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Swellable matrix tablets have been used extensively in oral controlled drug
delivery systems. Upon contact with aqueous medium, water diffuses into the matrix and
the glassy polymer begins to undergo a glassy-to-gel transition to form a viscous
mucilaginous gel layer; a diffusional barrier that retards further ingress of water and acts
as a rate-controlling barrier to drug release. Gel strength has been argued as a key
attribute that influences the resultant drug dissolution. Yet, no systemic work has been
done to correlate the gel strength and drug release and no tool is available for routine tests
of gel strength. Therefore, the focus of this thesis is to study how gel strength affects drug
release from swellable hydrophilic matrices through influencing polymer erosion.

Hydroxypropyl methylcellulose (HPMC) was the model polymer used in this study.

We first developed a method of using Texture Analyzer to characterize polymer
gel strength. Using the above method, the effects of some formulation related variables,
such as polymer viscosity/molecular weight and concentration, and excipient types
(lactose and Starch 1500) on the strength of both homogeneous HPMC gels and HPMC
swelling tablets were studied. Gel sfrength increased with both polymer molecular weight
and concentration; and Starch 1500 was found to be a gel-strength enhancing agent, while
lactose had no effect. Texture Analyzer was also used to delineate the structure of swollen

HPMC tablets. Profiles of gel strength, gel layer thickness and polymer concentration in



the gel layer were obtained and the latter two results were found to be in agreement with

previous ones obtained using more sophisticated techniques in the literature.

A mathematical model was constructed and validated to correlate gel strength and
polymer erosion, and was used to study the effect of polymer molecular weight, excipient
type and/or content on polymer erosion. HPMC erosion rate decreased with molecular
weight, quantitatively in agreement with the model prediction. Addition of Starch 1500
decreased the erosion of HPMC matrix, while lactose had no effect. A case study of drug
release from Depakote ERY tablets in different medium demonstrated the direct correlation

of gel strength and drug release through polymer erosion.
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CHAPTER1 Introduction

Drug delivery systems (DDS) have become an integral part of the development of
new medicines. The majority of oral DDS are matrix-based systems. Swellable matrices
are monolithic systems prepared by compression of a powdered mixture of a hydrophilic
polymer and a drug. This type of s wellable matrix can be more specifically c alled a
“swellable-soluble™ or ** swellable-erodible™ matrix (Colombo 1993). Upon contact with
aqueous solution, water molecules diffuse into the matrix. When enough water has
entered into the matrix, the glass transition temperature (Ty) of the polymer drops to the
level of the system temperature. Subsequently, polymer chains undergo a glass-to-gel
transition to form a viscous mucilaginous gel layer (rubbery polymer) (Melia 1991), which

retards further ingress of water and drug transport via its viscous resistant force.

During drug delivery, the gel layer is exposed to continuous changes in its
structure and thickness. It begins when the polymer becomes hydrated and swells, where
polymer chains are strongly entangled. Moving away from this swelling position, the gel
layer becomes progressively hydrated and the polymer concentration continuously
decreases to a critical value where the polymer chains disentangle and dissolve or erode.
As a result of simultaneous polymer swelling and erosion, two fronts that separate
different matrix states e xist: swelling front (S) and eroding front ( E) ( Figure I-1). A
swelling front can be identified as the boundary separating the gel region from the glassy
region and an eroding front separates the gel region from the s welling m edium. T he
relative movement of these two fronts determines the gel layer thickness, which is the
distance between these two fronts. In the early stage, gel layer thickness increases due to

polymer swelling. The successive polymer dissolution counteracts this increase in
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thickness, producing a diminution of the gel layer thickness. Finally, the matrix

disappears as the glassy core depletes.

It is well recognized that drug release from swellable-soluble polymer matrix is
typically described in terms of two simultaneously operating mechanisms. These are drug
diffusion through the gel layer and erosion of outer gel layer (Korsmeyer 1983; Peppas
1985; Melia 1991; Shah 1993; Wan 1993). The relative contribution of these two
mechanisms depends on the relative rates of drug diffusion and polymer erosion. When
drug diffusion is much faster than polymer erosion, diffusion is the predominant drug
release mechanism. If drug diffusion rate is much slower than polymer erosion rate, such
as in the case of a matrix with insoluble active agents, polymer erosion predominates in
the drug release. More often, with soluble drugs, an appropriate combination of diffusion
and erosion mechanisms determines the release kinetics and the contributions of these two
mechanisms to the overall release are considered additive (Durig 2002). It may be
desirable to design a polymer matrix which allows one to control the overall release of
drug via the appropriate choice of polymer and/or excipients, utilizing the different

contribution by polymer erosion to produce the desired overall drug release.

Due to its importance on drug release from swellable-soluble matrix tablets, the
understanding of polymer dissolution has gained much interest to researchers recently.
Polymer chain dissolution from the matrix surface is believed to involve two
distinguishable processes. The first step involves the disentanglement of individual
polymer chains at the matrix surface, which depends on the rate of hydration. This occurs
at a critical polymer concentration, defined as the polymer disentanglement concentration,

Cpais (Harland 1988; Bonferoni 1992). The second step involves the transport of dissolved
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chains from the surface across a diffusion layer, adjacent to the matrix, to the bulk

solution (Ju 1995; Reynolds 1998).

Mathematical modeling has been extensively used to understand the polymer
dissolution and its contribution to the drug release (Tu 1977; Harland 1988; Devotta 1994;
Narasimhan 1997; Siepmann 1999; Siepmann 2002). These models can be classified into
two broad categories: 1) use of phenomenology and models with Fickian equations
(Harland 1988; Siepmann 1999). The phenomenological models identified a polymer
‘dissolution rate’ as a key parameter. However, they failed to quantitatively predict this
rate from the molecular properties of the polymer and the solvent as treated this rate as a
model parameter. 2) analysis using anomalous transport models for solvent transport and
scaling laws for chain disentanglement (de Gennes 1979; Peppas 1994). This approach of
using molecular theories appeared to yield useful insight into the understanding of the
physics of the polymer dissolution. However, quantitative correlation between polymer
dissolution and gel properties that can be routinely characterized has not been adequately
addressed. Rheological properties of gels have been proposed to be related to the polymer
dissolution since both of them are sensitive to inter-chain interactions and entanglements,
while some authors have suggested the relevance of gel strength to the resistance of
polymer dissolution (Van Aerde 1988; Herman 1989a; Herman 1989b). However, no
definitive ¢ onclusion w as drawn and no systemic study was done to c orrelate the gel
strength and drug release through polymer erosion partly due to the lack of a proper tool

for routine tests of gel strength.

Therefore, the aim of our study is to develop a gel strength characterization tool
and i nvestigate ho w gel s trength a ffects drug release from s wellable matrices t hrough

polymer erosion. We expect the results from this study to provide us a tool to screen
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polymers and excipients in terms of gel strength, a quantitative correlation between gel
strength and polymer erosion, a new insight of correlating gel strength and drug release
and to improve formulation development efficiency by the choice of gel-strength

modulating excipients/polymers.

Based on the aim, the ultimate objectives of this study are fourfold:

First, we intend to develop a characterization tool for routine tests of gel strength
using Texture Analyzer (TA). Specifically, a mathematical model for better interpretation
of gel strength measured using TA will be constructed and validated by varying commonly
used experimental conditions, such as probe speed and probe size. The optimal test

conditions will also be determined.

Second, the above method, if validated, will then be used to probe the effect of
some formulation related variables, such as polymer concentration, polymer grade
(molecular weight), different excipient types and/or contents, on gel strength in both

homogeneous HPMC gels and HPMC swelling tablets.

Third, the mathematical model(s) correlating gel strength with polymer dissolution
from hydrophilic matrices will be constructed and validated; and the effect of formulation

related variables on polymer erosion through gel strength will be examined.

Fourth, a case study will be conducted to show the correlation between gel strength

and drug release.
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Figure I-1
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Schematic representation of a hydrophilic matrix in the swelling medium.
The space defined by the double lines represents the undissolved matrix.
Two fronts are indicated in the schematic as swelling front (S), the interface
between the glassy layer and the gel layer, and eroding front (E), the
interface between the gel layer and swelling medium. L is the gel layer

thickness. C), 4 is the polymer concentration at eroding front.



CHAPTER 11 Probing Gel Strength in Homogeneous HPMC Gel

Systems Using Texture Analyzer

ABSTRACT

Purpose. Properties of polymeric gels have a great impact on drug release
behaviors in hydrophilic matrix dosage forms. The purpose of this study was to develop a
method of using Texture Analyzer to characterize polymeric gel strength. Methods.
Texture Analyzer was employed to measure the strength of hydroxypropyl methyl
cellulose (HPMC) homogeneous gel systems at different HPMC concentrations and grades
(molecular weight), additives (lactose, Avicel, Starch 1500 and SDS) and ionic strength.
Results. We proposed a two-stage mechanism for Texture Analyzer force-distance
profiles collected from a homogeneous gel system and constructed mathematical models
describing the two stages: compression and shearing of gels during the test procedure.

The gel strength (G) was defined as a modulus measuring the viscosity of the gel and has

the unit of force/area, G = 27[77}/, where y is the shear rate and # is the viscosity of the
gel. Probe size and probe speed effects were studied to validate the model and the optimal
test conditions were identified. Effects of polymer concentration, molecular weight,
different additives and ionic strength on gel strength were also explored. A power-law
relationship between gel strength and polymer concentration was observed for HPMC gels
and this relationship is independent of molecular weight. The value of the exponent (3.8)
is consistent with the results from viscosity study of concentrated polymer solutions in
good solvent, supporting the validity of the mathematical model. The addition of lactose
did not affect the strength of HPMC gel, while Avicel increased the gel strength slightly.

Both Starch 1500 and SDS enhanced the strength of HPMC KI5M gels at different
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HPMC/excipient ratios. We also found that gel strength increased with ionic strength,

reached a maximum, and then decreased afterward. Further, the penetration force-distance
curves showed different patterns when different probe speeds were applied. Conclusions.
Fundamental understanding of Texture Analyzer data gained through the model we
developed demonstrated that Texture Analyzer is a proper tool to characterize polymeric

gels.

Key Words: Texture Analyzer; gel strength; HPMC; swellable hydrophilic matrix.

