC/Plasticizer/HPMC Films

Before examining the more complex systems, EC/HRNAGS were initially investigated.
Only the glass transition of EC was observed fromD8C, whereas DMA showed both
glass transitions of EC and HPMC. It is unfair tmclude that EC does not interact with

HPMC solely based on the these results, sincehé@rétical glass transition of ‘miscible’

250



Chapter 8

EC/HPMC blends is only 1-2°C higher than that & pgure EC film. EC may be partially
miscible with HPMC, and the miscibility will be leshan 10% w/w. AFM-LTA indicated
that the concentrations of HPMC applied will dekty affect the phase distribution of EC
and HPMC within the films. LTA showed two softenirtgmperatures which were
approximately 20°C higher than tAg values of EC and HPMC from MTDSC results.
This is in good agreement with the DMA results. loer, the distribution of HPMC may
vary with different concentrations of HPMC. At 1086w, HPMC was agglomerating
closely to EC domains, and the size of the HPMC @alomwas smaller than the range that
a nano probe covered at each heating point. At 20é630% w/w levels, HPMC phase
domain was much larger and the nano probe candmtéct one phase at each located area.
These special phase distribution of EC/HPMC filmaynkead to different drug release
mechanisms, since the water channels and poresagetdy dissolved HPMC may be in

different physical states and sizes.

At 10% wi/w plasticizer level, th&y values of EC films increased slightly when incregs
the concentrations of HPMC. However, this incregsimthe Ty values of EC films was
too subtle and was not confirmed with DMA resulteerefore, we would not be able to
conclude that HPMC affect thi, values of EC/plasticizer films. The superior sbiligy

of LTA was again reflected since two transition paratures for EC phase and HPMC
phase were observed respectively. The disadvaatfag€A is that the detected softening
temperatures were not as accurate as those from3@Ta@r DMA. Therefore, the subtle
changes in thdy values cannot be confirmed. The distribution of ptase and HPMC
phase was revealed by the AFM adhesion images @Addata. Most areas were either
EC domains or HPMC domains, while minority areas loa both, probably distributed in

two layers.
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8.5 Mechanical Properties of EC films with Additives

Generally, film coating systems suitable for tabletr pellets coating require high
mechanical strength and desirable flexibility of fiims. Various parameters used for the
evaluation of the mechanical properties of frem fdoatings have been published in the
literatures, such as tensile strength, Young's rugjudeformability, energy at break,
storage modulus, loss modulus, etc. Storage modolss modulus antan § of a series of
EC films were examined in this project. The storagedulus of free films decreased
during heating due to the softening of the polymehains. The loss modulus is related to
a material to lose energy in tensidmand is a good indicator of how efficiently a material

loses energy to molecular rearrangements and altérction.

Pure EC films are brittle and easy to break. Riestrs and the pore forming agent HPMC
worked in different ways in the EC films. The sédetplasticizers decreased the storage
modulus of EC films at room conditions within thencentration rage of plasticizers used
in this project. However this decreasing trend Wess significant when the plasticizer
concentration was above 10% w/w, signifying theitthin effect of the plasticizers on the
polymeric chains was less influential with increasthe plasticizer concentrations. Overall,
plasticizers can reduce the stiffness and enhdreddxibility of EC films. On the other
hand, the incorporation of HPMC to the EC filmsrewsed the storage modulus of the EC
films, even though EC may not interact with HPMQisTwas ascribed to the inherent
property of HPMC, since unplasticized HPMC filmsreveegarded as brittle and hard

films.

When the plasticizers and HPMC were both incorgaranto the EC film systems, the

overall impact of the plasticizers and HPMC on HEIthg became more complex. The
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addition of HPMC to the EC/plasticizer films did tnlbave a significant effect on the
storage modulus profiles of these films during imgatHowever, the concentration of
plasticizers had a more significant impact on thaial storage modulus values of
EC/plasticizer/HPMC films than the concentratiortH®#MC. Therefore, it is reasonable to
conclude that the application of plasticizers maydn efficient method to modify the

mechanical properties of the film coatings for cold release formulations.

