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ABSTRACT

Physical biopolymer gels are ideal candidates for the drug delivery of solid
pharmaceutical drugs. Nevertheless, inclusion of particles may affect the rheology and
gelation of these systems. In this work, we evaluate the effects of particle loading on
the steady-state viscosity of a model biopolymer-particle system. The studied system
consists of hydroxypropyl methylcellulose (HPMC) of two different grades, E4M and
E15LV, and two BCS Class II drugs, griseofulvin and naproxen. The effect of particle
size was studied using various particle size ranges of naproxen (d <45 wm, 45-75 um,
75-125 um, and > 125 um). For HPMC E15LV a Newtonian behavior was observed,
while HPMC E4M behaved as a Bingham pseudoplastic. Overall, the effect of particle
inclusion into the biopolymer led to a decrease in both viscosity and yield stress for
both HPMC viscosity grades. The decrease in viscosity was attributed to the
adsorption of polymer to the particle surface and the decrease in yield stress was

attributed to a decrease in polymer-polymer interaction.
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RESUMEN

Los geles fisicos de biopolimeros son candidatos ideales para la administracion
de farmacos soélidos. Sin embargo, la inclusion de particulas podria afectar la reologia
y gelacion de estos sistemas. En este trabajo, estudiamos el efecto de la inclusion de
particulas en la viscosidad en estado estacionario de un sistema modelo de
biopolimero-droga. El sistema estudiado consistio6 de dos distintos grados de
hidroxipropil metilcelulosa (HPMC), E15LV y E4M, y dos drogas BCS tipo II,
griseofulvin y naproxen. Para ver el efecto del tamafio de particula en la viscosidad del
polimero, se utilizaron varios rangos de tamafo de naproxen (d < 45 um, 45-75 wm,
75-125 wm, and > 125 um). Para HPMC EI15LV se observd comportamiento
Newtoniano, mientras que HPMC E4M mostré un comportamiento pseudoplastico de
Bingham. En general, la adicion de particulado al sistema de HPMC causé una
disminucién en la viscosidad y el esfuerzo de rendicion para las concentraciones
estudiadas de HPMC. Esta disminucion en viscosidad se debe a la adsorcion del
polimero en la superficie de la particula y la disminucion del esfuerzo de rendicion se

debe a una disminucion de interaccion polimero-polimero.
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Chapter 1
Introduction

In recent years there has been an increased interest in the development and
commercialization of fast-dissolving edible films as a method for drug delivery. Overall,
one of the most favorable routes of drug delivery is through oral ingestion due to its ease
of administration, high patient compliance, cost-effectiveness, least sterility constraints,
and flexibility in the design of the dosage form [1,2]. This has led to an increased interest
and research by pharmaceutical companies in the reformulation of existing drugs into
new dosage forms like fast-dissolving edible films [3]. Fast-dissolving oral delivery
systems are solid dosage forms, which disintegrate within one minute when placed in the
mouth without drinking or chewing [4]. This particular route of drug delivery addresses
many patient compliance issues. For example, it is greatly favored by geriatric and
pediatric patients alike, as it can overcome a patients impediments in swallowing pills
and their possible fears of choking [3.4].

Over the past few years, new developments on oral film strips have been
achieved. Initially, oral film strips were developed for the oral care market as breath
strips encountering great acceptance by consumers [5,6]. Nowadays, dissolvable oral
thin films are an accepted technology for the delivery of active pharmaceutical
ingredients (API) for over-the-counter (OTC) medications, and are being tested as a
delivery method for prescription drugs [5]. Both consumers and pharmaceutical

companies have accepted oral thin films as an alternative to traditional OTC medicine



forms, such as liquid solutions and dispersions, tablets, and capsules, as these offer a fast
and accurate dosing, with the convenience of easy portability [3,5,7]. This drug delivery
method also has its disadvantages as not all drugs can be incorporated into this type of
dosage form. It is limited by the maximum deliverable dose, usually 50 mg or less
[3,7,8]. Another challenge encountered with the production of these film strips is their
oral bioavailability which depends on aqueous solubility, drug permeability, and
dissolution rate, among other things [1].

Our research group has focused on the study of different biopolymers that can be
used as a delivery system for pharmaceutical drugs. Previous studies have been
performed on the properties of sodium alginate (NaAlg) and hydroxypropyl
methylcellulose (HPMC) to determine if it can be used as a suspension medium for
pharmaceutical drugs. NaAlg was used due to its wide use in the food and
pharmaceutical industry as a thickener, immobilization agent, gelling agent, and to
produce films and coatings, in addition to its lack of toxicity [7,9]. For NaAlg solutions,
the existence of a thermotropic gelation was demonstrated through different rheological
tests: constant-stress temperature-ramp, dynamic viscoelastic moduli, and thixotropy. For
these solutions, silica was used as the model particle and it was demonstrated that the
application of NaAlg as the film-forming medium with solid particles was limited [10].

In the case of HPMC solutions, the effect of surfactant and particle loading on the
rheology and gelation of the solutions was studied. The model drug used was
griseofulvin. This work showed that HPMC gelation temperature depends on the

concentration and type of surfactant present in the solution. Additionally, gelation



temperature decreased in the presence of griseofulvin particles as these were promoting
the formation of physical crosslinks [10,11].

A conventional method for the preparation of film strips is film casting, which
requires a solvent evaporation step. Thus, it is important to understand the flow properties
of the formulations as they are concentrated. For these reasons, the effect of BSC class 11
drug particle inclusions (drugs that are classified as having low solubility & high
permeability [12]), griseofulvin and naproxen, in solutions of HPMC was studied by
evaluating the change in viscosity at different shear rates as a function of particle
loadings. The goal was to establish an empirical model that describes the viscosity as a
function of HPMC concentration, drug concentration and size distribution, and shear rate.
This will help us determine whether or not these conditions are favorable for the

production of oral film strips.



Chapter 2
Background

As previously mentioned, there has been an increased interest in the development
of fast dissolving oral film strips as a drug delivery method. Initially, these fast-dissolving
oral film strips were available as breath strips, but their use has expanded into personal
care, food and drug delivery [6]. Nowadays, the oral route is the most accepted and
convenient way of administrating pharmaceuticals. This is due to the fact that it has high
patient compliance, cost-effectiveness, and flexibility in the design of the dosage form
[1,2]. The additional advantages of dosing convenience and portability of oral strips has
led to a wider acceptance by both pediatric and geriatric patients [3,5]. Recently, the main
focus of pharmaceutics and researchers alike has been on the development of film strips
as an alternative method for drug delivery. Films have also gathered interest as an
alternative to fast-dissolving tablets [4]. Geriatric and pediatric patients alike greatly
favor this method as it can overcome patient’s impediments in swallowing pills and their
possible fears of choking [3,4]. Among the many advantages of oral strips are larger
surface area for rapid disintegration and dissolution in the oral cavity, ease of
transportation for consumer handling and storage, precision in the administered dose,
ease of swallowing and no need for water, the dosage form can be consumed anywhere at
anytime, increased bioavailability, and a reduction in the dose which means reduction in

side effects associated with the medication [3].



Still, this drug delivery method also has disadvantages. Not all drugs can be incorporated
into this dosage form, neither can it contain high doses of drugs as it has a maximum
deliverable dosage [11], and poor bioavailability [1,3,7,8].

Biodegradable polymer gels have a wide variety of uses in many industries
including agricultural, food, and pharmaceutical industries [13—-15]. Biodegradable
polymers are a reasonable alternative to formulate these films to transport solid
pharmaceutical ingredients due to their gelling capacity, immobilization capacity in the
gel network, and inherent flexible processing [7,13]. When selecting a polymer that fits
these needs, natural biopolymers come to mind, as they are biodegradable and
biocompatible. Many different materials have been considered for the development of
these films. Among these are modified starches, gums, cellulose ethers, alginates,
polyvinylalcohols, polyvinylpyrrolidines, or blends of these due to their film-forming
properties [4]. Polysaccharides or natural polymers can be turned into hydrophilic

matrices used for controlled release dosages [16].

2.1 Cellulose and its Derivatives

Cellulose (Figure 2.1), a natural polysaccharide, is one of the most abundant
naturally occurring substances [16—18]. Pure cellulose is insoluble in water due to the
strong intramolecular and intermolecular interactions through hydrogen bonding [16-24].
The degree of polymerization of cellulose ranges from 1,000 to 15,000 glucose units [18].
Native cellulose is always polydisperse, meaning that it consists of a mixture of
molecules with the same chemical composition but a wide range of average chain length

[18]. The degree of substitution (DS) gives the average number of substituted hydroxyl



groups per anhydroglucose unit and has a value between 0 and 3, where 0 is for no
substitution or native cellulose, and 3 for a completely substituted polymer [18,19,25].
Cellulose has many uses in various industrial applications, i.e. paper, paint, textile, food

and pharmaceutical industries [18].