INTRODUCTION

Different approaches have been employed to characterize the strength of polymeric
gels; however, definition of gel strength differs among various methods and researchers.
The viscoelastic parameters of gels as measured by rheological techniques were
commonly used to represent the gel strength and were related to drug release through
polymer erosion in the case of matrices based on xanthan gum, locust bean gum mixtures,
and Na carboxymethylcellulose (Mannion 1991; Bonferoni 1995). Nevertheless, the
rheology method is limited to homogeneous gel samples and not applicable to swelling
tablets, which exhibit heterogeneous swelling from the periphery to the center of the
tablets. To assess the gel strength of hydrated tablets, a penetration method (Tang 1994;
Veith 2004) using a penetrometer or an Instron universal testing machine was used. The
penetration force, a resistance force encountered by the penetration of a probe, or the total
work of penetration at a selected penetration depth of fully hydrated tablets, was expressed
as a measure of gel strength in this method. However, the penetration force or work of
penetration is subjected to change when a different penetration depth was used for the

same gel sample (Herman 1989a; Herman 1989b: Jamzad 2005).
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Recently, Texture Analyzer (TA) has received attention for characterization of
pharmaceutical gels (Ferrari 1994; Jones 1996; Yang 1998 Ferrari 2001; Jones 2002).
The use of Texture Analyzer dated back to 1963 in the food industry as a tool to
characterize food p roperties by simulating t he m asticating a ction o f the hum an mouth
(Friedman 1963; Szczesniak 1963; Pons 1996). In this technique, an analytical probe is
connected to a force transducer within the analyzer that measures the force of resistance
encountered by the probe during depressing into the sample under examination. From the
resultant force-distance plot, the mechanical resistance of the sample to the penetration of
the probe, referred to as the gel strength, is derived as the ratio between the penetrating
force and the displacement of the probe inside the sample (Ferrari 1994; Ferrari 2001).
Several parameters can also be derived, such as hardness (force required to attain a given
deformation), compressibility/spreadability (the work required to deform the product
during the first compression cycle of the probe), and adhesiveness (the work necessary to
overcome the attractive forces between the contacting surfaces of sample and probe) (Pons
1996). These parameters have found utility in the development of pharmaceutical semi-

solid systems (Jones 1997; Jones 1999).

As a penetration method in nature, the Texture Analyzer can accommodate a wide
range of sample types, such as liquid, gel, capsules, powders, swelling tablets and so on,
which rheometers can not achieve. In contrast to alternative penetration methods like
penetrometer and consistometer measurements, which simply base on the determination of
the penetration distance at a distinct force, Texture Analyzer also provides information on
gel structure, a s ¢ omplete force-distance diagrams are recorded during the penetration

process. On the other hand, by expressing gel strength as the ratio between penetrating
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force and the displacement, Texture Analyzer reduces the variability of measurement

compared to other penetration methods.

More importantly, Texture Analyzer was found to be capable of delineating the
structure of a swelling tablet (Yang 1998). The gel layer thickness dynamics of swelling
tablet were measured using this method and found to be consistent with the results
obtained by more sophisticated methods. Moreover, in our study, we will show that
polymer concentration profiles across the gel layer can be determined by properly
interpreting the force-distance profile. The structure of a swelling tablet is very crucial to
understand the drug release mechanism (Lee 1980; Harland 1988), therefore, there were
many efforts carried on in this area. The optical microscopy based on the refractive index
change at the interface o f p olymer gel and glassy c ore h as b een u sed to measure the
structure of a swelling tablet (Papadimitriou 1993; Colombo 1995; Kim 1997). However,
due to the lack of sufficient amount of water, the microscopy could not differentiate
structure beyond that interface. Several non-invasive imaging techniques have been
adapted to probe swelling tablets, including 'H NMR imaging (Rajabi-Siahboomi 1994),
confocal laser scanning microscopy (Cutts 1996), cryogenic scanning electron microscopy
(Melia 1994) and light scattering imaging (Gao 1996). These techniques were capable of
identifying gradients of polymer concentration and water mobility across the entire gel
region. However, despite their high accuracy and precision, they are sophisticated and
often time consuming and difficult to set up or operate. On the other hand, because of its
short analysis time and user-friendliness, Texture Analyzer has proved to be a relatively
convenient method to characterize swelling systems with comparable accuracy (Yang
1998). Yet, the characterization of swelling tablets using Texture Analyzer is not the

focus of this chapter and will be presented in Chapter I11.
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Even though Texture Analyzer shows great potential for characterizing
polymeric gels, more work is needed. First, no fundamental understanding of Texture
Analyzer da ta, i .., rigorous t heoretical b asis between force and dis tance, is available.
Secondly, it has been difficult to cross-compare available Texture Analyzer data, as
different experimental conditions, such as probe size and probe speed, have been used and
these parameters have profound impact on results. Lastly, most of the information
gathered so far has been limited to only force-displacement profiles, and as we will
demonstrate in this chapter, further data analysis is warranted. The?efore, the aims of this
study are multiple. First, we intended to develop a mathematical model for better
interpretation of gel properties as measured by Texture Analyzer. Secondly, we would
validate t he a bove model by varying c ommonly us ed e xperimental ¢ onditions such as
probe speed and probe size. The model, if validated, will then be used to extract intrinsic
properties of gels and the swelling behavior of hydrophilic polymer tablets can be better
characterized accordingly. The model gel system wused in this study is
hydroxypropylmethylcellulose (HPMC), a hy drophilic polymer commonly us ed in oral

controlled release dosage forms.
MATERIALS AND METHODS
Materials

METHOCEL", commercially available hydroxypropylmethyl cellulose (HPMC),
with viscosity grades of K15M (M,=134,000, 15 096 cP in 2% w/w solutions at 20 °0),
K4M (M,=96,000, 4870 cP in 2% w/w solutions at 20 "C) and K100LV (M;=29,000, 92
cP in 2% w/w solutions at 20 "C) were from Dow Chemical Company without further

purification.  Spray dried lactose monohydrate, microcrystalline cellulose (Avicel”
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PH102) and Starch 1500 were obtained from Fast-Flo, FMC Biopolymer and

Colorcon, respectively. Sodium dodecyl sulfate (SDS) was from BDH laboratory
supplies. Potassium phosphate monobasic was from EMD Chemicals Inc. and sodium

hydroxide was from J.T. Baker Inc.

Sample Preparation

Three viscosity grades HPMC KI5M, K4M and KIOOLV hydrogels at
concentrations from 5% to 17% (w/w) were prepared. Precisely weighed HPMC powders
(2.0 g to 6.8 g) were initially dispersed into appropriate amount of 80-90 ’C deionized
water under strong agitationto form homogeneous dispersion. The total weight of
dispersion was 40.0 g. The dispersion was then cooled to room temperature under mild
agitation until a homogenous gel formed. All samples were stored at 4 °c refrigerator for
at least 24 h and equilibrate under room temperature before analyses and were covered
with Para film to prevent water evaporation during storage. All gel samples were prepared

in 50 ml Pyrox" beakers with 3.7cm in diameter.

HPMC KI5M gels with different ionic strength were also prepared. The
preparation procedure was same as above, except that potassium phosphate buffer solution

(pH 6.8) was used instead of deionized water.

The gels of binary mixture of HPMC and excipients (lactose, Avicel, SDS or
Starch 1500) at different concentrations were prepared as follows: precisely weighed
excipient powders were initially dissolved or dispersed into appropriate amount of 80-90
OC deionized water and HPMC K15M powders were further added into the corresponding
excipient solution or dispersion at 80-90 ’C under strong agitation to form homogeneous

dispersion. The total weight of the dispersion was also 40.0g. HPMC/excipient ratios
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were 15:1, 15:2 and 15:3 for HPMC/SDS, 1:1, 1:2 and 2:1 for HPMC/Starch and 1:1

(w/w) for HPMC/lactose and HPMC/Avicel.
Texture Analyzer Measurements

TA.XT Plus Texture Analyzer (Texture Technologies Corp., Stable Micro
Systems, Algonquin, IL, U.S.A.) instrument is a microprocessor-controlled texture
analysis system that measures the profiles of stress-strain behavior for sample under test.
It consists of an analyzer and a personal computer equipped with Texture Exponent 32
software that automates data acquisition and analysis. The motion of the probe is
controlled by a stepping motor that records the displacement up to the accuracy of 1pm.

During the test, a sample was positioned in the center of the testing platform. A
flat-tipped, round steel probe of different sizes (2 to 5 mm in diameter) and 30mm in
length was used. The probe traveled at fixed speed until a critical force of 0.04 g was
detected ( threshold v alue for t riggering the T exture Analyzer). At this point t he data
acquisition started and the probe proceeded downward through the samples at a pre-
determined speed. The motion of the probe continued until the measured strain reached a
predetermined limit, where the probe was automatically withdrawn at 0.2 mm/sec and
stopped when the probe returned to its start position. Data were collected at a rate of 10
points per second by Texture ExpertTM software. For each sample, three replicates were
run at different positions of the sample; average values were calculated and plotted in the

force-distance profile.
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RESULTS AND DISCUSSION

1. Model Construction and Validation of Texture Analyzer Profile
1.1. Model Construction

We proposed a two-stage mechanism for a typical Texture Analyzer force-distance
profile obtained from a homogeneous gel system. The first stage starts with the initial
contact of the probe and ends when the probe begins to penetrate inside the gel, as shown
in Figure II-1 (a). During this stage, gel undergoes compression by the probe and
displaced gel is pushed away from the probe toward the container wall. We hypothesize
that compression force is the dominant force in this stage. The second stage starts when
the probe begins to penetrate inside the gel and the moving of the probe exerts shear on the
gel, as shown in Figure 1I-1 (b). We hypothesize that shear force is the dominant force in

the second stage.

In Figure II-1(a), compression force, F,, exerted by the probe causes displacement

of the gel by a distance of L. For small compressive strains, it is known that the load is
linearly related to displacement (L) as L/F, =3/(8Er,) for a flat, cylindrical punch in
contact with an incompressible elastic half-space with an elastic modulus £. This equation

assumes a rigid, frictionless p unch e ngaged i1n adhesionless contact with a thick layer

(Shull 2002). Following this notion, the compression force can be expressed as
F=Spr L s Equati I
. = EE//,L (L<L,) quation II-

where 7, is the radius of probe, £ is the Young’s modulus of the gel, and L, is the length of
indentation prior to probe penetration. After maximum compression deformation (Z,) is

reached, the probe penetrates inside the gel and shearing force (Fy) on the gel starts
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becoming dominant over compression. The probe displacement, L, can be

approximated as the penetration depth of probe (L>>L, for L, is quite small). Note unlike
conventional rheological experiments where shear force is caused by rotating plates, shear
force (Fy) measured in Texture Analyzer is in a direction parallel to the probe motion and

can be expressed as

F.=2m Lny Equation II-2

where y is the shear rate and # is the viscosity of the gel. Equation II-2 is valid only
under a constant deformation and this condition is met in this study because the probe
moves at a c onstant s peed. Generally, a power-law r elationship between v iscosity and

shear rate exists, as described by the Ostwald equation (Alvarez-Lorenzo 2001)

Equation II-3

where the indices of k and n represent the consistency and fluidity of the sample,
respectively. For a shear-thinning system, » falls between 0 and | and is greater than 1 for

a shear-thickening system. Combining Equation II-2 and 11-3 leads to

Fo=2nkr,y" L Equation 11-4

From Equation I1I-4 above, we define gel strength, G, in the similarity of definition of

young’s modulus in Equation II-1, as
G= 27:17}/ = 272’1\')./ Equation II-5
which is a modulus measuring the viscosity of the gel and has the unit of force/area.