8.6 Dissolution Studies

The thermal and thermo-mechanical properties shfseprepared EC/plasticizer films and
those incorporated with HPMC have been characiizgrevious chapters. The thermal
and imaging properties of these films after beifar@d into drug release mediums were
also investigated to understand the underlying gésnof these films during drug
dissolution. MTDSC results of EC/plasticizer filmsth or without HPMC did show a
dramatic change after these films have been immarde DI water, pH 1.2 or pH 6.8
buffer for 24 hours. After dissolution, the absen€&PMC in the EC/plasticizer films did
not have a significant effect on the thermal prapsrof these films, which indicated a
desirable stability of the coating films throughotiie whole dissolution process.
Comparing the SEM images of EC/plasticizer filmstrwand without HPMC after
dissolution, we can conclude that HPMC dissolvettidy in the first two hours and
generated water filled pores and channels. As atdecinChapter 5 the concentration of
HPMC had an effect on the distribution and siz&Gfand HPMC phases. Consequently,
the morphology and size of the pores generateddsplded HPMC were also affected by

the concentration of HPMC.
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The dissolution data of metoprolol succinate froellgts coated by EC/plasticizer films
was best fitted into the zero-order release, wlihese from pellets coated by
EC/plasticizer/HPMC films was best fitted into théiguchi model. The release of
metoprolol succinate from pellets coated by ECtme®r films was probably via the drug
diffusion through the continuous plasticized polymmephase, since the thermal and
imaging properties of these films did not changmigicantly after dissolution studies. The
drug release rate of metoprolol succinate fromepeltoated by EC/plasticizer films was
mainly governed by the diffusion of the dissolvedgithrough the film coatings and the
hydration-erosion of the polymeric films. The redeaf metoprolol succniate from pellets
coated by EC/plasticizer/HPMC films followed thegdchi model. In this model, the drug
release rate is affected by the diffusion coeffitiesolubility of drug in the dissolution

medium, porosity and the drug content per cubidicetre of the pellet. The release of
metoprolol succinate probably involved the simudiaus penetration of the surrounding
liquid, dissolution of the drug, and leaching ofitree drug though the water filled pores or

channels.

When paracetamol was the model drug, the releashanesm was following the zero-
order drug release, irrespective of the types effilm coatings. This indicated that the
release rates of paracetamol from pellets coated@plasticizer films were governed by
the diffusion process of dissolved paracetamol ghothe polymeric films. The film
properties may have an effect on the drug release From the pellets coated by
EC/plasticizer/HPMC films, dissolved paracetamolswexpected to release though the
pores or channels generated by the dissolutionRdME. However, the relatively low drug
solubility of paracetamol limited the amount of grdissolved and leaked out from the

water filled pores or channels. It is reasonabl@redict the drug release mechanism by

254



Chapter 8

correlating the regression of the drug release daththe morphology of the free films

before and after exposure to the release mediums.

8.7 Overall Conclusions

In this thesis, ethyl cellulose films incorporatiofpic acid, dibutyl sebacate and medium
chain triglycerides as plasticizers as well as HPBKC the pore forming agent were
characterized in order to understand their miggbiinteraction and phase distribution as

well as the resulting drug release profiles.

The Ty values of selected plasticizers were predictedisigg the Gordon Taylor-Simha
Boyer equations and the experimental results. V¥egmt a useful approach to evaluate the
weight fraction of phase separated componentsc@lad and dibutyl sebacate were more
efficient in plasticizing EC films than the mediuchain triglycerides. They also had a
better compatibility than medium chain triglycesdeith ethyl cellulose. In order to
achieve adequate film flexibility and avoid phasparation, 10% w/w plasticizers were
utilized to produce EC films. HPMC did not haversfigant effect on the resultingy
values of the polymer blends. Clear phase separatias observed between EC and
HPMC. After in contact with the drug release me#iBMC dissolved and generated water
filled pores, the shape and size of which were HR¥Gcentration dependent. This can be
related to the phase distribution of localized ti@ranalysis results. When HPMC was not
added to the film coatings, the drug release rate mvainly controlled by the thermal and
thermo-mechanical properties of the film coatingthen HPMC was incorporated, the
drug release rate may be affected by the dissoluwfoHPMC, film properties and drug

solubility.
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Chapter 8

8.8 Future Work

Future work can be done to further investigate thieractions between the film
components, especially when plasticizer mixtures ased. For example, solid-state
nuclear magnetic resonance (NMR) can assess tmicdlebonds and other interactions
between those components. The morphology, mecHaproperties and deformation
behaviour of free films do not necessarily refltloe properties of pellets containing
polymeric binding layers. Therefore, it may be iat#ing to assess those properties of the

coated formulations. The following lists the focsigé the future work:

a) Interactions between EC, plasticizers and HPMCgusolid state NMR;

b) Drug release studies of EC films with plasticizarsl pore formers at different
levels;

c) Stability studies of EC film formulations;

d) Morphology of coated formulations using AFM-LTA;

e) Mechanical properties of coated formulations, saglfilm coated pellets or tablets;

f) Thermal and thermo-mechanical properties of aqueolid dispersion films, such
as Surelease® films;

g) Dissolution study of controlled-release formulatomoated by aqueous solid

dispersions;
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ABSTRACT SUMMARY