HO

Figure 2.1: Structure of native cellulose. Reproduced from [19]

Among the available biopolymers, cellulose derivatives are of particular interest.
Polymers based on cellulose have the potential of providing important functional
properties and advantages that make them useful for industrial use since it is non-toxic,
renewable, biodegradable, and modifiable [18,26]. Cellulose derivatives play an
important role in many technical applications, especially in the pharmaceutical field
where they have several uses, such as to modify the rheology of solutions and to control

the release rate of drugs [27].

Cellulose derivatives are formed when different substituent groups replace the
hydroxyl groups. As shown in Figure 2.2, the substitution of a fraction of the hydroxyl
positions in each unit allows for the formation of water-soluble polymers with new
properties [19,20]. The introduction of these substituents disturbs the inter- and
intramolecular hydrogen bonds in cellulose, which leads to liberation of the hydrophilic
character of the numerous hydroxyl groups and restriction of the chains to closely

associate [18]. Substituents that disrupt the crystalline structure of cellulose increase the



solubility of the corresponding derivative [28]. Cellulose derivatives can be classified
into two groups: cellulose esters and cellulose ethers. The difference among cellulose
derivatives lies in the substitution of the hydroxyl groups in each anhydroglucose ring by
other functional groups. Figure 2.3 shows two common cellulose derivatives,

carboxymethyl cellulose (CMC) and hydroxypropyl cellulose (HPC), which shows the

difference in the substituent groups of these derivatives.

RO

Figure 2.2: Structure of water-soluble cellulose derivatives (R=H or R from table 2.1 or
2.2). Reproduced from [19].
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Figure 2.3: Cellulose derivative structures: (a) CMC and (b) HPC (reproduced from
http://www.sigmaaldrich.com)

Tables 2.1, 2.2, and 2.3 list some of the most important water-soluble cellulose
esters, ethers and mixed ethers, respectively. For instance, cellulose ethers are commonly
used in the pharmaceutical industry as rate controlling agents for drug release. Therefore,

they are found in various formulations like film coatings and tablet preparations [29].



Table 2.1: Substituents of water-soluble cellulose esters. Reproduced from [19]

Cellulose ester -R

Cellulose acetat —C(O)CHs

Cellulose xanthogenat —C(S)SNa

Cellulose sulfat -SO;Na

Cellulose phosphat —P(O)(OH),
Cellulose phthalat —C(0)(C¢H4)COONa

Table 2.2: Substituents of water-soluble cellulose ethers. Reproduced from [19]

Cellulose ether -R
Carboxymethyl cellulose (CMC) —CH,COONa
Sulfoethyl cellulose (SEC) —CH,CH,SO3Na
Methyl cellulose (MC) —CH;,

Ethyl cellulose (EC) —CH,CH;
Hydroxyethyl cellulose (HEC) —CH,CH,0OH
Hydroxypropyl cellulose (HPC) —CH,CH,CH,0H
Cyanoethyl cellulose (CyEC) —CH,CH,CN

Table 2.3: Substituents of water-soluble mixed ethers. Reproduced from [19]

Mixed cellulose ether

-R

Methylcarboxymethyl cellulose (MCMC)
Hydroxyethylcarboxymethyl cellulose (HECMC)
Hydroxyethylmethylcarboxy methylcellulose (HEMCMC)
Sulfoethylcarboxymethyl cellulose (SECMC)
Hydroxyethylhydroxypropyl cellulose (HEHPC)
Hydroxyethylmethyl cellulose (HEMC)
Hydroxyethylethyl cellulose (HEEC)

Hydroxyethylpropyl cellulose (HPMC)
Hydroxyethylsulfoethyl cellulose (HESEC)

—CH;,-CH,COONa

—CH‘_)C HzOH, —CH:COO Na
~CH,CH,0H,-CH,,~CH,COONa
—CH‘_)C HzSO3Na, —CHZC OONa
—CH,CH,0H,-CH;CH,CH,OH
—CH,CH,OH,-CH;,
—CH,CH,OH,-CH,CHj;
—CH,CH,0OH,-CH2CH,CH3
—CH,CH,0H,~CH,CH,SO:Na

Modification leads to changes in the properties and behavior of the polymer, and
consequently, optimization of attributes and characteristics [18]. Cellulose derivatives
are biocompatible polymers and are mainly used in the food, pharmaceutical, and
cosmetic industries for their properties as thickeners, binding agents, emulsifiers, film

formers, suspension aids, surfactants, lubricants, and stabilizers [14,17-19,23,29-31].



In order to develop fast-dissolving films, the properties of the biopolymers and the
effect of the desired deliverable drug need to be studied. In this case, the biopolymer of
interest is hydroxypropyl methylcellulose (HPMC) (Figure 2.4). The effect on the
viscosity of the polymer solutions with varying concentrations of drug particle inclusions
at different shear rates will be studied. The drugs that will be used in this work are
griseofulvin and naproxen, which are poorly soluble drugs and its chemical formulas are
shown in Figure 2.5. Some of the drug properties are tabulated in Table 2.4 below.

H

OCH
Pabdh

H

-

i
H  OCH.C(OH)HCH;, H CHCHCH; i |

OCH,

Figure 2.4: Chemical structure of hydroxypropyl methylcellulose. Reproduced from [17].

CH

(a) (b)

Figure 2.5: Chemical Structure of drug molecules: (a) griseofulvin and (b) naproxen.
Reproduced from [32]



Table 2.4: Physicochemical properties of the drugs. Reproduced from [32]

S(.)lublhty Molecular | Melting
Drug (in H,O, s e
me/L) weight point (°C)
griseofulvin 8.99 352.8 220.0
naproxen 17 230.26 153

Polymer films have an advantage over other forms of oral drug delivery for poorly
soluble drugs because they provide a larger surface area which leads to rapid
disintegration and dissolution in the oral cavity [32]. One of the things that needs to be
analyzed before proceeding to prepare these films is the drug content that can be carried
in it, determine if the drug is distributed homogeneously along the film, and the effect the
drug particles have on the properties of the film. The first step is to determine the effect
the drug has on the polymer in order to determine whether or not it is a suitable carrier for
the particular drug and maximum loading. Since the interactions between the drug
molecules and polymer can produce differences in the film properties, they need to be

identified for product development.

2.2 Hydroxypropyl methylcellulose

HPMC is one of the most important hydrophilic carrier materials used for the
preparation of oral controlled drug delivery systems [22,33-40]. Among the many
reasons for the use of HPMC as an excipient are that it is water-soluble [16,22,36,41],
nontoxic, easy to handle, relatively cheap, easy to compact, able to accommodate high
levels of drug loading [34,36,38-41], efficient thickener, film forming ability, and

capacity to form thermal gels that melt upon cooling [10,16,40]. HPMC is a traditional

gel former in hydrophilic matrix tablets and the release of the drug from these matrixes
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composed of it depend on the degree of substitution and molecular weight of the polymer
[28,36]. Figure 2.4 shows the structure of HPMC, where the R group represents a -CHs, -
CH,CH(CH3)OH group or a hydrogen atom.

The degree of substitution of HPMC, the hydroxypropyl and methoxy group
content, and its molecular weight greatly influences the chemical properties of this
polymer [16,22,28,33,38,40,42—44]. The degree of substitution (DS) defines the average
number of hydroxyl groups per anhydroglucose unit where hydrogen is replaced by
methyl and molar substitution (MS) represents the average number of propylene oxide
groups per anhydroglucose unit [45]. Along the cellulose backbone, methyl substitutes
constitute hydrophobic zones whereas hydroxypropyl groups are more hydrophilic
[40,45]. The molecular weight of HPMC plays a dominant role in changing the viscosity
when the polymers have similar chemical structures [38]. The U.S. Pharmacopeia
Convention (USP) identifies four different types of HPMC depending on their
hydroxypropoxy and methoxy content: HPMC 1828, HPMC 2208, HPMC 2906, and
HPMC 2910 [33]. In this type of classification, the first two numbers indicate the
percentage of methoxy groups and the last two indicate the percentage of
hydroxypropoxy groups. Table 2.5 shows the differences among the substitution degree
of the different substituent groups in the four classes of HPMC. Typical representatives
of USP 2208 and USP 2910 are Methocel K4M and E4M, which contain respectively
22.5% methoxy and 9.2% hydroxypropyl, and 29.5% methoxy and 9.3% hydroxypropyl
[35]. HPMC is also known as Methocel which is classified by a letter (K, E or F)
followed by a number and a letter afterwards. In this method of identification, the first

letter identifies the chemistry of the type of cellulose ether. The number that follows the
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initial letter identifies the viscosity grade in mPa-s for the product measured in 2%
aqueous solution at 20 °C. The letter following the number identifies the viscosity, i.e. the
letter ‘M’ suggests the value a factor of 1000 and the abbreviation ‘LV” represents a
special low viscosity product series [15].