Experimentally, these two stages can be recognized as two straight lines in a
typical force-displacement profile obtained from a homogenous gel system, as shown in

Figure 11-2. The slope in the compression region, k., can be derived from Equation II-1 as
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Equation II-6

which is expected to be proportional to probe radius. The Young’s modulus, £, becomes
3k, ;
E= g—‘ Equation II-7

Furthermore, the slope in the shear-dominant region, &, can be derived from Equation I1-4

as

Ky =2mhr, y Equation II-8

Because shear rate ( f) 1s proportional to probe speed (p;), the slope in the shear region
can be also expressed as

k, =2nkk'r,p" Equation 11-9
where A" is the proportional constant between shear rate and probe speed. Therefore, ki, is

proportional to the probe radius (r,) and p,". The gel strength (G) can be derived as the

ratio of A to the radius of the probe based on Equation I1-5 and I1-8
G=k, /r,=2nkk p! | Equation I1-10

Based on Equations II-6 and II-8, k. and &, are proportional to probe radius. Based on
Equation II-10, a power-law relationship between the gel strength and probe speed at fixed
probe size is expected. To validate the model, we studied the effects of probe size and

probe speed on gel strength.
1.2. Model Validation and Test Parameters Optimization

1.2.1. Effect of Probe Size.
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Figure 11-3 shows the force-distance profiles for a 10% w/w HPMC KI15M gel

measured using different probe diameters (2 mm, 3 mm, 4 mm and 5 mm) at a test speed
of 0.1 mm/sec. As expected, increasing probe size significantly increased both
compression and shear forces. The slopes in the compression and the shear regions were
derived and plotted as a function of probe radius and shown in Figure 11-4, linearity with
probe r adius w as confirmed for both slopes, in agreement with the model predictions

(Equation II-6 and I1-8).

As we can see from Figure II-3, the compression region became more and more
apparent as probe size increased and the entire force-distance profile deviated from linear
pattern progressively. This is because compression or Young's modulus of the gel is much
higher than the gel strength in the shear region. Therefore, in order to minimize the
compression region and to aid extraction of gel strength in the shear region, 2 mm probe

was selected as the optimal probe size for subsequent experiments.
1.2.2. Effect of Probe Speed.

Based on Equation II-10, a power-law relationship between gel strength and probe
speed at a constant probe size is expected. This was verified using HPMC K15M gels at
concentrations 10% and 5% (w/w). The probe speed was varied in the range of 0.02

mm/sec to 1.0 mm/sec. The force-distance profiles are shown in Figure II-5. The gel

strength was derived and using linear regression, power-law relationships (G = 4.87]);)4'

for 10% w/w gel and G =0.32p, *** for 5% w/w gel) were obtained and depicted in Figure

I1-6. Agreement between model predications and experimental data supports again the
validity of the model. The values of exponent n are less than 1, suggesting shear-thinning

behavior of HPMC gels. This is also consistent with the finding from rheology studies in
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other groups (Kawaguchi 1999). Furthermore, the value of 1 increases with a decrease

in polymer concentration, which is reasonable, asa more dilute gel (5% w/w) would
approach the behavior of Newtonian liquids with n =1. For homogeneous gel systems, a
wide range of probe speeds can be used. Our preliminary studies on swelling tablets
found the optimal probe speed to be in the range of 0.05 to 0.2 mm/sec. Probe speed
higher than 0.2 mm/sec might cause the swollen gel to collapse; on the other hand, probe
speed lower than 0.05 mm/sec would decrease the sensitivity of measurement. Thus, the

probe speed was fixed at 0.1 mm/sec in subsequent experiments.
1.2.3. Effect of Probe Speed in the High Range

Interestingly, at higher probe speed (above 2 mm/sec), the force-distance profile
pattern is different from those in the low speed region. As shown in Figure II-7, the force
increased sharply with displacement, reached a peak and then dropped. This behavior has
been observed by Nakamura et al. who studied the effect of compression velocity on the
strength and the structure of gellan gels (Nakamura 2001). They varied the probe speed
from 0.005 to 1000 mm/min, and found that similar load-compression curve shown in
Figure 11-7. They also observed from the photograph of the gel that the gel was broken in
the probe speed from 1 to 1000 mm/min. In their study, the probe size is larger than that
of gel sample so that the probe will not penetrate inside the sample in all processes of
compression. The probe is much smaller than gel sample in our study. Despite the
discrepancy of relative size of probe to gel sample in these two studies, we believe the gels
underwent the similar fracture under such fast compression. We visually observed that the
force started to drop before the probe penetrated inside the gel: therefore, the relative size
of probe to gel sample will not make much difference since only compression happens in

this stage. This was further verified by varying probe size and similar facture behavior was
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found as shown in Figure I1-8. Similar patterns of penetration force-displacement were

also observed by Ferrari ef al. (Ferrari 1994) in different polymeric systems. They found
that for 6% (w/w) HPMC gel system, the force profile was similar to the curve shown in
Figure 11-2 w hen the speed was 0.02 mm/sec and k -carrageenan gels showed fracture
behavior under compression with curves similar to those shown in Figure I1-7. The authors
further attributed these different behaviors to rheological properties obtained by rheometer
and concluded that when a break was observed in the force-distance profile, a yield point
was also observed in the rheological study. Their conclusions may not be applicable in our
system since we observed the patterns for all systems by simply changing the probe speed.
We believe that when probe speed is slow, the deformation of the gel can be relaxed by
the collective diffusion of gel network, and gel fracture does not happen, thus a typical
force-distance profile similar to Figure II-2 will be obtained; when the probe speed is high,
it causes rather rapid rate of gel compression, which can not be relaxed by the collective
diffusion of gel network, and the gel fracture takes place, thus a fracture peak force is

observed in the force-distance profile as shown in Figure I1-7.

To further understand the gel facture behavior under compression, the force and
distance at peak point versus probe speed were plotted and shown in Figure 11-9, and they
both linearly increased with the probe speed, consistent with the previous results
(Nakamura 2001), which further confirmed that HPMC gel underwent similar structure

change (gel fracture) as gellan gels in Nakamura and Tokita’s study.
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2. Applications

2.1. Polymer Concentration and Molecular Weight Dependence of Gel Strength

It is well known that polymer concentration and molecular weight modulate gel
strength through polymer chain entanglement. Their effects were studied using three
different viscosity grades of HPMC (K15M, K4M and K100LV) at various concentrations
(5% to 17% w/w). As shown in Figure II-10, gel strength increased with polymer
concentration for all three viscosity grades. Furthermore, a single power-law relationship
(n=3.8) between gel strength and the polymer ¢ oncentration was obtained using linear
regression analysis. Interestingly, the 3.8 power-law relationship was also found between
the viscosity and concentration of a concentrated polymer solution in a good solvent by
polymer s cientists ( Rubinstein 20 03). T his in dicates true s olution behavior of H PMC
hydrogels and is consistent with the finding that no yield points were observed in both G’
and G curves of HPMC hydrogels using a dynamic rheometer (Ferrari 1994; Talukdar
1996). Those agreements further validate the utility of gel strength measured by Texture

Analyzer for the characterization of polymeric gels.

From Figure II-10 we also see that the gel strength increases with molecular weight
at same p olymer concentration, this isin agreement w ith the current understanding o f
polymer physics. It was found that the concentration where polymer chains start to
entangle is polymer molecular weight related. Higher molecular weight leads to lower

entanglement concentration, therefore results in higher gel strength at same concentration.

2.2. Effect of Excipients on HPMC Gel Strength

Excipient type is one of the most important formulation variables in the

pharmaceutical industry. It was suggested that unlike in conventional dosage forms
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inclusion of excipients in hydrophilic controlled-release tablets should not be regarded

as neutral or simple additives as their various physico-chemical properties may have
significant implications on water penetration, kinetics of matrix hydration, polymer
erosion, and hence mechanism of drug release (Williams III 2002; Jamzad 2005).
However, very little work was done to investigate the influence of excipient type on

polymeric gel properties in the matrix.

Spray-dried lactose (SDL), microcrystalline cellulose (MCC) and partially
pregelatinized starch are three commonly used excipients in the manufacture of solid
dosage forms. Small soluble SDL is used as diluent/filler, swellable, insoluble excipient
(MCC) is used as disintegrant. Partially pregelatinized maize starches are normally used
as binder, disintegrant and filler in immediate release tablet formulations. However, the
use of partially pregelatinized starches in combination with other polymers, such as
HPMC, in sustained release tablets has not been fully examined (Cunningham 1999;
Levina 2004). Most native starches consist of two polymers of glucose, partially water-
soluble branched amylopectin and water soluble linear amylose. Partially pregelatinized
starch contains soluble (gelatinized) and insoluble fractions. The specific grade used in
our study, Starch 1500, contains 5% of free amylose and 15% of free amylopectin.
Recently, the influence of Starch 1500, in comparison to two other commonly used
excipients, microcrystalline cellulose (MCC) and lactose, on drug release from HPMC
2208 has been studied by Levina and Rajabi-Siahboomi(Levina 2004). The study showed
that for both soluble and slightly water-soluble drugs, chlorpheniramine maleate and
theophylline, addition of Starch 1500 retarded drug releases compared to MCC or lactose
(Levina 2004). To uncover the causes of different release behaviors of HPMC tablets by

lactose and Starch 1500, their effects on HPMC gel strength were studied.
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The effect of lactose on HPMC KI5M gel strength was shown in Figure

II-11(a). Lactose did not show any effect on the strength of HPMC gel. Lactose is a small
soluble molecule, behaves similarly to water molecule in the solution, and does not cause
more entanglements of polymer chains, so the gel strength did not increase with the
addition of lactose. This is very important for us to understand the effect of lactose on the

drug release, as we will show in following chapters.

The effect of Avicel on HPMC 15M gel strength was shown in Figure II-11(b). It
seemed that addition of 6% w/w Avicel into 6% w/w HPMC hydrogel increased the gel
strength slightly. This is probably due to the increase in actual concentration of HPMC by
addition of Avicel particles, because after subtraction of this space filling effect, the effect
of Avicel on HPMC gel strength was very minimal indicating no or very weak interaction

between avicel particle and HPMC chains.

The effect of starch on HPMC K15M gel strength was shown in Figure II-12 (a).
The addition of starch increased the gel strength significantly and higher starch content
increased the gel strength to a greater e xtent. I nterestingly, if we de fine an e ffective
polymer concentration (EPC) as the following equation: EPC = concentration of HPMC +
0.85*concentration of Starch, we found that the gel strength of three ratios of binary
mixture of HPMC and starch fell into one master curve when plotted as effective polymer

concentration (Figure I1-12 (b)).

SDS is another interesting additive that has been used as a drug solubilizer in either
formulation or dissolution medium. It was found that the addition of SDS retards the
release of chlorpheniramine from HPMC tablets and a good in vitro-in vivo correlation
was obtained when SDS was used in the dissolution medium of Felodipine ER" tablets

(Daly 1984; Abrahamsson 1994). The interaction between HPMC and SDS in the solution
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has been s tudied previously (Nilsson 1995). It was found that S DS ¢ ould i ncrease

HPMC viscosity by adsorbing to HPMC chains and forming clusters when SDS
concentration exceeds critical adsorption concentration, however, very little work was
done to study the interaction between SDS and HPMC in gel state. The effect of SDS on
gel strength of HPMC was shown in Figure II-13. The addition of SDS increased the
HPMC K 15M gel strength at all the concentrations studied; and the higher ratio of SDS to
HPMC increased the gel strength to a greater extent, in agreement with previous study in

solution.