A series of ethylcellulose (Ethol¥l 20) films containing varying amounts of
fractionated coconut oil (FCO) as a plasticizeravprepared. The thermal and thermo-
mechanical properties of the films were characterizising modulated temperature
differential scanning calorimetry (MTDSC) and dynemmechanical analysis (DMA)
respectively. A clear evidence of phase separatias obtained using both techniques,
although the composition and concentration depeselefnthe respective phases showed a
complex profile. We suggest a model whereby thepsition of the phases may be
estimated. The thermo-rheological properties &e eonsidered in relation to the glassy
behaviour of the films.

INTRODUCTION

Ethylcellulose (EC) is a water-insoluble polymenmaterial which has a significant
importance for developing controlled release systesuch as matrix devices, barrier
membrane application in multi-particulate systenmsl anicrospheres. The material is
composed of cellulose chains substituted with ethogroups. In pharmaceutical
applications the degree of substitution is typicdi8%-49.5%. EC can form strong films
with good substrate adhesion, thus providing audiffin barrier whose properties can be
modified by film thickness, level of plasticizensdathe type of solvent used

Unplasticized EC films are brittle and also confery slow drug release;, hence
plasticizers are almost invariably incorporatededé are comparatively low molecular
weight materials which increase the mobility of t@nstituent molecules, leading to an
increased flexibility of the corresponding filmslore specifically, the plasticizer increases
the overall molecular free volume and so reducesT§i On this basis, molecular
miscibility is a common and reasonable assumptisso@ated with the plasticization
process but there remains the possibility of plseggration as the plasticizer content is
increased beyond a certain value.

While being a major concern in the polymer sciendé® issue of plasticizer
miscibility and saturation is one which has recdiv®mparatively little attention in the
pharmaceutical arena, hence here we explore thefus® complementary techniques for
the detection and assessment of this phenomenonelnaViTDSC and DMA. More
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specifically, we explore the relationship betweé&e ttomposition and the associated
thermal events with a view to both comparing thpliapbility of the two techniques and
also elucidating the structures formed on addiegalasticizer, fractionated coconut oil.

EXPERIMENTAL METHODS

20ml of 10% (w/v) EC solutions were prepared bysoiging 2g Ethocél 20
(Colorcon, USA) powder in 20ml ethanol/acetone 460v/v), with the specified level of
plasticizer then added. Fractionated coconut aild¢@on, USA) was used as a plasticizer
at concentrations of 5%, 10%, 15%, 20%, 25% and @@~ of EC). Films were obtained
by casting solutions on a glass plate by using REE film applicator (Sheen Instruments
Ltd.,, England). The wet film thickness was conedllat 250Q0m by adjusting the
micrometers of the film applicator. The films weheed at 45°C in the oven for 3h. Clear
dry films were obtained. 0.67% residual solvent wasected using thermogravimetric
analysis (TGA).

MTDSC experiments were conducted from°Q0to 220C with a modulation
amplitude of+0.5°C and a period of 40 seconds at a heating raté @n#n using DSC
Q1000 (TA instruments, USA). The sample mass wamg-and pinholed crimped pans
were used. The DSC cell was purged with 50/omim dry nitrogen and the RCS was
purged with 150 cifmin nitrogen. Baseline calibration was conductgdrimning two
empty pans in the same temperature program usediioing the samples. Temperature
calibration was performed using high purity caliisa (indium, tin and n-octadecane).
Heat capacity calibration was performed by usingpkae (aluminium oxide) run in the
same temperature program used for running the ssngprid compared with the literature
heat capacity value of a sapphire at the temperatiuinterest.

DMA was used in a tension mode (tensile clamp) (DRSSO, TA instruments, USA)
to investigate the storage modulus, loss moduldstamd of the samples as a function of
temperature. The films were cut into>36.27 mm square pieces and then mounted on the
fixed clamps. Two clamp screws were tightened bingighe torque wrench to the
appropriate clamping torque (3-5 in-lbs). Samplesensheated from 30°C to 180°C at a
rate of 3°C/min. Dry filtered air was used as pugge and cooling system.