Table 2.6 below shows the methoxy and

hydroxypropoxy content on each HPMC type when using this nomenclature

Table 2.5: USP specification for different type of HPMC, classified according to their
degree of methoxy and hydroxypropyl substitution. Reproduced from [33].

Substitution Methoxy (%) Hydroxypropoxy (%)
Type Min. Max. Min. Max.
1828 16.5 20.0 23.0 32.0
2208 19.0 24.0 4.0 12.0
2906 27.0 30.0 4.0 7.5
2910 28.0 30.0 7.0 12.0

Table 2.6: Various grades of HPMC. Reproduced from [15].

HPMC Methoxy (%) | Hydroxypropoxy (%) Also known as:
type*
K 19-24 4-12 Hypromelose 2208
E 28-30 7-12 Hypromelose 2910
F 27-30 4-7.5 Hypromelose 2906

*Different viscosity grades available on the market [15]

The properties of the HPMC solutions, like viscosity, gelling capacity, gelation,
and temperature, among others, depend on the molar mass and degree of substitution of
the HPMC [41,44]. Different solubilities of this polymer are attributed to the amount of
the two substituents present [29,41]. Overall, the degree of substitution influences the
pharmaceutical relevant properties, like gelling capacity, flowability, and release rate, of
HPMC [29]. Additionally, temperature influences the intermolecular interactions (i.e.

cloud point), gelation, drug release rates, and viscoelastic properties of the gel [44].
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The molecular structure and conformation of the polymer in solution is very
important for the flow behavior, which in turn is important for several processes in
pharmaceutical and other industries [34,43]. The conformation and structure of a polymer
in solution is influenced by the chemical structure, the molar mass, concentration,
temperature and the solvent used. The formation of intermolecular hydrogen bonding
between hydroxyl groups of HPMC chains and water molecules as well as water cages
surrounding hydrophobic clusters of HPMC chains such as methoxyl substituted and
relatively less hydrophobic hydroxypropyl substituted regions makes HPMC soluble at
low temperature [38]. Water cages are defined as the formation of water-water hydrogen
bonding in the hydrophobic hydration shell [38].

Haque and co-workers studied the effect of hydroxypropyl substituents on the
thermogelation of methylcellulose [46]. For this particular study, they wused
methylcellulose (A4M) and three different hydroxypropylmethyl derivatives labeled ‘E’,
‘F’ and ‘K’ containing different percentages of substitution (Table 2.7). In the HPMCs
used, the methyl groups remained the dominant substituent but they also contained

smaller amounts of the larger more polar hydroxypropyl group [46].

Table 2.7: Composition for Methocel cellulose derivatives used by Haque and Morris
[46].

. Average number of substituents per residue
Material
Methoxyl Hydroxypropyl
A4M 1.6-1.9 0
E4M 1.8-2.0 0.20-0.31
F4M 1.7-1.9 0.10-0.20
K4M 1.1-1.6 0.10-0.30
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When Haque and coworkers [46] performed a differential scanning calorimetry
(DSC) analysis (Figure 2.6), they observed that all three HPMC types show a single
endotherm on heating and a single exotherm on cooling, with substantial thermal
hysteresis. The cooling exotherms for the HPMCs span approximately the same range of
temperature (from 70 to 45°C) and are comparable in width to the first exothermic
process observed for methylcellulose, but displaced to higher temperature. Haque and
coworkers attributed these peaks to the heat released by the formation of water cages
around hydrophobic substituents exposed to the aqueous environment on dissociation of
the gel network. Additionally, the second exotherm observed for methylcellulose, which
is attributed to enthalpic interactions with cellulosic bundles is not seen for the other
samples. This indicates that the hydroxypropyl substituents cause a reduction in the

enthalpic stability of the bundles [46].
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Figure 2.6: DSC traces for 2% (w/v) methylcellulose and HPMC from Haque and Morris
on (a) heating and (b) cooling at 0.1 deg min™'. Reproduced from [46].

A known way of determining the interactions in a solution is by comparing
steady-shear viscosity (1) from large deformation measurements with the dynamic
viscosity (n*) from small deformation measurements using low-amplitude oscillation
[47]. When performing rheological studies of the various HPMC’s, Haque and
coworkers observed that the shear-rate dependence of steady-shear viscosity (1) and
frequency dependence of complex dynamic viscosity (n*) superimpose closely. This
demonstrates the lack of enthalpic interactions between the individual species present in

the solution.
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The shear-rate dependence of viscosity for underivitised polysaccharide coils can

be fitted to the relationship:

p
el o

where, 1o is the maximum Newtonian viscosity at low shear rate, y1 A is the shear rate at

which n = no/2, and p has a constant empirical value of 0.76 [46]; giving a linear
relationship on plots of | vs. nyi2. For HPMC, the plots show curvature for values of p =
0.76 (Figure 2.7a) but shows a linear relationship at p = 0.56 for methylcellulose (Figure
2.7b) [46]. When looking at all the HPMC samples, they all show an identical form of
shear thinning, leading the researchers to conclude that, as with methylcellulose, the

bundle structure proposed is also present in the solutions of HPMC (Figure 2.8).
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Figure 2.7: Shear thinning behavior of 2% (w/v) E4M plotted as 1 vs. ny" for (a) p=0.76
and (b) p=0.56. Reproduced from [46].
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F4M (O) and K4M (*); (a) steady-shear viscosity; (b) complex dynamic
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Hussain and co-workers focused their work on the thermoreversible gelation of
cellulose derivatives like methylcellulose (MC) and HPMC [25]. They focused on
describing the use of rheology as a method to study the thermal transitions of various
HPMC solutions, particularly the effects of temperature on concentrated systems of up to
20% w/w [25]. Hussain et al. used a particular type of HPMC to perform their tests;
HPMC E4M, which has 28-30% methoxy substituents and 7-12% hydroxypropyl
substituents (equivalent to USP HPMC type 2910; see Table 2.5). Their results are
presented in Figure 2.9 below. For the solution of 2% w/v, at 20 °C, G" was observed to
be greater than G’ which indicates that the viscoelastic system is dominated by the liquid

component [25]. For the 20% w/v HPMC solution, when the solution was heated, G’

dropped sharply at 60 °C and rose at 65 °C, while G” fell sharply at 55 °C and leveled off
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at 65 °C. When cooling, G’ increased below 65 °C and leveled off to 50 °C while, G”
rose sharply above 70 °C and leveled off below 50 °C.

In addition, Hussain and co-workers performed frequency sweeps (Figure 2.10) at
different temperatures for a 12% solution of HPMC. At a temperature of 25 °C, both G’
and G” showed a marked increase with frequency. At 55 °C, the frequency dependence
decreased and when a temperature of 85 °C was reached, the frequency dependence
decreased even more. This low frequency dependence is characteristic of a polymer gel
[25]. The general behavior is that at low temperatures the indices are relatively high,
which indicates a viscous system, while at higher temperature the frequency dependence
is considerably reduced, which in turn reflects the more elastic nature of the gelled

system [25].
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Figure 2.9: Thermorheogram of a 2% (w/v) (a) and 20% w/v (b) HPMC E4M system.
Reproduced from [25].
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Figure 2.10: Frequency sweeps of 2% E4M solutions at 25 (a), 55 (b) and 85°C (c).
Reproduced from [25].

Silva and co-workers performed oscillatory tests to study the effect of temperature
on the gelation of HPMC solutions (Figure 2.11) [17]. It was observed that, in general, as

the temperature of the sample was increased, G” decreased until it reached a
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characteristic temperature. After this temperature was reached, a marked decrease was
observed. A similar behavior was observed for G’, but the final decrease was less
accentuated when compared to G” and it was not observed for the 1% solution. The
characteristic temperature seen throughout all the samples was slightly above 70 °C,
independent of the concentration of HPMC. Silva and co-workers observed that there
was a final increase in both moduli with increasing temperature but it was more
significant for the storage modulus over the loss modulus, which was where G’ and G”
curves intersect. The point where the moduli crossed depends on the polymer

concentration and on the frequency applied when conducting the oscillatory tests [17].
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Figure 2.11: Storage (G', squares), loss (G", circles) and the complex viscosity (n*,
triangles) modulus, as a function of temperature, for HPMC solutions of
(a) 1%, (b) 2%, (c) 5% and (d) 10% w/w. Frequency is chosen so as to
impose a value of G" higher than G' at the initial conditions. Reproduced
from [17].