Neither SDS nor starch could form gel itself, however, they increased the strength
of HPMC gel. We believe it is because both SDS and starch increase the entanglement of
HPMC chains due to their specific interaction with HPMC. For Starch 1500, the soluble
amylose molecules in partially pregeltilized starch might have synergistic interactions with
HPMC. For SDS, same as in solution, it might adsorb onto HPMC chains to form micelles

providing more entanglement points.

2.3. Ionic Strength Effect

Ionic strength has been used as a tool to test drug release behavior of hydrophilic
matrix systems under stress conditions. lonic strength exerted significant effects on
theophylline release from Lasma® tablets (Po 1990). The drug release rate of
theophylline decreases with an increase of ionic strength initially and then increases at
ionic strength above 0.5M. Interestingly, K. Mitchell et al. studied the effect of ionic
strength on the disintegration times of HPMC matrices (Mitchell 1990), and found that the
disintegration time decreased to a minimum before rising as the ionic strength increased.

It has been suggested that gel strength can affect drug dissolution from hydrophilic



25
matrices (Van Aerde 1988; Herman 1989a; Herman 1989b). To confirm the hypothesis,

effect of ionic strength over the range of 0 to 0.8 M on HPMC gel strength was studied
and shown in Figure II-14. At low ionic strengths, an increase in ionic strength did not
significantly affect gel strength. As ionic strength continued to increase, an increase in gel
strength was observed until a maximum was reached. Afterward, gel strength declined
with further increase in ionic strength and finally no gel was formed. These mirror images
of ionic strength effect on theophylline release, HPMC matrix disintegration and gel
strength confirmed that ionic strength could affect drug release through modulating gel
strength. While studies on drug release are warranted to confirm the hypothesis, it is
reasonable to assume that gel strength measurement by Texture Analyzer can become a

convenient tool for assessing the performance of hydrophilic matrices.

The 1onic strength effect on gel strength could be partially explained by Hegg in
1982 as shown in Figure 1I-15 (Hegg 1982). According to this model, as ionic strength
increases, the gel structure changes from homogeneous network to network with polymer
aggregates. HPMC has both hydrophilic and hydrophobic segments, when ionic strength
increases, the polarity of solvent increases, which promotes the aggregation of
hydrophobic groups. We observed the same p henomenon and found that when ionic
strength increases, the HPMC hydrogel was changing from transparent to opaque to

turbid, and finally phase separation happened.

CONCLUSIONS

A two-stage mechanism for a typical Texture Analyzer force-distance profile
collected from a homogeneous gel system was proposed. Based on this two-stage
mechanism, a mathematic model for gel strength measurement using Texture Analyzer

was constructed and validated for the first time. Through our model, the intrinsic gel
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property that is independent of test conditions such as probe size can be determined.

Optimal test conditions for gel strength measurements were also identified and applied to
study m odel HPMC gel s ystems. A p ower-law r elationship b etween g el s trength a nd
polymer concentration was observed for HPMC gels with all the viscosity grades studied
and the exponent was found to be 3.8. The effect of four different excipients on the gel
strength was studied. Among them, lactose did not have any effect, Avicel slightly
increased the gel strength mainly due to space-filling effect, while both SDS and Starch
1500 increased the strength of HPMC gel significantly at all the HPMC/excipient ratios
studied because both SDS and Starch 1500 are believed to increase the entanglement of
HPMC chains. It was found that gel strength increased with ionic strength to a maximum
and then started to drop. The understanding of fundamental information about Texture
Analyzer data can provide us an opportunity to better characterize the swelling behavior of
hydrophilic matrix and explore more valuable information for drug release, such as gel

layer thickness and polymer concentration across the gel layer.
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Figure II-1  Schematic representation of the two-stage mechanism model for a TA test:

(a) stage of compression (before probe penetrates the gel); and (b) stage of

shear (after probe penetrates the gel).
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Figure II-3  The effect of probe size on the force-displacement curves for 10% w/w
HPMC KI15M gel: 2 mm (green), 3 mm (red), 4 mm (blue) and Smm

(black). The probe speed used was 0.1 mm/sec.
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The effect of probe radius on (a) slope from compression region, k.; and (b)
slope from shear region, k. The probes used were 2mm, 3mm, 4mm and
5mm in diameter. The probe speed was 0.lmm/sec and gel sample was

10% w/w HPMC K15M for all measurements.
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The effect of probe speed on force-displacement curves in the range of 0.02
mm/sec to 1.0 mm/sec for (a) 10% (w/w) and (b) 5% (w/w) HPMC K15M.

The probe size is 4mm in diameter for all measurements.
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Figure [1-6  The effect of probe speed on gel strength in the range of 0.02 mm/sec to 1.0

mm/sec. The probe size used was 4mm in diameter and the gel samples

were 5% and 10% (w/w) HPMC K15M.
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Figure II-7  The effect of probe speed on force-distance curve in high speed range (5.0
mm/sec to 20 mm/sec). The probe size is 4 mm in diameter and the gel

sample is 10% (w/w) HPMC K15M.
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Figure II-8  The effect of probe size on force-displacement curves at high speed (10

mm/sec). The probe size was 2 mm, 3 mm, 4 mm and 5 mm in diameter

and the gel sample is 10% (w/w) HPMC KI15M.
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Figure II-9  Effect of probe speed on peak force (a) and distance at peak force (b) in
high speed range (2.0 mm/sec to 20 mm/sec). The probe size is 4mm in

diameter and the gel sample is 10% (w/w) HPMC K15M.
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Figure 1I-10  Polymer concentration dependence of gel strength for HPMC as a function
of molecular weight reflected as viscosity grade (KI15M, K4M and
K100LV) in log-log scale. The probe speed was 0.1 mm/sec and probe size

was 2 mm for all the measurements.
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Figure II-12  Effect of Starch 1500 on HPMC gel strength.
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CHAPTER III  Characterizing Swelling Behavior of HPMC Matrix

Tablets Using Texture Analyzer

ABSTRACT

Purpose. The purpose of this study was using Texture Analyzer to delineate the
structure of hydrating HPMC tablets, to determine the profiles of gel strength, gel layer
thickness, swollen glassy layer thickness and polymer concentration across the gel layer
and to study the effects of polymer viscosity grades and excipients on the swelling of
HPMC tablets. Methods. Texture Analyzer was employed to measure the gel strength
across the gel layer at different swelling times. Results. The profiles of force-distance, gel
strength, gel layer, swollen glassy layer thickness and polymer concentration across the
gel layer at different swelling times were determined and the results were comparable to
those obtained using other techniques such as NMR imaging, Cryogenic-SEM and light
scattering imaging. The gel layer thickness increased linearly with the square root of
swelling time indicating diffusion-controlled mechanism. The gel layer thickness of high
viscosity grade HPMC developed faster. Addition of Starch 1500 to HPMC m atrices
significantly e nhanced s trength o f swelling g els without changing the t hickness of gel
layer while lactose has no impact on either gel strength or gel layer thickness.
Conclusions. Texture Analyzer was demonstrated to be a convenient and accurate
characterization tool for swelling hydrophilic matrices. Detailed structure and dynamics
of swelling matrices were determined. Gel strength rather than gel layer thickness might

be responsible for excipient effects on drug release from HPMC matrices.

Key Words: Texture Analyzer; gel strength; gel layer thickness; HPMC; swelling tablets
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INTRODUCTION

Hydrophilic matrices are widely used as oral extended-release dosage forms, which
are often termed as swellable matrix tablets. Upon contact with aqueous media, polymers
in the do sage form hydrate to form a viscous mucilaginous gel l ayer (Melia 1991), a
diffusional barrier that retards further ingress of water and acts as a rate-controlling barrier
to drug release. The tablet core remains dry when water molecules have not penetrated
yet, and serves as a reservoir of drug and of polymer that replenishes the surface gel layer
as it dissolves or is eroded. As water molecules diffuse inward, polymers in the dry core
hydrate and swell and drug molecules dissolve and diffuse through the gel layer. It is well
recognized that drug release from hydrophilic matrices occurs via a combination of
diffusion through the gel layer and erosion of the outer gel surface (Narasimhan 1997,
Siepmann 1999a). Correspondingly, drug release is controlled by the properties of the gel
layer, the solubility of the drug, and the degree of mechanical attrition to which the dosage
form is subjected (Melia 1991). Therefore, gaining insight into swelling behavior of
hydrophilic matrices, especially the structure of a swelling tablet, gel layer thickness, gel
strength and polymer concentration across the gel layer is critical for understanding drug

release mechanisms and predicting drug release behaviors.

The gel layer thickness has been considered as one of the key parameters affecting
drug release from the swelling-controlled matrix system. Continuous increase in gel
thickness of the rate-controlling polymer will lead to declining release rates irrespective of
the system geometry, while it is argued that maintenance of constant gel layer thickness
might produce zero-order release kinetics from a planar surface (Lee 1980; Harland 1988).
It has also been demonstrated that the profile of gel layer thickness versus time consists of

three stages: 1) initial increase due to polymer swelling; 2) maintenance of constant gel-
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layer thickness between the swelling and dissolution fronts, often referred to as front
synchronization; 3) reduction in gel-layer thickness as the glassy core is depleted (Peppas

1994).

Studies using cryogenic scanning electron microscopy (Cryo-SEM)(Melia 1994)
and other techniques (Gao 1996a; Rajabi-Siahboomi 1996) have shown that a
polymer/water concentration profile exists in the gel layer. Such concentration gradients
in the gel layer are very important for understanding the drug release mechanism, because
it was well recognized that the both water and drug diffusion constants were
polymer/water concentration dependent following a Fujita-type (Fujita 1961) exponential
relationship according to the free volume theory of diffusion. Such relationship between
diffusion and water concentration was often used in mathematical modeling of drug
release from a swelling tablet (Siepmann 1999b; Siepmann 2002). Therefore, knowing the
polymer concentration profile in the gel layer will provide more insights to the

understanding and modeling of drug release from a polymeric matrix.

Gel strength was also proposed to affect the drug release mainly by regulating the
dissolution of polymeric matrix at the interface between the gel and the dissolution
medium(Bonferoni 1992). A good agreement was shown between the strength of HPMC

gels and their erosion rates (Bonferoni 1995).

The investigation of matrix swelling behavior generally involves the determination
of front movement during the dissolution process, from which gel layer thickness and core
dimensional changes are calculated. Optical microscopy has been widely used to detect the
movement of water advancing front based on the significant change in the refractive index
at the interface of polymer gel and glassy core (Tu 1977; Colombo 1993; Papadimitriou

1993; Kim 1997). However, int ermediate regions and polymeric domains that do not
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contain sufficient amount of water to affect the optical properties may not be
distinguishable by t his m ethod. Ano ther drawback o f this method is that they did not

provide any composition information across the gel layer.