RESULTS AND DISCUSSION

The heat capacity chang@Q,) associated with EC is known to be smathus
rendering detection and/or assessme®i@f difficult. On this basis, derivative reversing
heat capacity signals from MTDSC scans of EC 2@giband those with 5%, 10%, 15%,
20%, 25% and 30% FCO are shown in Figure 1. Thithateof data presentation was
utilized due to the clearer detection of baseliniés associated witffg. The value offy
for the EC film was 129.2+<0.1°C. An endothermieetwas observed around 180°C
which was consistent with previous observationd & who ascribed this to melting of
microcrystallites in the EC (this endotherm is egsed at an upward then downward peak
in the derivative signal).

On adding 5% FCO, thg,; value decreased to 110.5°C, while the transitesvoeiated
with the melting endotherm similarly decreased dmtame less pronounced. This
decrease iy is consistent with behaviour associated with plasgr miscibility and was
similarly observed for the 10% FCO systems; agath & higher temperature event that
we associate with the microcrystallite melting. wéwer on increasing the concentration
of FCO to 20% and beyond, tfig value remained reasonably constant at cirC& vhile
a further lower temperature peak was observedrea &3C. Such phenomena have been
associated with phase separation. However it 3 l@sognized that such separation may
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not comprise simply the presence of individual congnts but may instead reflect mixed
phases potentially occurring on a scale down wacll00A™. Indeed it is possible to

estimate the composition of these phases by camsigdthe Gordon Taylor/Simba Boyer
equations in the context of tig of the 5% FCO films (thereby allowing K and thgof
FCO to be estimated) and then to estimate the csitius of the two phases in the 20%
systems as being 23.5% FCO and 8.3% FCO for theatwvhighTy phases respectively.
It is interesting to note that between 20 and 30@©Rhe Ty values do not change,
implying further phase separation, possibly of Je@GO.

EC20 film

103.16C

10%FCO

102.54T

oare 15%FCO
0.004 ! 97.35¢C

Deriv. Rev Cp (J/(g-T?)

134.39T 20%FCO
53.03C

97.52T
134.46T 25%FCO

R 97.43T
135.47T 30%FCO

30 S‘O 11“10 1‘80 Z&D
Temperature (C) Urive

Figure 1. Derivative reversing heat capacity sigrfadbm MTDSC scans of EC 20 films
with 5%, 10%, 15%, 20%, 25% and 30% FCO

Figure 2 shows the corresponding DMA data for tiefiims. Two glass transitions
are also observed in the tarplot for 20% FCO film, further supporting the ctusion
that phase separation occurs. However, for the 258630% systems the storage modulus
decreased dramatically abovk thus rendering it difficult to observe any higher
temperature transitions.  Nevertheless there wasoad agreement between the two
techniques in terms of the discontinuous (with eespo concentration) appearance of the
distinct Ty events.  We also noted that the storage and rfemsuli showed a fairly
continuous decrease with increasing FCO, implylg both (or possibly all three if one
includes separated FCO) phases contributed tontinedased plasticity of the films.

EC 20 fim
5%FCO
10%FCO
157 15%FCO

20%FCO
25%FCO
| so%Fco

Tan Delta

20 4‘0 éD S‘D lbO 1‘20 11‘10 160
Temperature (T)

Figure 2. Tamd values from DMA of EC 20 films with 5%, 10%, 1520%, 25% and 30%
FCO (top to bottom)
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CONCLUSIONS

Our results suggest that phase separation can ot&C/FCO systems and that this
event may be detected using MTDSC and DMA, althoughthis case both the
measurement and interpretation were non-triviak afggest an approach whereby we can
estimate the composition of the phases. Althoudirect evidence is obtained for further

FCO separation at higher plasticizer concentratiores also suggest that these are
effectively conjugate systems rather than pure amapts. It is believed that such studies
are of considerable importance for understanding delease, product stability and film
integrity for barrier membrane controlled releassatje forms.
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Objectives

Polymer and plasticizer phase separation and s@aturare critical in functionality
performance and stability of pharmaceutical filmatbog systems. Here we explore the
relationship between the composition and the aastetithermal events of ethylcellulose
(Ethocel™20) films loaded with fractionated coconut oil. particular we compare the
applicability of two techniques, modulated temperatdifferential calorimetry (MTDSC)
and dynamic mechanical analysis (DMA) to measueediass transition temperature and
detect potential phase separation processes.