Solutions of HPMC in water exhibit the phenomenon of thermoreversible
gelation, i.e. gels on heating and re-dissolves on cooling [48]. Ford established that
the gelation depends on the degree of total substitution and degree of hydroxypropyl
substitution [48]. The gelation of HPMC depends strongly on the molar substitution of

the hydroxypropyl groups. Figure 2.12 below shows two inflection points for HPMC.
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As the temperature was increased, the G” and G” values decreased until a temperature
was reached were the values decreased sharply. As the temperature continued to
increase, the solutions began to gel and both G’ and G” values increased. The gel

strengths of HPMC solutions increased with increases in DS and decreases in MS

[48].
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Figure 2.12: The influence of temperature on the G' and G" values for a 4% solution of
a 4000 mPa viscosity grade HPMC polymer with DS of 1.85 and MS of
0.16 at a frequency of 1 Hz and 8.5 % amplitude heated at a scan rate of
1 C min-1. Reproduced from [48].

Camino et al. studied the gelation of HPMC and agreed with the prepared two-
step mechanism for gelation process where the first step is the pre-gel regime which is
then followed by the gel regime [45]. The first step involves hydrophobic interactions
that lead to cluster formation of broad shapes and sizes. It is during this stage that a
transition from a clear to a turbid solution was observed (cloud point). The gel regime

corresponds to the gelation that occurs at a higher temperature. At this point, phase

separation can occur [45].
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Perez et al. performed dynamic rheometry studies to determine the gel point of
HPMC. Figure 2.13 shows the storage and loss moduli for a 6% HPMC solution. A
strong decrease in G’ (storage modulus) was observed related to the dehydration of
cellulose chains leading to an increase in the interactions of the hydrophobic groups
[40]. The gelation temperature was found to be the temperature where a fast increase
in G’ values was observed which was around 60° C. An increase in G’ was observed
up to 75° C, where the maximum HPMC gel development took place. Above 75° C,

G’ slowly increased which was attributed to a phase separation.

Temperature FC)

Figure 2.13: Evolution of elastic (G') and viscosu (G") moduli upon heating and
cooling HPMC solution (pH 7). Tgel: gelation temperature; Tm: melting
temperature. Reproduced from [40]

Low viscosity HPMCs are widely used in film-forming applications, which

might be influenced by the drug particle interactions affecting the properties of the

desired applications. Drug-polymer interactions can affect the viscosity and the
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strength of the gel layer, therefore changing the mechanical and diffusion barrier
properties which affect the drug release kinetics.

For HPMC, the distribution of substituents is heterogeneous as a result of the
manufacturing process, and the heterogeneous distribution of methoxyl moieties
appears to be crucial for the thermal gelation process. The extent of methoxyl and
hydroxypropyl substitution markedly affects the sol:gel transition temperature [20].
Bajwa and co-workers studied the thermal gelation process of HPMC in order to relate
these to the rheological changes in aqueous HPMC solutions during the sol:gel
transition [20]. The HPMC used in this work contained 9.3% hydroxypropyl and
29.5% methoxyl substituents. Figure 2.14a shows the viscoelastic moduli and tan 6
values for a 2% w/w HPMC solution during the heating cycle. Raising the
temperature from 10 °C resulted in a decrease of the storage modulus (G’) around 43
°C. This was followed by an increase in G’. The reduction in G’ was attributed to a
progressive disruption of native cellulosic bundles, while the increase was attributed to
the unbundling of the constituent strands of polymer at the ends of the bundles,
followed by the formation of a network of swollen clusters [20]. A sharp decrease was
observed at 56 °C for the loss modulus (G”), which was attributed to the high
molecular weight fractions of polymer precipitating from solution [20]. The gelation
process began at the point where 8 = 1 (G” > G”), the point where the polymer
solution exhibits a change from a liquid-like to a solid-like system [20].

Figure 2.14b shows the viscoelastic moduli and tan o values for a 2% w/w

HPMC solution during the cooling cycle. A significant hysteresis was observed upon

25



cooling, which suggested that the dissociation of aggregated cellulosic bundles occurs

at a higher temperature than when they re-form on cooling [20,47].
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Figure 2.14: The effect of temperature on the viscoelastic moduli and tan 6 of 2%
w/w HPMC solutions during (a) heating and (b) cooling cycles.

Reproduced from [20].
Kawaguchi and Ryo studied the rheological properties of silica suspensions in
HPMC solutions as a function of silica concentration and different molecular weights

of HPMC [49]. The HPMC concentrations ranged from 0.5 to 2.5 % and silica

content in the silica suspensions were 2.5, 5.0 and 7.5 %. A shear thinning behavior
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was observed for all the HPMC solutions used. When the storage (G’) and loss (G”)
moduli were evaluated, it was observed that both moduli values increased with an
increase in HPMC concentration. For 2.5 and 5.0 % silica suspensions a value where
G” exceeds G’, signifying the change in the structure of the silica suspension from
viscoelastic solid-like to viscoelastic liquid-like matter with increasing frequency was
found. Yet, for higher concentration of 7.5 wt%, the crossover between G’ and G” was
not observed. This indicated a viscoelastic solid behavior [49]. They concluded that

the rheological properties depend on the silica content present in the solution.

Acevedo et al studied the thermal gelation of aqueous HPMC solutions with
sodium dodecyl sulfate (SDS) and hydrophobic drug particles [11]. The viscosity of a
solution can provide information about conformational effects caused by polymer-
surfactant interactions. The steady-state viscosity of aqueous HPMC solutions showed
a Newtonian plateau at low shear rates (below 10 s™) followed by a shear thinning
regime at higher shear rates. Figure 2.15 shows the gelation temperature (Tgei) of
HPMC systems as a function of SDS concentration with and without griseofulvin. The
gelation temperature for pure HPMC was reported as 57.4 + 1.5 °C. The addition of
SDS at low concentrations did not affect greatly the T, for HPMC without
griseofulvin. At 5.0 mM a drop of 5.6 °C in Ty relative to that of pure HPMC is
observed. As the concentration of SDS is increased, T, increases to 61.0 °C.
Additionally, it can be observed that the initial addition of griseofulvin drug particles,

in the absence of SDS, decreases the T, of the HPMC solution.
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Figure 2.15: Gelation temperature of 1 wt% aqueous HPMC solutions as a function of
SDS concentration in the absence (n) or prescence (M) of 1 wt%
griseofulvin. Reproduced from [11].

The effect of SDS on the magnitude of zero-shear steady-state viscosities of
HPMC solutions at 25 °C was also measured (Figure 2.16). At concentrations below 4
mM of SDS no significant effect on viscosity was observed. Above 5.0 mM, the
viscosity increased by up to a factor of two, which was attributed to the formation of
aggregates. With the addition of griseofulvin particles, a decrease in viscosity in the

absence of SDS was observed which was due to the adsorption of the polymer on the

drug particles’ surface.
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Figure 2.17: Schematic representation showing the interactions between HPMC, SDS,
and griseofulvin at T1 and T2, where T1 < Tgel < T2. Panes (a) and (b)
represent the system with no SDS; panes (c) and (d) represent the system
with limited concentration of SDS; and panels (e) and (f) represent the
system with higher concentration of SDS, but below the critical micelle
concentration. Reproduced form [11].

Figure 2.17 shows a schematic representation of the proposed mechanism for HPMC

gelation in the presence of SDS with and without griseofulvin at temperature below
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(T,) and above gelation (T,). According to their proposed mechanism, the gelation
process is mainly affected by two competing processes: griseofulvin acting as a
binding agent of associated hydrophobic polymer regions which include adsorbed
polymers and polymer-surfactant complexes, and SDS aggregating with the HPMC
through hydrophobic interactions. At a temperature below T, and in the absence of
SDS (Figure 2.17a), some HPMC bounds to the surface of the particles. The particles
with adsorbed polymer help to bridge hydrophobic regions during the gelation (Figure
2.17b). With the addition of SDS at low temperature (Figure 2.17c), some of the
adsorbed HPMC is replaced with SDS and forms polymer-surfactant interactions.
SDS is shown to decrease bridging effects at both temperatures (Figure 2.17d). At
higher concentrations of SDS (Figure 2.17¢), the HPMC is free in solution and
complexated with the bound SDS. As the temperature is increased, the opposing
effects mostly cancel each other. The decrease in viscosity due to the addition of drugs
to HPMC demonstrates that HPMC adsorbs on the particles surface. Hydrophobic
interactions between adsorbed polymer on griseofulvin and free polymer in solution
during gelation account for the synergistic effect on gel transition. As the
concentration of SDS increased, it suggests that the polymeric chains are saturated and
larger surfactant aggregates account for the increase in viscosity.

Silva et. al. studied the change in viscosity of HPMC with temperature at
different values of shear rate (Figure 2.18) [17]. They observed that for lower shear
rates, the Newtonian viscosity decreased as the temperature rose until it reached the

gelation temperature, which depends on the concentration of the polymer. After this
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point, a sharp increase in the viscosity was observed. For the higher values of shear
rate (i.e. non-Newtonian regime), the viscosity suddenly dropped close to the

temperature at which the gelation occurs.
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Figure 2.18: Viscosity dependence on temperature for HPMC solutions of (a) 1%, (b)
2%, (c) 5% and (d) 10%, w/w. Curves are obtained at Newtonian shear
rates (triangles), with imposed values respectively of 0.5, 0.05, 5.0 x 107
and 1.0 x 107 s'l, and non-Newtonian shear rates (circles, of 50, 30, 5
and 1 s™' respectively. Reproduced from [17].