Cutts ef al. (Cutts 1996) developed a non-invasive method using the confocal laser
scanning microscope (CLSM). A dye was added into the swelling solution, and this
solution marker fluoresces strongly in the presence of hydrated HPMC and cellulose, and
the bright areas of the image therefore represent the gel layer. This method enabled the
authors to obtain a time series of images and dynamic gel layer thickness evolution with

time for HPMC tablets.

Gao et al. (Gao 1995a; Gao 1996a) developed an optical image analysis method
based on light scattering to examine the dynamic swelling behavior of HPMC-based
matrix tablets. They found that the intensity of light scattered from HPMC gels depends
on polymer concentration. A mathematical model was derived to describe the relationship
between the scattered light intensity and HPMC concentration by assuming the turbidity of
the gel is an exponential function of polymer concentration. This method was able to not
only determine the gel layer thickness, but also semi-quantitatively estimate the HPMC
concentration profile across the gel layer. However, when HPMC concentration is higher

than 50%, the results given were no longer reliable.

Nuclear magnetic resonance imaging (NMRI) has been used to study the formation
of the gel layer in hydrated tablets (Rajabi-Siahboomi 1994). In order to obtain
quantitative information from NMR imaging, Fyfe and Blazek (Fyfe 1997; Fyfe 2000)
first studied how NMR relaxation parameters and self-diffusion were affected by the

polymer concentration using equilibium HPMC-water mixtures. Then the HPMC
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concentration across the gel layer at each time in swelling process was determined

indirectly from its effect on the relaxation parameters of the water.

All of the above techniques are sophisticated, often time consuming and difficult to
perform, despite their high accuracy and precision. Furthermore, no single technique is
capable of extracting all the critical information from a swelling matrix. For example, no
information about gel strength (an important parameter in drug release) can be obtained
from any of the techniques above. As a consequence, developing a technique that is user-
friendly, reliable, and capable of characterizing swelling behavior of a hydrophilic matrix

on a routine basis is highly desirable to formulation scientists.

Recently, a laboratory scale Texture Analyzer (TA) has been investigated to study
the swelling process of poly (ethylene oxide) and HPMC tablets undergoing hydration by
Libo Yang and other researchers (Yang 1998). The force necessary for penetration of a
cylindrical probe into the swelling tablet is measured precisely. The slope of the force-
distance profile was used as a qualitative indication of gel strength and polymer
concentration profile within the swollen region by assuming a linear relationship between
gel strength and polymer concentration. Based on the approximation of force-distance
slope to infinity, the interface between glassy core and rubbery gel was determined. The
gel layer thickness was obtained by calculating the difference between the maximum
penetration distance of the swollen and the dry tablets at different stages of hydration.
Their method might be useful to determine the gel layer thickness, but not accurate enough
to determine the polymer concentration profile across the gel layer because of the power-
law instead of linear relationship between gel strength and polymer concentration, as

shown in Chapter II.
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The work in Chapter II provided a rigorous theoretical basis and mathematical
models for the interpretation of TA data in homogenous gel systems. Based on that, a new
approach to characterize the swelling behavior of hydrophilic matrix tablets using TA was
developed in this chapter. As a result, gel layer thickness, swollen glassy layer thickness,
gel strength and polymer concentration profiles across the gel layer could be delineated.
The effects of polymer viscosity grade and excipient type on the swelling of dry tablets
were also studied.  Hydroxypropyl methylcellulose (HPMC), a commonly used
hydrophilic polymer in oral controlled dosage forms, is the model polymer used in this

study.
MATERIALS AND METHODS
Materials

METHOCEL", commercially available hydroxypropylmethyl cellulose (HPMC)
with four viscosity grades, K100M, K15M, K4M and K100LV were the same as those
used in Chapter II. Spray dried lactose monohydrate and Starch® 1500 were obtained
from Fast-Flo and Colorcon, respectively. 0.05 M phosphate buffer (pH 6.8) was used in

swelling experiments
Sample Preparation

The tablets containing 100% hydroxypropylmethylcellulose (Methocel™, K15M,
Dow Chemical Company) were prepared using a reciprocating tabletting machine (model
EKO, Korsch, Berlin, Germany), equipped with a flat-faced punch of 1.0 cm diameter, in
order to manufacture tablets weighing 0.3 g with a thickness of 4.0 mm. The tablets
containing 40% HPMC KI15M and 60% (w/w) lactose monohydrate (Fast-Flo™) or 40%

HPMC 15M and 60% (w/w) Starch™ 1500 (Colorcon) were prepared by first mixing the
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ingredients in a blender and then compressing the mixtures using the same machine

under the same conditions.
One-dimensional Swelling Experiment

One planar base of the tablet was covered with organic coating (14.0 g Eudragit"
RS in the mixture of 50 mL acetone and 50 mlL isopropanol) impermeable to water in
order to prevent deformation during the determination of the glass/gel interface, and the
tablet was subsequently glued to the bottom of a glass vial with the same diameter as that
of the tablet to provide one dimensional swelling. The samples prepared in this manner
were then placed in 0.05 M phosphate buffer (pH=6.8) at room temperature. The swelling

tablets were carefully taken out at predetermined time intervals for texture analysis.
Texture Analyzer Profiling

The TA.XT Plus Texture Analyzer (Texture Technologies Corp., Stable Micro
Systems, Algonquin, IL, U.S.A)) instrument is a microprocessor-controlled texture
analysis system that measures the profiles of stress-strain behavior for samples under test.
It consists of an analyzer and a personal computer equipped with Texture Exponent 32
software that automates data acquisition and analysis. The motion of the probe is

controlled by a stepping motor that records the displacement up to the accuracy of lum.

During the test, a sample was positioned in the center of the testing platform. A
flat-tipped, round steel probe of 2mm in diameter and 30mm in length was used in this
study. The probe traveled at fixed speed (0.2mm/sec) until the surface of the matrix was
detected at 0.04 g of force (threshold value for triggering the Texture Analyzer). At this
point the da ta a cquisition s tarted a nd t he p robe proceeded do wnward and through t he

samples at a pre-determined speed of 0. Imm/sec. The motion of the probe continued until
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the measured force reached a predetermined limit where the probe was automatically

withdrawn at 0.2mm/sec and test stopped when the probe returned to its start position.
The predetermined force was established in such a manner that it could differentiate the
swollen glassy polymer from the dry core. This force was optimally determined to be
6000 gram. Data were collected at a rate of 10 points per second by Texture Expert'™

software for further analysis. Three tablets were run at each swelling time point.
RESULTS AND DISCUSSION

1. Theory

Our previous work on homogeneous gels showed that accumulated shear force is

the dominant force after the probe penetrates inside the gel, which is expressed as.
F,.=Gr,L Equation III-1

here, £ is the shear force experienced by the probe in a direction parallel to the probe
penetration, r, is the radius of the probe, G is the gel strength which is the slope of force
over distance when 2mm probe is used, and L is the penetration depth of the probe. For
swelling tablets, the presence ofa polymer concentration g radient within t he t ablet is
expected to render a corresponding gel strength gradient. We assume the x-axis is the
direction of the probe movement and the origin of x=0 is at the gel-solution interface. For
a swelling matrix where gel strength G varies with position, G(x), the force measured by

Texture Analyzer, F(x), can be expressed as:
F) = F (0= [ )"G(x)(/x Equation I11-2
P

where x is the penetration depth of the probe. As such, gel strength at any position x can

be derived from the force-distance profile by taking the first derivative as
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di () _ . G(x) Equation I11-3
X

In addition, a power-law relationship between gel strength and polymer concentration
(G=kC,") was established. Therefore, polymer concentration in the gel layer can be

related to gel strength as:

|
(log G-log K')
n

C =10

P

Equation II11-4

Both & and n are constants that can be determined from homogeneous gel systems.

2.  Applications

2.1. Characterization of Pure HPMC Tablets Swelling at Fixed Hydration Time
2.1a. Force-distance Profile of HPMC K15M Tablets at Two Hours Hydration

Figure III-1 shows a typical force-distance profile of tablets containing 100%
HPMC K15M at two hours hydration in 0.05 M phosphate buffer. As shown in the figure,
the resistance force encountered by the probe is a strong function of the traveled distance.
Low resistance was recorded near the periphery of the matrix (i.e., low initial force
detected) and the force monotonically increased as the probe approached toward the tablet
core. Similar profiles were also reported for HPMC tablets undergoing hydration
elsewhere (Yang 1998; Durig 2002). As indicated by NMR studies (Rajabi-Siahboomi
1996), the polymer concentration is negligible at the outer edge of the swelling tablet and
reaches its maximum at the glassy front. Thus, outer regions were characterized by low
gel strength and low resistance to penetration, while inner and less hydrated regions have

denser gels requiring greater forces for penetration.

2.1b. Gel Strength Profile and Structure of Swelling Tablets Determination
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The corresponding gel strength profile at two hours was derived from a force-
distance profile using Equation I1I-3 and shown in Figure I11-2 (a). To reduce the noise,
especially at low gel strength region, the gel strength data was further treated by averaging
five points in Figure III-2 (a) and plotted in Figure I11-2 (b) with same trend but less noise.
The spatial resolution was 50um after the treatment of averaging. Three distinct regions
are'o bserved. Previously, a t hree-layer structure w as reported by Melia et al. (Melia
1992), which are gel layer, swollen glassy layer and dry glassy core. Later, a four-layer
structure was proposed by Ju ef al. (Ju 1995a). In addition to the three layers reported by
Melia, a polymer diffusion layer was proposed between gel layer and bulk solution.
Polymer diffusion layer isa highly hydrated layer and thus does not present a major
barrier for probe penetration. We do not expect it will be detected by the probe
penetration using Texture Analyzer. The gel layer exhibits adequate gel strength and its
presence is represented by the first monotonic increase of gel strength in the profile. The
region next to the gel layer is the swollen glassy layer, which is partially hydrated and is
represented as the second region of the gel strength profile. The innermost region is the
dry glassy core, an anhydrate region, represented by the plateau after the swollen glassy

layer.