Methods

Ethylcellulose (EC) solutions were prepared by alisag 2g Ethocél™ 20 (Colorcon,
USA) in 20ml ethanol/acetone (60/40 v/v) with 5%%4, 15%, 20%, 25% and 30% (w/w)
fractionated coconut oil (FCO, Colorcon, USA) addespectively. Solutions were cast by
using a REF 1117 film applicator (Sheen Instrumetgland) and dried at 45°C for 3h.
MTDSC experiments were conducted using a DSC Q1UB0instruments, USA) from
20°C to 220°C with a modulation amplitude of £+ @H0s at 2°C/min in pinholed
crimped pans. A DMA 2980 (TA instruments, USA, i@flm mode) was used, ramping
from 30°C to 180°C at 3°C/min.

Results

MTDSC gave a value of Tg for the EC film of 129.24%°C. An endothermic event was
observed around 180°C which was ascribed to mettfrigicrocrystallites in the ECThe
Tg decreased when adding FCO. However on adding €C#0% and beyond, the Tg
remained constant at circa 97°C while a lower teaipee peak was observed at circa
53°C. Such phenomena have been associated witte @egmration. This event may
indicate multiple mixed phases. The compositiontltése phases was estimated by
considering the Gordon Taylor/Simba Boyer equationhe context of the Tg of the 5%
FCO films (allowing K and the Tg of FCO to be edsied) then estimating the
compositions of the two phases in the 20% systesndeaing 23.5% and 8.3% FCO
respectively. It is noted that between 20% and 3880 the Tg values do not change,
implying further phase separation.

DMA data shows a similar trend of decreasing Tchwitcreasing FCO concentrations.
Two glass transitions were observed in thetplot for 20% FCO film, supporting the
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suggestion of phase separation. However, the stonagdulus decreased dramatically
above Tg thus rendering it difficult to observe digher temperature transitions.

Conclusions

MTDSC and DMA results suggest that phase separatnonoccur in EC/FCO films. We
suggest the formation of binary mixed systems ratt@n pure component separation and
outline a novel method for estimating the assodiatemposition.

References
1 Lai H. L. (2005PhD Thesis, University of East Anglia, Norwich UK

283



Appendix

Annual Meeting and Exposition of American Associatth of Pharmaceutical Sciences
2009 Los Angeles, US)

An Investigation into Potential Phase Separation oEthocel™ (EC) 20 Film Coatings
with Incorporated Plasticizers

Jin Ig/llengi, Ali Rajabi-siahboonfi Marina Levind Mike Reading and Duncan Q. M.
Crai
'School of Chemical Sciences and Pharmacy, Uniyen$iEast Anglia, Norwich NR4 7TJ,
UK
“Colorcon Limited, Flagship House, Victory Way, Gsagys, Dartford, Kent DA2 6QD,
UK

PURPOSE

The miscibility of polymer and plasticizer in phaoeutical film coating systems is of
major importance in polymer sciences. Here we explbe miscibility of EC20 films on

adding plasticizer, fractionated coconut oil (FC@edium chain triglycerides), and
compare the applicability of two techniques, mothda temperature differential
calorimetry (MTDSC) and dynamic mechanical analy&#MA) to measure the glass
transition temperature and detect potential phegaration processes.

METHODS

EC20 films were prepared using the solution castirghod. 2g Ethoc8 20 (Colorcon,
USA) and 5%, 10%, 15%, 20%, 25% and 30% (w/w) F@Diteéc Corporation, USA)
were added respectively into 20ml ethanol/acet@®40). MTDSC experiments were
performed using a DSC Q1000 (TA Instruments, USmf 20°C to 220°C with a
modulation amplitude of + 0.5°C/40s at 2°C/min. MB 2980 (TA Instruments, USA)
was used, ramping from 30°C to 180°C at 3°C/min.

RESULTS

From the MTDSC results, Tg values decreased fro®2tx0.1°C (EC20 film) when
adding FCO to, for example, 109.79+0.63°C on add&#gFCO. However on increasing
FCO to 20% and beyond, two derivative reversingt ltepacity peaks (circa 97°C and
53°C) were observed. Such phenomena have beenasdowith phase separation which
may indicate multiple mixed phases. The composibbithese phases was estimated by
considering the Gordon Taylor/Simba Boyer equationhe context of the Tg of the 5%
FCO films (allowing K and the Tg of FCO to be edsied) then estimating the
compositions of the two phases in the 20% systesndeaing 23.5% and 8.3% FCO
respectively. It is noted that between 20% and 3880 the Tg values do not change,
implying further phase separation rather than ometil plasticization.