By measuring viscosity versus temperature plots for various values of shear
rates, Silva and coworkers were able to observe that when the shear rate is increased

the point at which the viscosity starts to increase moved to higher temperatures.
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Additionally, for temperatures below the gelation temperature, the effect of shear rate
upon viscosity was limited. It was observed that as temperature increases, the viscosity
decreased but the Newtonian regime remained unaffected. For temperatures above 70
°C, a shear thinning behavior was observed. In general, low shear rates correspond to
high viscosities, which decreased sharply when a large enough shear rate was applied
to it.

Viriden and co-workers studied the viscosity of different batches of HPMC
(Table 2.8). The apparent viscosity was found to decrease with increasing shear rates
in the two 90SH100 batches, which implies that these solutions were shear thinning.
The two batches of 0.050 Pa-s viscosity grade showed a Newtonian behavior within
the studied interval of shear rates [39].

Table 2.8: HPMC batches and their properties. Reproduced from [39]

Grade Hydroxypropyl content Methoxyl Content
60SHS50 9.0 29
65SHS0 6.3 27.7

90SHI100SR 9.2 22.6
90SH100 5.6 23.8

Fatimi et al. studied the dependence of the steady shear viscosity on the shear
rate of HPMC at concentrations ranging from 1% to 5% in NaOH (0.2M) at 25°C.
HPMC E4M with a 1.9 methoxyl degree of substitution (29.% methoxyl) and 0.23
hydroxypropyl molar substitution (9.7% hydroxypropyl) was used. A Newtonian

plateau at low shear rates followed by a shear thinning behavior was observed [26]. At
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high shear rate values, a power-law dependence with shear rate was observed on the

viscosity. The flow curves were fitted using the simplified Cross model:

_ Mo
T ir o
where 7, is the limiting Newtonian viscosity at low shear, A is the relaxation time (the

inverse of a critical shear rate y.), and n is the exponent of the power law. Table 2.9

lists the parameter values at the different concentrations for the HPMC solutions.

Table 2.9: Values of Cross parameters at different concentrations for HPMC solutions
at 25°C. Reproduced from [26].

Polymer c (% w/w) no (Pas) A (ms) n ',"c(s_l)

HPMC 1.0 0.010+0.000 0.031+0.004 0.831+0.099
1.5 0.043+0.001 0.273+0.004 0.830+0.012 3668.00+ 58.64
2.0 0.073+0.002 0.430+0.024 0.786+0.013 2328.33+129.62
25 0.260+0.008 1.314+0.011 0.742+0.014 760.80+ 6.68
3.0 0.811+0.013 3.062+0.088 0.740+0.000 326.73+9.52
35 1.571+0.041 5.5114+0.323 0.773+0.008 181.87+10.90
4.0 2.435+0.054 8.069+0.523 0.768+0.006 124.27+7.84
45 4.40940.079 14.002+0.803 0.77740.015 71.58+4.20
5.0 6.636+0.880 18.641 +1.454 0.78040.020 53.86+4.18

The limiting Newtonian viscosity was observed to increase with increasing polymer
concentration and the Newtonian plateau limit shifted to a lower shear rate region
[26].

Various works have suggested that individual drugs can change the
physicochemical properties of non-ionic cellulose ethers in solutions, gels and
matrices [50]. This was the focus of the study performed by Pygall and coworkers
with HPMC Methocel E4M CR Premium USP 2910 having a 9.3% hydroxypropyl

and 29.5% methoxyl substitution, and a nominal viscosity of 4000 cps for a 1% (w/w)
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solution at 20 °C and two drugs, diclofenac sodium and meclofenamate sodium.
Figure 2.19 shows the viscosity profiles for 1% (w/w) HPMC solutions at 20 °C, as a
function of shear rate (0.01-100 s™) at various drug concentrations. A Newtonian
plateau at low shear rates and a tendency to shear thin at high shear rates was observed
for the HPMC solutions with no drug. The inclusion of 10 and 20 mM meclofenamate
Na had little influence in the properties of the solution, but this was not the case for
higher drug concentrations. Diclofenac Na in a 1% (w/w) HPMC solution did not
show significant changes in the flow behavior, but there was a change observed in the
reduction of shear thinning at high shear rates. It was concluded that, at drug
concentrations above 40 mM, the drug association improves the molecular hydration
of the polymer [50]. The significant changes in the rheology of the sample at this drug
concentration range show the formation of a weak supramolecular network through
the strengthened interactions between polymer chains. As the concentration of
meclofenamate Na increases, the drug begins to associate with the polymer conferring
polyelectrolyte properties, and the solution viscosity increases as a result of coil
expansion and increased connectivity between polymer chains. For diclofenac Na, the

drug cannot associate enough to produce changes in the polymer solution properties.
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Figure 2.19: The continuous shear viscosity of 1% HPMC solutions with respect to
drug concentration (A) meclofenamate Na and (B) diclofenac Na.
Measurements at 20+ 0.1°C. Reproduced from [50].
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Viriden and co-workers focused on the study of the effects of the chemical
heterogeneity of HPMC on the release rate of a drug from matrix tablets [28]. Four
different batches of HPMC with differing degree of substitution, molecular weight,

and substituent heterogeneity, as summarized in Table 2.10, were used in their study.

Table 2.10: Polymer characteristics of the four HPMC batches. Reproduced from [28].

Sample M;jn(l)i)ll)w P.I. (g/mol) %HPO %MeO
A 14.1+0.3 2.8+0.6 10.9 234
B 12.4+0.1 2.8+0.5 10.9 23.3
C 9.1+0.0 1.9+0.2 6.6 24.1
D 10.4+0.2 22+0.3 7.0 24.6

Viriden et al. performed flow curves, at 37 °C, in 5% and 10% (w/w) solutions. For
5% (w/w) solutions, an increase in viscosity was observed in the following order,
A=B<C<D, all throughout the shear rate interval (Figure 2.20) [28]. In addition, the
viscosity increased with increased chemical heterogeneity. Thus, batch D
demonstrated the highest viscosity. For the 10% (w/w) solutions, the same pattern was

observed more prominently.
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Figure 2.20: Flow curves obtained at 37°C. (A) 5% (w/w) HPMC solutions and (B)
10% (w/w) HPMC solutions. (W) Batch A, (00) Batch B, (filled A) Batch
C and (A) Batch D. Reproduced from [28].

Katzhendler and co-workers studied the effects of naproxen and naproxen
sodium on HPMC matrices and the effects of the viscosity grade of HPMC has on the
release of naproxen sodium (NS) from the matrix, and drug solubility on the release
kinetics. The lowest viscosity grade used (i.e. KIOOLV) showed the highest release
rate when compared to the higher viscosity grades (K4M and K100M). These higher
viscosity grade HPMCs showed a similar release rate aside from their variation of
molecular weight. The release of naproxen was controlled by surface erosion while the
release of NS was mainly controlled by diffusion [51]. The release rate of naproxen,
the lower soluble drug, was slower than the release rate of NS. For the diffusion of
NS, there was little dependency on the HPMC viscosity grade, with the tendency for
lower diffusion values with increasing HPMC viscosity grades; indicating that NS

diffusion was exponentially dependent upon its own concentration.
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2.3 BCS Class II Drugs

An important factor that needs to be taken into account during the development
and design of new formulations is the solubility of the drug molecules [32,36]. Water-
soluble drugs are released primarily by diffusion of dissolved drug molecules across
the gel layer, while poorly water-soluble drugs are released predominantly by an
erosion mechanism [36,51]. Particle size greatly influences the release rate of drugs
that are poorly soluble due to the predominant mechanism of release [36]. The
Biopharmaceutical Classification System (BCS) is the method used to classify the
different types of drugs on the basis of their aqueous solubility and intestinal
permeability [52,53]. The main objectives of the BCS classification system are (1) to
improve the efficiency of the drug development and review process by recommending
a strategy for identifying expendable clinical bioequivalence test; (2) to recommend a
class of immediate-release solid oral dosage forms for which bioequivalence may be
assessed based on in vitro dissolution test; and (3) to recommend methods for
classification according to dosage form dissolution along with the solubility-
permeability characteristics of the drug product [52]. The classification classes are
listed in Table 2.11 below.

Table 2.11: The Biopharmaceutics Classification System.