We recognized that so far most models dealing with polymer swelling assumed a
two-layer structure (gel layer and glassy layer) and a glassy-rubbery interface as the
boundary beyond which solvent molecules did not penetrate further into the inner part of
the matrix. ~ However, Ueberreiter (Ueberreiter 1968) pointed out that solvent
concentration did not decrease to zero b eyond t he glassy-rubbery interface. A g lassy
polymer contains a great number of channels and holes of molecular dimensions and the

first penetrating solvent molecules filled the voids so that the subsequent glassy-rubbery
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transition was achieved. Ueberreiter’s proposal was consistent with the porosity of 0.1

found for tablets made of HPMC(Ju 1995b). It was also demonstrated by Rutherford
backscattering spectrometry (Hui 1987) that the water penetration front preceded the phase
transition front during the swelling process of polymer. A swollen glassy layer was thus
suggested by Ueberreiter as part of the structure and later adopted by Ju ef al. (Ju 1995a)
and s upported by Melia ¢ al. in H PMC m atrices us ing scanning electron m icroscopy

(Melia 1992). This partially hydrated layer is clearly shown in Figure III-2.
2.1c. Polymer Concentration Profile

We previously identified a power-law relationship between gel strength measured
by Texture Analyzer and polymer concentration (Cp). Based on Equation III-5, polymer
concentration across the swelling tablet was calculated and shown in F igure III-3. A linear
polymer concentration gradient was observed within the gel layer. Such linearity
relationship was assumed in many models dealing with polymer swelling and drug release
to simplify the mathematical treatment (Lee 1987: Harland 1988) and also verified by
numerical calculations (Narasimhan 1996). Our data, for the first time, supports this
pseudo-steady state assumption. The polymer concentration at the gel/swollen glassy
interface was estimated as approximately 0.4 w/w, which is in good agreement with the
results from slicing and weighing method(Melia 1994), light scattering imaging(Gao
1996a), and NMR imaging(Melia 1994: Gao 1996a; Fyfe 1997; Baumgartner 2005). We
are encouraged by the agreement and it further validates the model we developed and
demonstrates that Texture Analyzer can be a proper tool obtaining polymer concentration
profiles across the gel. It is worthwhile to point out that this polymer concentration at
gel/glass transition is much lower than the theoretical prediction based on free volume

theory and the results from thermodynamic experiment (Hancock 1994). This difference
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indicates that the system does not reach the thermodynamic equilibrium at the gel/glass

interface; t herefore more water ¢ ontent was needed for the gel/glass transition to take
place. In addition, the initial gel concentration (x=0) is around 10% w/w that represents
the concentration limit detectable by TA. In our method, one relationship between gel
strength and polymer concentration has to be assumed and this relationship can be
established by measuring the gel strength of homogenous gel at different concentrations.
For most HPMC gels, because the homogenous gel at high polymer concentration could
not be practically prepared, the power-law relationship between gel strength and polymer
concentration was established in low concentrations and extrapolated to high
concentrations. The agreement of polymer concentration at the gel/glass interface
between our study and the studies using other techniques demonstrated the validity of this

assumption.

2.2. Evolution of Pure HPMC Tablets Swelling

2.2a. Force-distance Profiles

Force distance profile at different hydration stages were depicted in Figure I11-4
(1.0, 2.0, 4.0, 6.0, 8.0, 12.0 and 18.0 hours). The gradient of the force-distance curves
specifically in the region below 200 grams progressively decreased with the time of
hydration, showing the evolution of swelling gel. As expected, prolonged swelling time
resulted in longer penetration distance. However, detailed structural information of

swelling tablets cannot be extracted from the force-distance profile directly.
2.2b. Gel Strength Profiles

Gel strength profiles at different hydration stages were shown in Figure I1I-5 (1.0,

2.0, 4.0, 6.0, 8.0, 12.0 and 18.0 hours). Similar pattern of profile was observed at all
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hydration times. The transition, however, between gel layer and swollen glassy layer

became smoother and smoother. The gel strength at transition decreased with time of
hydration. The reason is not clear and might be also due to that the polymer chains were
not at thermodynamic equilibrium state at transition points. The same phenomenon was

observed in polymer concentration profile and data is not shown here.
2.2c. Evolution of Matrix Structure: Gel Layer and Swollen Glassy Layer Thickness.

Information regarding the detailed and time-dependent structure of a gelled matrix
is key to understand swelling and therefore drug release kinetics. As shown in Figure I1I-2
» @ swollen matrix is identified as consisting of three regions: the gel layer, the swollen
glassy layer and the dry glassy core. Thickness for the gel layer and swollen glassy layer
are defined here by the outer surface of the swelling tablet, the gel/swollen glassy layer
interface and water penetration front (swollen glassy/dry glassy core interface). Figure
II-6(a) shows the increase in gel layer thickness versus time for tablets containing 100%
HPMC KI15M. Two distinct gel growth phases can be readily identified. An initial, rapid
growth in gel thickness occurs at early times (t< 4 hours), followed by continuous but
relatively slow advancement. Our experimental observation of the two-phase gel layer
growth agrees with the theoretical work in three-dimensional swelling experiments of
polymer matrices of radially symmetric geometries by Ju et al. (Ju 1995b). In their work,
a third stage with an acceleration of gel growth that results from the merging of the water
penetration fronts in the center of the tablets was also proposed. In our one-dimensional
‘swelling experiments, however, this third stage was not observed due to the slower
swelling rate and limited time window investigated. The similar profile and the lack of
front synchronization over the time period studied has also been found by other

researchers using NMR microscopy(Baumgartner 2005), optical microscopy (Pham 1994;
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Baumgartner 2005) and optical imaging method (Pham 1994: Gao 1996b; Yang 1998).

Itis well known that the growth of hydrophilic polymer gel depends on the swelling rate at
the water penetration front and erosion rate at the outer surface of the gel. However, gel
erosion often lags behind since the polymer concentration has to reach a threshold value
before erosion or disentanglement occurs, which results in a rapid buildup in gel layer
thickness during the initial swelling period. On the other hand, as the rate of solvent
penetration is slowed down sufficiently by the increasing diffusional distance while
polymer chain disentanglement progresses steadily, the rate of gel layer thickness buildup
slows down as shown in Figure I11-6. The continuous buildup of gel layer thickness as
reported in Figure I1I-6 suggests the polymer chain disentanglement in HPMC KI15M is

quite slow.

Many mathematic models were proposed to predict the gel layer thickness profile
during t he tablet s welling, and most o f them have to be s olved numerically. Lee and
Peppas (Lee 1987) proposed a model that gave an analytical solution of gel layer thickness

as a function of time.

: Equation III-5
C

p

5 \/ 21+C,)1-C," ~C, D1

where 8 is the gel layer thickness, D, is the water diffusion constant. C," and Cp.eq are the

polymer concentration at the interfaces of gel/glass and gel/solvent, respectively.

In their model, two major assumptions were used. First, pseudo-steady state
assumption, which assumes that polymer concentration gradient across the gel layer is
linear; second, a constant diffusion coefficient of water was assumed, which means the

water diffusion coefficient does not depend on the polymer concentration. The first
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assumption seemed to be valid based on our result shown in F igure III-3. But the

second assumption is questionable since the water diffusion coefficient was found to be
dependent on the polymer concentration (Fujita 1961; Katzhendler, 1. 1997). Many models
were later developed using polymer concentration dependent diffusion coefficient
(Siepmann 1999a; Siepmann 2000; Siepmann 2001 ; Siepmann 2002), but the differential
equations could not be solved analytically. In order to avoid complex numerical
calculations while still gain some insight into polymer swelling in molecular level, we

propose to use an average diffusion constant.

Fujita-type (Fujita 1961) exponential relationship between water diffusion constant

and polymer concentration was assumed according to the free volume theory of diffusion:
C. :
D, =D, exp =k [1-—— Equation II1-6

where k, is constant characterizing this concentration-dependence of water diffusion in
polymer. D, ., and C w.eq are the water diffusion constant and concentration at the interface
of gel/solvent, respectively. As shown in Figure 11I-3, a linear relationship between
polymer/water concentration and the distance from the gel/solvent interface can be

assumed, so

C .
C.(x)=C, , +— "y Equation I11-7

w.eq

where C," is the water concentration at gel/glass interface. Therefore, the average

diffusion constant of water in gel layer is
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_In.
- Ixa’x

(D.)

Equation III-8

where x is the coordinate in one dimensional swelling originating at the interface of

gel/solvent. The integration results are the following:

2D\| € .
(D, )= ﬂz‘ = [1 —(B+exp(-p)] Equation I11-9
where
Cc )
p= k...(l — ] Equation I1I-10
Cu;eq

As we can see, the average diffusion constant is independent on gel thickness or
the swelling time, so the diffusion constant used in Equation III-5 can be replaced by the

average diffusion constant.

Based on Equation 111-5, the gel layer thickness was linear to the square root of
time, which is verified by our swelling data of HPMC KI15M tablets shown in Figure
[I-6(b). From the slope in the figure we can calculate the average diffusion constant of
water in HPMC gel and water concentration at gel/solvent interface was obtained from the
literature (Ju 1995a). The k, for different HPMC was also obtained from literature

(Katzhendler, Ifat 2000). The result was shown in Table II-1.

Swollen glassy layer thickness tells about the rate of solvent front penetration into
the polymer, which is important to understand swelling kinetics.  However, this
information is not readily available due to the lack of proper techniques to detect the water

penetration front.  The interface between the glassy core and rubbery gel in
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pharmaceutical matrices have been detected either by optical method, which relies on

the different optical characteristics of the swollen gel and glassy polymer or alternatively,
NRM techniques which measures the magnetic resonance signal intensity of H' due to the
presence of water at the phase transition front. However, these techniques are not able to
detect the interface between the swollen glassy layer and dry core due to the detection
limits. In previous Texture Analyzer work, the author demonstrated that they were able to
detect the interface between the swollen glassy layer and dry core where the slope of
force-distance profile went to infinity. In the present work, the swollen glassy/dry glassy
core interface could be detected by the accurate measurement of the variations in the gel
strength.  As a result, the swollen glassy layer thickness was extracted from gel strength
profile as shown in Figure III-2 and the time revolution of swollen glass layer thickness
was shown in Figure 111-6(a). It was found that the swollen glassy layer thickness growth
monotonically with time and is greater than the gel layer thickness within the experimental
time scale. This agrees with the theoretical prediction by Ju er al. (Ju 1995¢). In Ju’s
model, a decline of swollen glassy layer thickness was predicted when the matrix is
completely hydrated, which was not observed due to the presence of dry core within the

time window we investigated.
2.3. Effect of Polymer Viscosity Grade on the Swelling of HPMC Tablets

Four different viscosity grades HPMC, K100M. K15M, K4M and K100LV were
studied. The structure of the swelling tablets detected by Texture Analyzer was quite
similar. The polymer concentration profile at 2 hour hydration for four viscosity grades
was shown in Figure III-7. The gel/glass t ransition was ¢ lear for all four grades. O ne
interesting part is that polymer concentration at transition point decreased with polymer

molecular weight. This seems to be in contradiction with the fact that the glass transition
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temperature of a c ertain polymer is independent on the m olecular weight beyond a

certain molecular weight. However, as we discussed above, it is unlikely that a swelling
system reaches the thermodynamic equilibrium especially for a fast swelling HPMC
tablet. The relaxation of HPMC with smaller molecular weight is faster than those with
higher molecular weight, so less water content is needed for the gel/glass transition to take

place, resulting higher polymer content at gel/glass interface.

The gel layer thickness as a function of time was plotted in Figure III-8 (a). Four
viscosity grades followed very similar trend, while gel layer thickness of high molecular
weight developed faster than that of small molecular weight. This is in good agreement
with previous results (Wan 1993). We further found that the gel layer thickness linearly
increased with the square root of time as shown in Figure III-8 (b), indicating diffusion-
controlled swelling m echanism. From the s lopes, we calculated the a verage dif fusion
constants (<D,>) and water diffusion constants at gel/solvent interface (Dy.eq) based on
Equation III-5 and I1I-9, and the results were shown in Table III-1, where HPMC
concentration a t g el/glass int erface w as o btained from Texture Analyzer data, and the
Wwater concentration at gel/solvent interface was obtained from the literature (Ju 1995a).
The k,. for different HPMC was also obtained from literature (Katzhendler, Ifat 2000).
From Table I11-1 we can see that average water diffusion constant in HPMC gel layer is
higher for high viscosity grade, and corresponding water diffusion constant at gel/solvent
interface was also higher. This is because the polymer concentration at the interfaces of
both gel/solvent (Cpeq) and gel/glass (C,,*) of high viscosity grade were lower. Based on
Equation III-6 we can calculate the water diffusion constant at given concentration, and
the results were also shown in Table I1I-1. The water diffusion constant at given HPMC

concentration is independent on the viscosity grade, in agreement with previous results
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(Gao 1995a; Gao 1995b). It is reasonable since the size of water molecule is much
smaller than the mesh size of HPMC for all grades investigated here; the steric restriction

on water imposed by polymer through a sieving mechanism would be minimal.