DMA data showed a similar trend of decreasing Tthwicreasing FCO concentrations.
Two glass transitions were observed in thetplot for 20% FCO film, supporting the
suggestion of phase separation.

CONCLUSIONS

We suggest the formation of binary mixed systemE@iFCO films, which are polymer-
plasticizer concentration dependent, rather thaie pomponent separation and outline a
novel method for estimating the associated comiposit

We are grateful to Colorcon Limited (USA) for th&imancial support.
284



Appendix

Annual Meeting and Exposition of American Associatin of Pharmaceutical Sciences
2011 (Washington D.C., US)

A Thermal and Nanothermal Imaging Study of Hydroxypropyl Methyl Cellulose
Incorporation into Ethylcellulose Films

Jin Mend, Ali Rajabi-siahboonfi Marina Levin& and Duncan Q. M. Cralg

'School of Pharmacy, University of East Anglia, NmfwNR4 7TJ, UK
“Colorcon Limited, Flagship House, Victory Way, Gsesys, Dartford, Kent DA2 6QD,
UK

PURPOSE: To characterize and map ethylcellulose (EC) filmstaining the pore former
hydroxypropyl methylcellulose (HPMC) using a condiion of thermal (modulated
temperature DSC), and imaging (scanning electrarascopy, atomic force microscopy
and nanothermal) analysis with a view to understanthe size and distribution of the
pore former within the inert film.

METHODS: 10%, 20% and 30% HPMC was incorporated into filnsghg a solvent
evaporation method. MTDSC (Q2000, TA InstrumentS) Was conducted from 0°C to
200°C with +0.5/40s at 2°C/min. DMA in tension mofl@MA 2980, TA instruments,
USA) was performed from 30°C to 180°C at 3°C/mif:M\and nanothermal analysis was
conducted using a NanoTA Thermal Analyzer (Anasygruments, USA) combined with
an Explorer scanning probe microscope (Thermomicnss). Localized thermal analysis
(LTA) was performed on selected areas, heating froom temperature to 300°C at
25°C/s. The surface morphology of the EC films befand after immersion into DI water
was observed using a JEOL JSM5900 LV (Japan) scgrahectron microscope.

RESULTS: The Tg values of EC films with 10%, 20% and 30% HPKkmained broadly
constant at circa 130°C; it was not possible t@ab} identify the HPMC Tg using this
method. DMA on these films revealed two @&mpeaks at circa 140°C and 160°C. LTA
showed that at 10% HPMC level, some sites had tersafy temperature at circa 150°C,
while many others had the first softening at cil&®°C following by another thermal
expansion and softening at circa 180°C which weilasdo the softening of the EC and
HPMC respectively. For the films with 20% and 30%MC, two separated phases were
observed using LTA with Tgs corresponding to EC aHBMC respectively. The
morphology of EC films after immersion observedngsiSEM revealed that time-
dependent pore formation was noted which we astoilb#?MC being washed out.

CONCLUSIONS

The distribution of HPMC in the EC films was sucsfedly identified using nanothermal
analysis, with that distribution appearing to benposition dependent. SEM examination
of films before and after immersion in dissolutioedium showed time dependent pore
formation which we ascribe to phase separated HRMChing out of the film

Financial support was provided by Colorcon Limi(ed).
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ABSTRACT

The interaction between polymers and plasticizersfimajor interest within the polymer
and related sciences, yet to date little infornraigavailable with regard to the mapping
of plasticizer phase separation. In this invesimgatethylcellulose (EC) films containing
varying amounts of fractionated coconut oil (FCO; naixture of medium-chain
triglycerides) were prepared in order to develowehanethods of studying the phase
relationship between these components. The theanmththermo-mechanical properties of
the films were characterized using modulated teatpeg differential scanning calorimetry
(MTDSC) and dynamic mechanical analysis (DMA). a&levidence of distinct conjugate
phases was obtained for the 20%-30% FCOJ/EC filntegys. We suggest a model
whereby the composition of the distinct phases b@gstimated via consideration of the
glass transition temperatures observed using DSICDAMA. By combining pulsed force
AFM and nano-thermal analysis we demonstrate thas ipossible to map the two
separated phases. In particular, the use of thepmddes allowed identification of the
distinct regions via localized thermomechanical lgsis, whereby nanoscale probe
penetration is measured as a function of tempexatdihe study has therefore indicated
that by using thermal and imaging techniques inwution it is possible to both identify
and map distinct regions in binary films.

Key words: phase separation, film coating, ethjltese, plasticizers, thermal analysis,
atomic force microscopy
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