Class Solubility Permeability
I High High
II Low High
I High Low
1A% Low Low
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The drugs used in this work are classified as BCS Class II drugs. These drugs
are characterized by their poor solubility and high permeation in the human body
[32,52—-54]. The introduction of drugs into polymer films can alter its properties, like
the viscosity and flowability of the polymer, which might lead to different
functionalities of the film. The determination of critical properties of drug formulation
become necessary to obtain the product with desired and reproducible attributes [43].
Drug release from the dosage form is controlled mainly by the properties of polymer
and drug used in the preparations [34].

Table 2.12 includes some of the drugs with sufficient data to be characterized
within the BCS classification system [55]. Of particular interest in this work is
griseofulvin (highlighted in Table 2.12). Griseofulvin is a class II drug with low
solubility and high permeability. Griseofulvin is a model BCS class II drug that has a
inconsequential dissolution in water, ~10° M [11,56,57]. It is a commercial antifungal
with low water solubility. The reported value for the zeta potential is -18.20 = 1.46

mV [11,57].
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Table 2.12: Classification of orally administered drugs on the WHO model list of
Essential Medicines according to the BCS: Drugs with reliable solubility
and permeability data. Reproduced from [55].

Drug Solubility Permeability Dose (mg) BCS class®
Abacavir antiretroviral High Low 300 (sulfate) 111
Acetylsalicylic acid pain relief High Low 100-500 111 CE
Aciclovir antiviral High Low 200 111
Allopurinol gout High Low 100 I
Aluminium hydroxide gastro-intestinal agent Low Low 500 v
Amiloride diuretic High High 5 (hydrochloride ) I
Ascorbic acid vitamin High Low 50 (—1000) m*
Atenolol B-blocker High Low 50; 100 111
Captopril antihypertensive High Low 25 1
Carbamazepin antiepileptic Low High 100; 200 Il
Chloramphenicol antibiotic High Low 250 111
Chloroquine antimalarial agent High High 100 (Phosphate) 150 (Sulfate ) I
Cimetidine H2-receptor antagonist High Low 200 I
Sodium Cloxacillin antibiotic High Low 500; 1000 (Na-salz) I
Codeine phosphate antitussive/analgetic High Low 30 111
Colchicine antigout agent High Low 0.5 I
Cyclophosphamide antineoplastic High High 25 I
Dapsone antirheunmatic/leprosy Low High 25:50; 100 11
Diazepam Benzodiazepine High High 25 1
Digoxine cardiac glycoside High High 0.625; 0.25 ”
Doxycycline antibiotic High High 100 (Hydrochlorid) I
Ergotamine Tartrate migraine High Low 1 (tartrate) I
Fluconazole antifungal High High 50 I
Furosemide diuretic Low Low 40 v*
| Griseofulvin antifungal Low High 125: 250 I
Hydralazine antihypertensive High Low 25; 50 (hydrochloride) m*
Hydrochlorothiazide diuretic High Low 25 m

The other drug of interest in this work is naproxen, which is also classified as a

class II drug [32]. Naproxen is a non-steroidal anti-inflammatory drug with poor

solubility commonly used as an analgesic and for the treatment of symptoms, like

those caused by rheumatoid arthritis and osteoarthritis and musculoskeletal pains [58—

62]. The reported water solubility for naproxen is 15.9 mg/L at 25 °C [63].
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2.4 Negative Deviation from the Einstein Viscosity Model

The addition of particles in a fluid affects its viscosity. The most basic model
that predicts this phenomenon is the Einstein model:
n =n(1+ 2.50)
which describes the shear viscosity of a suspension of non-interacting hard spheres
[64,65]. This equation applies at low volume fractions (¢ < 0.03) and when the
suspension is sufficiently dilute that one sphere’s flow behavior is not influenced nor
affected by neighboring particles; in other words, it does not consider interaction
between particles in Newtonian fluids. The Einstein model predicts an increase in the
viscosity of a fluid with the addition of particles. This increase in viscosity is a
function of the particle volume fraction and the viscosity of the suspending medium
[65—67]. However, negative deviations from Einstein’s prediction have been observed.
Mackay et al. [66] studied a system of polystyrene (PS) nanoparticles and
linear polystyrene. They observed that the terminal viscosity of the system decreased
with the addition of the nanoparticles, differing from the expected behavior predicted
by the Einstein model. The observed decrease in viscosity was due to particle
confinement. Therefore the addition of nanoparticles changed led to a decrease in
viscosity.
Gao et al [68] studied the effect of nanotitania and nanocomposite particle
loadings suspended in PS solutions. In the case of the suspensions with nanotitania

particles above a concentration of 0.6 wt%, an increase in the steady viscosity and
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shear thinning in the low shear rate area was observed. When comparing this with the
nanocomposite particle suspension, a clear difference was observed. In this case, the
initial loading of 0.6 wt% caused a decrease in the viscosity up to a concentration of
2.0 wt% where the behavior was very similar to that of pure PS. This behavior
deviates from the one predicted by Stokes-Einstein. They attributed this decrease in
viscosity to plasticization or dilution effects, excluded free volume, selective
adsorption or constraint release [68].

Jain et al studied the effect of silica nanoparticle addition onto poly(propylene)
(PP) at different compositions. They observed an initial decrease in the dynamic
viscosity up to a concentration of 0.5 wt%; after that, it began to increase again [67].
The decrease in dynamic viscosity correlated to an extension of the Newtonian region.
Furthermore, for all PP-silica nanocomposites mixtures, except 0.5 wt%, a shear
thinning behavior was observed followed by shear thickening and shear thinning [67].
The viscosity reduction was attributed to selective physisorption of polymer chains of
the highest molar mass on the nanoparticle surface [67]. Adsorption of high molar
mass chains on the surface of nanoparticles eventually results in a reduction in
entanglement density, therefore increasing the flowability or reducing the viscosity
[67].

Oh and Green studied the effects the addition of gold nanoparticles on PS.
Polymer nanocomposites (PNC) containing AuPS;y, showed a lower value of glass
transition temperature (T,) than pure PS. In the case of the AuPS;o nanocomposites,

the T, and dynamics were greatly influenced by two competing processes: well-
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dispersed particles contribute to a T, reduction and fast dynamics, while aggregation
of the particles has the effect of reducing interfacial area and suppressing a further
reduction in T, and the further acceleration of dynamics [69].

Previous studies in our group also show a deviation from Einstein’s behavior.
Acevedo et al. studied the thermal gelation of hydroxypropylmethylcellulose (HPMC)
solutions with SDS and hydrophobic drug particles. A decrease in viscosity was
observed on the pure polymer with the addition of the griseofulvin particles, which led
them to conclude that there is adsorption of the polymer onto the particle’s surface.
These deviations from the Einstein Model are typically observed with charged or
hydrophobic particles. It is important to note that adsorption depends on the particle

surface area; therefore, viscosity should be susceptible to particle size and distribution.
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Chapter 3

Materials and Experimental Method

3.1 Hydroxypropyl methylcellulose

In this work, the polymer studied was hydroxypropyl methylcellulose (HPMC)
of two different viscosity grades, E4AM (medium viscosity grade) and E15LV (low
viscosity grade). Table 3.1 shows the properties provided by Sigma-Aldrich. The
samples were used as received.

Table 3.1: Physical properties of HPMCs as provided by distributor

Viscosity Mn Viscosity (mPa-s, | % methoxy | % hydroxypropoxy
Grade 2% H,0 at 25°C) | substituents substituents
E4M 86,000 3000-5600 28.0-30.0 % 7.0-12.0 %

E15LV - ~15 - ~9%

"H-NMR-spectroscopy was performed for both E4M and E15LV viscosity
grade HPMCs using the NMR Bruker 500 MHz spectrometer. The samples were
prepared by dissolving the desired amount of HPMC in deuterated water (D,O) and
then tested. The 'H-NMR-spectra obtained for both HPMCs had the same signals at
different intensities meaning that both viscosity grades have the same substituents
groups present in different proportions. The signal observed at ~1.1 ppm is due to the
methyl groups of the hydroxypropyl substituents that are attached to the carbon rather

than the oxygen [46]. Haque et al. identified that the signals between ~2.0 and ~4.3

45



ppm, the resonances for the other protons in the hydroxypropyl substituents along with

the protons of the methoxyl substituents and the protons of the cellulose chain.

3.2 BCS Class II Model Drugs: Griseofulvin and Naproxen

The drugs used were griseofulvin and naproxen. Griseofulvin ((+)-
Griseofulvin, 97%) was obtained from Alfa Aesar and was used as is. Naproxen from
the inventory of the Pharmaceutical Engineering Laboratory at UPRM was used.