2.4. Effect of Polymer Concentration and Excipient Type on the Swelling of HPMC

K15M Tablets

Several formulation variables have been known critical to drug release, including
polymer concentration, polymer molecular weight and excipient type. In this study, we
investigated the effect of polymer concentration and two commonly used excipients,

lactose and pregelatinized starch, on HPMC gel strength and gel layer thickness.

Figure I1I-9 (a) shows the gel layer thickness dynamics of three different tablets,
pure HPMC K15M, HPMC KI5M (40%) with Starch 1500 (60%) or lactose (60%).
Neither polymer concentration nor addition of lactose or starch altered the gel layer
thicknesses of HPMC K 15M within the time window investigated. The effect of polymer
concentration on gel layer thickness agrees well with the results from Gao’s work (Gao
1996b). Gao etal. used a semi-quantitative optical imaging method to monitor the
swelling of five HPMC matrices with different HPMC/lactose ratio from 20/77 to 80/17.
They found the gel layer thickness profiles of all five formulations in the concentration
series are close to each other, except that a small difference is observed for the 20/77
formulation at t >3 h. The swollen glassy layer thickness dynamics of three different
tablets is shown in Figure III-9 (b). No significant difference between tablets of pure
HPMC KI15M and 40% HPMC K15M with 60% lactose was observed. Yet, the swollen

glassy layer thickness of HPMC tablets containing 60% starch was shorter. The reason for
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this difference is unclear and it might be caused by different porosity in different

formulations.

Gel strength profiles from above three different tablets are shown in F igure I11-10
at three hydration times (2hr, 8hr and 18hr). At the same hydration time, the gel with
Starch 1500 was significantly stronger than that with lactose, and the strength of pure
HPMC K15M gel was in between. As hydration time increased, the strength difference
was enlarged. These data are in good agreement with the data obtained from homogenous
gel systems present in Chapter II. Lactose did not affect the strength of HPMC gel, while
Starch 1500 enhanced it significantly. The stronger gel of HPMC tablets containing
Starch 1500 is due to the gel-enhancing properties of Starch 1500. The weaker gel of
HPMC tablets containing lactose compared to that of pure HPMC is caused by 60% lower

HPMC concentration.

Based on gel layer thickness and gel strength data, a possible explanation to why
Starch 1500 retarded drug release c omparing to lactose was due to the gel-enhancing
properties of the former excipient. This was further confirmed by the disintegration
experiment in phosphate buffer with 0.25M ionic strength. As shown in Figure ITI-11 the
tablet containing 60% lactose and 40% HPMC K15M was disintegrated at 30 mins, while
no disintegration happened for the tablets containing 60% Starch 1500 and 40% HPMC
KI15M after two hours. It is suggested that gel strength rather than gel layer thickness is

responsible for Starch 1500’s performance of extended drug release compared to lactose.

CONCLUSIONS

In conclusion, the present study has demonstrated the great potential of using

Texture Analyzer for a comprehensive characterization of the swelling behavior of
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hydrophilic polymeric matrices by accurately determining the structure of swelling

tablets, gel layer thickness, gel strength and polymer concentration profile across the gel
layer. This method provides the advantage that different information can be o btained
using one instrument and the results appear to be comparable to other techniques such as
NMR imaging, Cryogenic-SEM and light scattering imaging in the investigation of
polymer matrix swelling behavior. Based on Texture Analyzer data, it was found that the
gel layer thickness of high viscosity grade HPMC developed faster due to the faster water
diffusion in the gel layer. Addition of starch and lactose did not affect the gel layer
thickness dynamics significantly, while starch increased the gel strength of swelling tablet
compared to lactose. Therefore, it was postulated that gel strength instead of gel layer
thickness was responsible for excipient performance on extended drug release. However,
no work has been done to correlate the gel strength and drug release due to the lack of
proper tool; and the development of Texture Analyzer as a routine gel strength
characterization tool can facilitate the study in this field. Therefore, the application of
Texture Analyzer on the routine bases might be of great value to scientists involved in

formulation design and dosage form development.
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Table I1I-1  Estimate of the average water diffusion constant at HPMC gel layer and
its dependence on the viscosity grade.
C\v* C\\',eq <Du-> Dn: eq
Grade | Slope | (%) (%) (cm’/s) ke (cm¥s) | Dwiz (cms)
KIOOLV | 0.494 | 0.53 0.888 1.6E-05 2.86 | 3.23E-05 3.15E-05
K4M 0.546 | 0.53 0.950 1.7E-05 2.86 | 3.67E-05 2.97E-05
KISM | 0.624 | 0.57 0.964 1.8E-05 2.86 | 3.83E-05 2.99E-05
KI100M | 0.733 | 0.62 0.975 2.1E-05 292 | 4.07E-05 3.07E-05
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three different layers: gel layer, swollen glassy layer and dry glassy core.
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Figure I1I-4  The force-distance profiles of HPMC K15M matrices with varying time of
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The gel strength profile of HPMC KI15M matrices containing different

excipients at varying time of swelling (from left to right: 2.0, 8.0, 18.0

hours) (e, 100% KI15M, 0. 40% KI5M with 60% starch 1500, x, 40%

K15M with 60% lactose).
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Disintegration experiment of HPMC K15M tablet with different excipients
in 0.25M phosphate buffer after 30 mins. The tablet in the left chamber is

40% KI5M with 60% lactose and the one in the right chamber is 40%

K15M with 60% Starch 1500.
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CHAPTER 1V Construction and Validation of Mathematical Model

Correlating Gel Strength and Polymer Erosion

ABSTRACT

Purpose. The purpose of this study was to correlate HPMC dissolution with
HPMC gel strength using mathematical modeling, and to study the effects of HPMC
molecular weight, excipient type such as lactose and Starch 1500, and excipient content on
HPMC dissolution. Methods. The gel strength was measured using Texture Analyzer.
One dimensional HPMC dissolution tests were conducted in 0.05M phosphate buffer (pH
6.8) at 25 °C using USP dissolution apparatus II with a rotation speed of 100 rpm. HPMC
release was determined using a size exclusion chromatography-HPLC-evaporative light
scattering detector (SEC-HPLC-ELSD) method. Results. A mathematical model w as
constructed to correlate HPMC dissolution rate to HPMC gel strength through the HPMC
disentanglement concentration. Effects of HPMC molecular weight, excipient type and
excipient content on HPMC dissolution were studied to validate the model. A power-law
relationship was found between HPMC disentanglement concentration and HPMC
molecular weight with an exponent of -0.68, consistent with a previous study report (Ju
1995a); Consequently, a power-law relationship between the HPMC dissolution rate and
molecular weight was established experimentally, which was in good agreement with both
model prediction and literature results. Release of a high molecular weight HPMC
(HPMC K15M) was found independent of the content of lactose and a surfactant (SDS)
but retarded by Starch 1500. Conclusions. Gel strength was successfully correlated to

polymer erosion through polymer disentanglement concentration. Texture Analyzer was



85

demonstrated to be a reliable, convenient and new method of estimating polymer

disentanglement concentration.

Key Words: Gel strength; polymer dissolution; polymer disentanglement concentration;

ELSD; HPMC; Texture Analyzer

INTRODUCTION

Polymer dissolution is an important phenomenon in polymer science and
engineering. It has found significant applications in a variety of areas. For example, in
microlithography, the irradiated regions of a thin polymer film are dissolved by an
appropriate solvent to form desired patterns (Iwayanagi 1988; O'Brien 1989). Polymer
dissolution also finds application in membrane science, specifically for a technique called
phase inversion to form asymmetric membranes. In this process, a polymer solution thin
film is cast onto a suitable substrate followed by immersion in a coagulation bath for
quenching (Tsay 1990; Kesting 1993; Narasimhan 1998). During the quenching period,
solvent/non-solvent exchanges and eventual polymer precipitation occurs. The final
structure of the membrane is determined by the extent of polymer dissolution. Polymer
dissolution also plays an instrumental role in recycling plastics (Srivastava 1993; Nauman
1994), where a single solvent can be used to dissolve several unsorted polymers at
different temperatures. Polymer dissolution is being currently investigated for tissue
regeneration as well (Pappas 1994; Langer 1995), where the dissolution rate of the

biodegradable polymer scaffolds is required to match the growth rate of tissue cells.

Within the field of controlled drug delivery, it is well recognized that the drug
release process can be controlled either by drug diffusion or by polymer dissolution

(Colombo 1987; Conte 1988). In the development of microcapsules for sustained release
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dosage forms (Koida 1987), the mechanism of drug transport is governed by the

dissolution of the polymer shell. Ozturk and co-workers (Ozturk 1988a, b) showed that
the dissolution of polyacids, used in enteric-coated tablets, was the controlling step in drug
release. It was also suggested that for drugs with low water solubility, drug release from
the polymer matrix is mainly via polymer dissolution (Alderman 1984; Doelker 1987;

Skoug 1993).

The dissolution of a polymer in a solvent involves two transport processes, namely
solvent diffusion and chain disentanglement. When an uncross-linked, amorphous, glassy
polymer is b rought in contact with a t hermodynamically c ompatible solvent, the 1atter
diffuses into the polymer and polymer chains undergo a glass-to-gel transition. When the
solvent concentration in the swollen polymer reaches a critical value, chain
disentanglement begins to dominate and eventually the polymer is dissolved. Ueberreiter
et al. (Ueberreiter 1968) summarized the various types of dissolution and the surface
structure of glassy polymers during dissolution. Important parameters such as the polymer
molecular weight, the solvent diffusion c oefficient, the gel layer thickness, the rate o f
agitation and the temperature, were identified. Since then, various mathematical models

have been proposed to understand polymer dissolution.