Zeta potential of HPMC solutions with griseofulvin and naproxen were
performed at concentrations up to a 1:2 polymer to drug ratio at 0.025 wt% increments
and constant temperature of 25 °C (Figure 3.1) using a Brookhaven Instrument 90 Plus
Zeta Potential Analyzer. Additionally, zeta potential samples were prepared at fixed
polymer concentration varying the drug concentration in 0.025 wt% increments until
reaching a 1:2 polymer to drug ratio. For griseofulvin drug particles, an overall
negative charge was observed for both HPMC viscosity grades. For naproxen, a
negative charge was observed up to a drug concentration of 0.125 wt% where a small
positive charge is beginning to be observed. Observed values were in the + 20 mV

range which indicates that the suspensions are not completely stable.
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Figure 3.1: Zeta Potential for aqueous HPMC solutions with griseofulvin and
naproxen

3.2.1 Drug Characterization

3.2.1.1 Particle Size Determination

Dynamic light scattering was performed for griseofulvin drug particles using a
Brookhaven Instrument 90 Plus Particle Size Analyzer in deionized water. The
measured average hydrodynamic diameter was 207.6 nm.

The particle size of naproxen was determined using a Malvern Insitec Dry
online particle size analyzer. To study the effect of particle size on the steady-state
viscosity of HPMC solutions, naproxen was sieved using the RO-TAP RX-29 in order

to obtain various ranges of particle size: > 125 micron, 75-125 micron, 45-75 micron

47



and < 45 micron. Figure 1 below shows the particle size distribution for sieved and

unsieved naproxen.
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Figure 3.2: Particle size distribution for naproxen particles

Table 3.2: Particle size distribution for naproxen

Dv(10) Dv(50)* Dv(90)

Naproxen micron c micron c micron c

unsieved 8.200 0.767 56.820 4.005 178.780 19.668
Sieved: particle size

>125 micron 85.330 12.293 204.130 | 22.174 491.490 143.978
75-125 micron 62.260 0.946 108.240 0.983 169.330 4.600
45-75 micron 13.110 1.152 56.680 0.808 101.430 3.958
<45 micron 4.610 0.432 21.550 0.618 53.190 3.485

*Note: The Dv50 is the maximum particle diameter below which 50% of the volume exists.
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3.2.1.2 Thermal Transitions

A Texas Instrument DSC Q2000 was used to determine the thermal properties of
the drugs. Samples weighing approximately 5 to 10 mg were used. The samples were
tested under a nitrogen flow of 50 mL/min in a heating/cooling/heating cycle, with
heating rates of 10 °C/min. The thermal degradation of the drugs was tested using a
TGA/STDA 851 from Mettler Toledo. Samples weighing approximately 5 to 10 mg
were used for these tests. Degradation temperatures were determined after heating the
samples to 780 °C at 10 °C/min under airflow. From these test, the Ty for

griseofulvin and naproxen was determined to be 221°C and 150°C respectively.

3.3 HPMC Sample Preparation

HPMC solutions were prepared by mixing the HPMC powder with deionized
water to obtain the desired polymer concentration by weight. It was then heated and
magnetically stirred at 40 °C for one hour and continued to be stirred at room
temperature for at least 24 hours to dissolve the polymer completely. Drug particles
were then added to the HPMC solution and sonicated in a Branson 250W sonicator
(Branson Digital Sonifier 250W) for 20 to 25 minutes at a 10% amplitude.

Polymer concentration was fixed and the drug concentration was varied at 0.25
increments until reaching a ratio of 1:2 polymer to drug. The polymer concentrations

used for E4M viscosity grade were 1 and 2 wt% and for E1SLV was 2 wt%.
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Equipment limitations inhibited the study of 1 wt% E15LV; therefore it could not be
performed. Each sample was done in triplicate.

To study the effect of particle size on the steady-state viscosity of HPMC
solutions, 2 wt% HPMC solutions of E4M and E15LV grade were prepared with the
addition of naproxen particles in concentrations from 0 to 4 wt% at increments of 0.5
wt% for each sieve cut up to a 1:2 polymer to drug ratio. Thus, 9 samples per sieve cut

in triplicate were evaluated.

3.3.1 Densitometry

Solution density measurements were performed in an Anton Paar Density
meter DMA 4100M at 25 °C. When the solution was too viscous for the equipment
specifications, centrifugation of the samples was performed in a accuSpin 400 (Fischer
Scientific) at 2000 rev/s for 10 minutes to remove any air within the sample, and
weight and volume were recorded to calculate the density. Table 3.3 below shows the
average solution densities for griseofulvin and naproxen in HPMC solutions (E4M and

EI5LV).
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Table 3.3: Solution densities for Griseofulvin, unsieved Naproxen and sieved
Naproxen in HPMC E4M and E15LV solutions

Density (g/cm3)
Drug 1 wt% HPMC E4AM 2 wt% HPMC EAM | 2 wt% HPMC E15LV

Griseofulvin 0.9977 + 0.0020 0.9509 + 0.0169 1.0032 £ 0.0051
Naproxen (unsieved) 1.0028 + 0.0021 0.9470 +0.0233 1.0013 +0.0328
Naproxen <45 micron 1.0034 + 0.0025 0.9472 £ 0.0149 1.0087 + 0.0047
Naproxen 45- 75 micron 0.9980 £ 0.0119 0.9485 £ 0.0176 1.0088 + 0.0049
Naproxen 75-125 micron 0.9996 £+ 0.0105 0.9501 £ 0.0153 1.0089 + 0.0049
Naproxen > 125 micron 1.0029 + 0.0021 0.9415 £ 0.0213 1.0084 + 0.0047

3.4 Rheological Measurements

In this work, steady state rheology was performed on an Anton Paar Physica
MCR 302 rheometer using either a stainless steel double-gap Couette (V = 6 mL),
single Couette (V = 12 mL), or parallel plates (d = 25 mm) fixtures. The sample was
allowed to relax for 20 minutes before performing the tests. Steady-state viscosity was
measured using a shear rate ramp from 0.01 to 100 s at 25 °C. All measurements

were done in triplicate.
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Chapter 4

Results and Discussion

4.1 Steady-state viscosity of HPMC solutions loaded with griseofulvin

The rheology of 2 wt% HPMC E15LV with griseofulvin particles was studied
and an overall Newtonian behavior was observed (Figure 4.1) for particle
concentration up to 4.0 wt%. No statistical significance in measured plateau viscosity
was observed with the increasing addition of griseofulvin particles to the 2 wt%
HPMC E15LV solution. This suggests that the addition of the griseofulvin particles
does not affect the Newtonian viscosity for this particular polymer solution. Figure 4.2
shows the plateau viscosity values for HPMC E15LV solutions as a function of
griseofulvin loading, where the error bars correspond to the standard deviation from

multiple independent measurements.
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Figure 4.1: Steady-state viscosity of aqueous 2 wt% HPMC EIS5SLV solution as a
function of shear rate and griseofulvin concentration at 25°C
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Figure 4.2: Newtonian viscosity for aqueous 2 wt% HPMC E15LV solution as a
function of griseofulvin concentration at 25°C
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In order to determine if the viscosity grade of the polymer plays a role in the
rheology of the solution, HPMC E4M was studied under the same conditions. Figure
4.3, shows that the viscosity at low shear rate has shear thinning regime, which is
followed by a plateau up to griseofulvin concentrations of 2.25 wt%. For solutions
with higher concentrations, the plateau was not reached within the studied shear rate
regime. The observed behavior is typically denoted as Bingham pseudo plastic, which
can be described by the Bingham model. The Bingham model describes fluids that

exhibit yield stresses and follows the following equation:
. Ty
n) = po +
"y
where 1 is the plateau viscosity of the fluid at high shear rate rage, and 1, is the yield
stress. This type of fluids will not flow until a stress exceeding the yield stress is

applied [70]. The data set in Figure 4.3 were fitted to the Bingham model treating po

and 1y as adjustable parameters and minimizing the linear least squares error.
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Figure 4.3: Steady-state viscosity of aqueous 2 wt% HPMC E4M solution as a
function of shear rate and griseofulvin concentration at 25°C

Figure 4.4 summarizes the values of the fitted plateau viscosity of the Bingham
model as a function of griseofulvin drug concentration on aqueous 2 wt% HPMC E4M
solutions. The addition of griseofulvin particles decreases the viscosity of the HPMC
solution by approximately a 0.6x factor. It is important to note that for drug
concentrations above 2.25 wt%, no Newtonian behavior was observed. Figure 4.5
shows the effect of the addition of griseofulvin drug particles on the yield stress of the
Bingham model for 2 wt% HPMC E4M solutions. The addition of griseofulvin
particles lead to an initial decrease in the model yield stress by a 1/7x factor. As the
concentration of griseofulvin increased, the yield stress remained under the obtained
value for the HPMC solution. As has been discussed before the decrease in viscosity

can be attributed to the adsorption of the polymer to the griseofulvin surface, which
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reduces depletes the polymer from solution decreasing the effective viscosity of the
continuous phase. Meanwhile, the changes in the yield stress are attributed to a
decrease of polymer-polymer interaction that span the bulk of the fluid, which is also
in agreement with adsorption of the polymer onto the drug surface. Since this effect is
directly proportional to the depletion of polymer solution, maintaining the drug
concentration fixed and decreasing the initial concentration of polymer will magnify

the observed effect on viscosity and yield stress.
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Figure 4.4: Plateau viscosity, [, from fitted Bingham model to steady-state viscosity
of aqueous 2 wt% HPMC E4M solution as a function of shear rate and
griseofulvin concentration at 25°C
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Figure 4.5: Yield stress, 1y, from fitted Bingham model to steady-state viscosity of
aqueous 2 wt% HPMC E4M solution as a function of shear rate and
griseofulvin concentration at 25°C

Figure 4.6 shows the steady state viscosity curves of 1wt% HPMC E4M
solutions with griseofulvin particles. Similarly, a shear thinning behavior was
observed followed by a Newtonian regime (for concentrations of up to 2 wt% of
griseofulvin). For this polymer concentration, a larger decrease in the plateau
viscosity, by a 1/7x factor, was observed with the initial addition of griseofulvin
particles as shown in Figure 4.7. Further increases in particle concentration do not
cause statistically significant differences on the plateau viscosity. Figure 4.8 shows the
adjusted Bingham model yield stress for aqueous 1 wt% HPMC E4M solutions as a
function of griseofulvin concentration. A decrease in the yield stress by a 1/7x factor

was also observed with the addition of griseofulvin particles. This decrease in yield
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stress indicates that the addition of griseofulvin particles decrease the yield stress

needed for the initial solution to flow.
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Figure 4.6: Steady-state viscosity of aqueous 1 wt% HPMC E4M solution as a
function of shear rate and griseofulvin concentration at 25°C
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Both the 1 wt% and 2 wt% HPMC E4M solutions showed a decrease in
viscosity upon addition of particles, which can be denoted as a deviation from the
Einstein model. The behavior observed is in agreement to the previously reported by
Acevedo et al [11] when studying the thermal gelation of HPMC solutions with SDS
and hydrophobic drug particles which concluded that it was due to the adsorption of
the polymer onto the particle’s surface. Both parameters from the Bingham model,
plateau viscosity and yield stress, showed larger decreases at lower polymer
concentration which provides further proof that the phenomena is directly related to
the overall surface area of the particles.

When comparing the molecular weight of the polymers, it was seen that for the
lower viscosity grade polymer, only a Newtonian behavior was observed while for the
medium viscosity grade a Bingham pseudoplastic behavior was observed. These
results suggest that polymer entanglements are present for the higher molecular weight
at the evaluated concentration. The polymer-polymer entanglements are disrupted with
the addition of the griseofulvin particles and its effect diminished as evidenced by the

decrease of the yield stress.

4.2 Steady-state viscosity of HPMC solutions loaded with naproxen

The rheology of HPMC solutions with naproxen particles, another BCS class 11
drug with similar properties- hydrophobic and insoluble- as griseofulvin, was
evaluated to determine if the observed trends were generalizable or particle specific. In
addition, the effect of particle size distribution was also evaluated using sieved cuts of

naproxen.
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The steady-state viscosity of 2 wt% HPMC E15LV was measured as a function
of shear rate and unsieved naproxen concentration, which is summarized in Figure 4.9.
A Newtonian behavior was observed throughout the evaluated shear rate range for all
of the 2 wt% HPMC E15LV solutions, independently of the naproxen concentration
(up to 4 wt%). Similar behavior was observed for all the sieved cuts naproxen
dispersions (seen in Appendix). Figure 4.10 summarizes the measured effect in
Newtonian viscosity with the addition of naproxen (unsieved and sieved cuts) to the
polymer solution. An initial decrease of approximately 20% was observed, followed
by an almost linear increase in viscosity as the concentration of naproxen particles
increased. Even though the viscosity increases, its values did not surpass the viscosity
of the pure HPMC E15LV. The addition of naproxen decreases the viscosity of the
solution. No differences in behavior were observed when the particle size distribution
was varied. The viscosity values were statistically the same between the unsieved and

sieved cuts of naproxen.
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Figure 4.9: Steady-state viscosity of aqueous 2 wt% HPMC E15LV solution as a
function of shear rate and naproxen concentration at 25°C
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Most of the 2 wt% HPMC E4M solutions showed a shear thinning regime
followed by a Newtonian plateau that could be fitted to the Bingham model. Figure
4.11 and 4.12 show the adjusted plateau viscosity, Wy, and yield stress, 1y, from the
Bingham model, respectively. A decrease in Newtonian viscosity was observed with
the initial addition of naproxen particles by a factor of 1/6x. As the concentration of
naproxen in solution increases, no significant variation was observed. Similar
behavior was observed for unsieved and sieved cuts of naproxen. Therefore, the initial
addition of naproxen affected the viscosity of HPMC but the increasing concentration
of naproxen had no major effect. The addition of naproxen also reduced yield stress
by a 1/7x factor; thus, less yield stress is needed for the solution to flow once naproxen

has been dispersed in the solution. Similarly upon further increase of naproxen, the
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yield stress did not show statistically significant differences. Neither does the particle

size distribution have an effect on the yield stress of the solution.
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Figure 4.11: Plateau viscosity, L , from fitted Bingham model to steady-state viscosity
of aqueous 2 wt% HPMC E4M solution as a function of shear rate and
naproxen concentration (un-sieved and various particle size ranges: >
125 micron. 75 to 125 micron, 45 to 75 micron and <45 micron) at 25°C
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Particle size distribution did not have an effect on the rheology of HPMC
solutions. Comparing the distribution of sieved and unsieved naproxen shown in
Figure 3.2 it can be gathered that the distributions are very broad and the ranges
greatly overlap. Since in principle the macroscopic stress is due to the molecular
contributions from all sizes, the overlap of the distribution suppresses the potential
effect of particle size. When comparing the effects of griseofulvin and naproxen, it
was seen that the general observation of decreased viscosity and yield stress was
observed in both cases, but not to the same degree. This can be attributed to the effect
of particle size of one drug and available surface. For instance, as previously
mentioned, the average particle diameter for griseofulvin was measured to be 207.6
nm and for unsieved naproxen 178.78 £+ 19.66 micron; meaning that naproxen is

bigger in size, therefore having less surface area than griseofulvin. The adsorption of
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HPMC onto the particle surface leads to the reduction in viscosity observed, which is

why we see a bigger reduction in viscosity for griseofulvin than for naproxen.
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Chapter 5

Conclusion

The experiments presented in this work show that the interactions between
water-insoluble BCS class II drugs and HPMC control its steady-state rheology. The
two model drugs used, griseofulvin and naproxen, have the same effect, with slightly
different magnitudes, on the rheological properties, a decrease in both viscosity and
yield stress. Further evidence on the adsorption of HPMC on the particles surface was
provided. The steady-state viscosity behavior was either Newtonian or pseudoplastic,
which can be described by the Bingham model. Good agreement was obtained when
fitting the experimental data to the Bingham model. Nevertheless, the data could not
be adjusted to a single model that included the effects of polymer molecular weight,
concentrations (polymer and drug), and drug particle size distribution. In fact, even
when the effect of adsorption is directly proportional to the particle surface area, the
use of commercial particles with broad distributions suppresses its effect.

In the broader context of the application for the production of drug loaded film
casting from HPMC solutions, the results of this work allow us to draw some general
guidelines on their formulation. The interactions of BSC Class II drugs with HPMC in
solution will be similar due to their similar relevant physicochemical properties,
hydrophobicity and low water solubility. Polymer adsorption onto the drug particles
surface, which results in a reduction of the rheological properties due to depletion of
polymer from the bulk, is most relevant only at low polymer concentrations. As

polymer concentration is increased, the surface saturates and volumetric
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hydrodynamic effects due to the presence of the particles predominate similar to a
sterically stabilized suspension. Additionally, variations in size do not affect the
rheological properties, especially when broad particle size distributions, typical of

commercial particles, are used.
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Appendix 3: Steady-state viscosity of aqueous 2 wt% HPMC EI5LV solution as a
function of shear rate and naproxen particle concentration (75 to 125
micron) at 25°C
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Appendix 4: Steady-state viscosity of aqueous 2 wt% HPMC EI5LV solution as a
function of shear rate and naproxen concentration ( >125 micron) at 25°C
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Appendix 5: Steady-state viscosity of aqueous 2 wt% HPMC E4M solution as a
function of shear rate and naproxen concentration (< 45 micron) at 25°C
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Appendix 6: Steady-state viscosity of aqueous 2 wt% HPMC E4M solution as a
function of shear rate and naproxen (45 to 75 micron) at 25°C
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Appendix 7: Steady-state viscosity of aqueous 2 wt% HPMC E4M solution as a
function of shear rate and naproxen (75 to 125 micron) at 25°C
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Appendix 8: Steady-state viscosity of aqueous 2 wt% HPMC E4M solution as a

function of shear rate and naproxen concentration (> 125 micron) at
25°C
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