The approaches to model polymer dissolution can be broadly classified as 1) use of
phenomenological models and Fickian equations (Tu 1977; Harland 1988; Devotta 1994;
Devotta 1995; Vrentas 1998; Siepmann 1999a; Siepmann 1999b; Siepmann 2000a;
Siepmann 2000b, 2001; Siepmann 2002; Vrentas 2004); 2) models based on stress
relaxation (Brochard 1983; Herman 1990) and 3) analysis using anomalous transport
models for solvent transport and scaling laws for chain disentanglement (Papanu 1989;

Peppas 1994; Ju 1995a; Ju 1995b; Ju 1995¢; Narasimhan 1996b, a; Ju 1997).
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Tu et al. (Tu 1977) proposed a phenomenological model with Fickian equations
for polymer dissolution. They studied the motions of both the liquid-gel boundary and the
gel-glass boundary. These boundaries were observed due to the sharp changes in viscosity
and r efractive index at the interface. T he i mportant p arameter in this model was t he
polymer disassociation rate, defined as the rate at which the polymer goes from a gel-like
phase to a less viscous liquid solution. Harland e al. (Harland 1988) formulated a similar
model for drug release in a dissolving polymer-solvent system. The important parameters
identified in the phenomenon were the polymer concentrations at both interfaces of
glass/gel transition and gel/solvent and the dissolution coefficient. Devotta ef al. (Devotta
1994; Devotta 1995) considered the Fickian dissolution of a spherical polymeric particle.
They modeled chain “disengagement” by defining a flux that was proportional to the
concentration of the polymer at the polymer-solvent interface. The transport of the chains
in the solvent was assumed to be controlled by an external mass transfer resistance.
Numerical simulations yielded the effect of the particle size on the dissolution process.
Siepmann et al. (Siepmann 1999a; Siepmann 1999b; Siepmann 2000a; Siepmann 2000b,
2001; Siepmann 2002) published a series of mathematical models describing drug release
from dissolving hydroxypropyl methyl cellulose (HPMC) matrices. Diffusion coefficients
for water and drug were taken to be concentration dependent following a generalized free
volume theory. Dissolution was described using a reptation model. They proposed that
the dis entanglement p rocesses b egin to dominate when the polymer concentration w as
below a critical concentration at gel/solvent interface. A dissolution constant was defined
to describe the velocity of the dissolution per unit area and could be controlled by either
rate of disentanglement or by diffusion through a boundary layer, adjacent to the HPMC-
water interface. These approaches using phenomenology, although valuable, do not

discuss the molecular (or physical) origin of some of the important parameters used (such
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as the polymer concentration at gel/solvent interface and the polymer dissolution

coefficient).

On the basis of the idea that polymer swelling due to solvent influx results in an
elastic-like stress opposing the solvent penetration, Brochard and de Gennes (Brochard
1983) proposed relaxation-controlled polymer dissolution kinetics. The dissolution flux
was expressed as the difference between the polymer stress gradient and the solvent
osmotic pressure gradient. After the formation of a swollen gel layer, the sequential
dissolution of the polymer from the swollen state was assumed to be controlled by the
local stress relaxation rate. This rate was shown to be of the order of the reptation time.
Herman and Edwards (Herman 1990) extended the a bove approach by considering in
detail the stress accompanying the swelling of the polymer within the reptation model.
They proposed that the solvent swelling induces a nonrandom distribution o f polymer
chain orientation. This contribution to the free energy and the chemical potential of the
polymer and the solvent were evaluated in closed form using reptation theory. This
approach could account for both solvent penetration and polymer dissolution but required

several parameters that were difficult to measure experimentally.

Recognizing the presence of entanglements in polymers, dissolution has been
understood as the transformation undergone by the polymer from an entangled gel-like
phase to a disentangled liquid solution. The dynamics of these chains have been described
by means of the reptation idea. On the basis o f the above a rguments, Papanu er al.
(Papanu 1989) proposed a reptation model for polymer dissolution. The dissolution rate
was expressed as the ratio between the radius of gyration of the polymer and the reptation
time. The dependence of the radius of gyration and the reptation time on the polymer

molecular weight and the solvent concentration was derived using scaling laws (de Gennes
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1979; de Gennes 1982). This model assumed that the dissolution rate is only related to

the polymer concentration at the gel/solvent interface, but independent of the solvent
concentration inside the polymer. The polymer concentration at gel/solvent interface was
estimated by thermodynamics of the swollen network. Peppas ef al. (Peppas 1994)
proposed a polymer dissolution model using an anomalous transport model for solvent
penetration coupled with a reptation model for dissolution. The disentanglement time was
proposed to be of the order of the reptation time. This model introduced the concept of the
“dissolution clock” that controls the dissolution process and proposed that the magnitude
of a “dissolution number” determined the gel layer thickness. This approach assumes that
the solvent concentration at the polymer-solvent interface is independent of the solvent
concentration history. Ju et al. (Ju 1995a; Ju 1995b; Ju 1995c¢; Ju 1997) proposed a model
to predict swelling/dissolution behavior of HPMC matrices. They introduced a polymer
disentanglement concentration and a polymer diffusion layer into the model (Ju 1995a; Ju
1995b). The disentanglement concentration was defined as the concentration below which
the ¢ hains d etach o ff the matrix a nd di ffuse t hrough t he diffusion layer into the b ulk
solution. By assuming that disentanglement concentration scales similarly with polymer
molecular weight as the overlapping concentration of polymer solution, they derived a

scaling law of polymer disentanglement concentration with polymer molecular weight.

Based on these models, measurements of both the structure of the gel layer and
polymer dissolution kinetics are crucial to understand the polymer dissolution mechanism.
The techniques to characterize the gel layer structure in a swelling tablet were briefly
reviewed in Chapter IIl. And various techniques were utilized to measure the polymer

dissolution kinetics. Some of these techniques include the gravimetric method, differential
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refractometry, differential viscometry, optical microscopy, UV or fluorescence

microscopy and NMR imaging.

The gravimetric method is the most common way to measure the polymer
dissolution kinetics. Bonferoni ef al. (Bonferoni 1992) determined the amount of polymer
erosion using this method for matrices containing a blend of sodium carboxymethyl-
cellulose and HPMC. In another study, Tahara et al. (Tahara 1995) examined the erosion
of HPMC matrices containing lactose. Durig and Fassihi (Durig 2002) investigated the
erosion kinetics of guar-based matrix tablets and the effect of ionic and non-ionic
excipients. The gravimetric method is easy to operate but not applicable to systems where

multiple components are released.

One of the earliest techniques used to study polymer dissolution was refractometry
(Ueberreiter 1968). This technique is based on the refractive index change as the polymer
concentration increases in the solvent. However, this technique is not sensitive enough to

detect small amount of dissolved polymer in very large quantities of solvent.

Skoug et al. (Skoug 1993) qualitatively determined the relative contributions of
polymer erosion and drug diffusion to overall drug release from commercial sustained
release (SR) tablets by measuring polymer release into dissolution media using size
exclusion chromatography and differential viscometric detection. The viscometric detector
measures the pressure difference caused by a change in viscosity of the sample flow
stream compared to the reference stream. This differential pressure signal is proportional
to specific viscosity. Later, Ju et al. (Ju 1997) used this same technique to monitor the
polymer concentration in a queous solution for a serious of HPMC viscosity grades in

sustained release dosage form containing an active ingredient and lactose.
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Optical microscopy allows direct visual observation of the dissolution process
and the formation of a gel layer. Therefore, it provides information about the structure of
the different layers (solution, gel, and dry core) formed. In cases where both the solvent
and the polymer are transparent, it is necessary to use either a dye in the solvent or carbon
black in the polymer to track both the penetration of the solvent into the polymer matrix
and the dissolution of polymer in the solvent. Ouano and Carothers (Ouano 1980)
improved this method by using critical angle illumination microscopy and eliminated the
need for dye or carbon black tracer. Good contrast between the different layers of the
dissolving polymer could be achieved by changing the angle of illumination of the sample.
The use of optical microscopy has provided valuable insight into the behavior of polymers
in contact with solvent, but there is limited chemical specificity with an optical

microscopic system.

NMR imaging offers a convenient way to obtain both qualitative and quantitative
data about the polymer dissolution. Devotta e al. (Devotta 1994) measured the integrated
proton signal area as a function of time to examine the time variation of the population of
the dissolved polymeric molecules in the swelling-dissolving polymer. This method is
based on the direct linear relationship between the integrated signal area and the
population of the dissolved polymer in the NMR intensity measurement. As we reviewed
in Chapter 111, NMR imaging method is also able to detect the structure of swelling tablet
non-invasively, so it is possible to conduct experiments in situ. However, limitations do
exist. For example, the spin-spin and spin-lattice relaxation processes that characterize the
return of the spin system to equilibrium following perturbation by radio frequency pulse,

can cause attenuation of the NMR signal (Weisenberger 1989).
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If the polymer is UV active or exhibits fluorescence, UV and fluorescence
microscopy provides sensitive ways to measure the polymer concentration in the
dissolution medium. However, in most of the cellulose-based formulation,
macromolecules are s tealth ( transparent) to UV-VIS detection and they do not exhibit
fluorescence either. The evaporative light scattering detector (ELSD) is gaining
popularity in pharmaceutical analysis due to its high sensitivity and universal detection.
ELSD measures the amount of light scattered by particles of mobile phase that have been
dried through evaporation. In general, evaporative light-scattering detectors deliver a
signal for all compounds that do not evaporate or decompose during the mobile-phase
evaporation stage. ELSD is considered to be universal, as is the more traditional refractive
index detector. However, ELSD offers advantages over refractive index detection in that
it is compatible with a much wider range of solvents and modifiers, and it produces stable
baselines during gradient elution chromatography because its response is independent of
the spectral properties of the analyte and solvent (Johnson 1990; Herbreteau 1992; Churms

1996).

With the efforts from both theoreticians and experimentalists, the molecular
understanding of polymer dissolution mechanisms becomes possible. It is well recognized
that t he solvent/polymer int eraction and molecular diffusion are the key parameters to
affect the p olymer dis solution. S pecifically, p olymer dis solution could be affected by
polymer molecular weight and polydispersity, polymer structure, composition and
conformation, the solvent properties, the environmental parameters and processing
conditions. Recently, it was suggested that the rheology of polymer gel such as gel
strength could be correlated to the polymer dissolution (Bonferoni 1992), however,

systematic investigation between the gel strength and polymer dissolution was lack of.
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In this chapter, we will try to use mathematical modeling to correlate HPMC
dissolution with the gel strength of HPMC through the concept of polymer
disentanglement concentration proposed by Ju et al. (Ju 1995a; Ju 1995b) and study the
effects of polymer viscosity grade, excipient type and content on HPMC dissolution to

validate our model.
MATERIALS AND METHODS
Materials

METHOCEL", commercially available hydroxypropylmethyl cellulose (HPMC)
with four viscosity grades, K100M, K15M, K4M and K100LV, were same as those used
in Chapter II. Lactose monohydrate and Starch® 1500 were obtained from Fast-Flo and
Colorcon, respectively.  Sodium dodecyl sulfate (SDS) was from BDH laboratory

supplies. 0.05 M phosphate buffer (pH 6.8) was used as dissolution medium.
Sample Preparation

The tablets containing 100% hydroxypropylmethylcellulose (Methocel™, K100M,
K15M, K4M and K100LV) were prepared using a reciprocating tabletting machine (model
EKO, Korsch, Berlin, Germany), equipped with a flat-faced punch of 1.0 cm diameter, in
order to manufacture tablets weighing 0.4 g with a thickness of 4.0 mm. The tablets
containing HPMC K15M and excipients (lactose, SDS and Starch 1500) were prepared by
first mixing them in a blender and then compressing them using the same machine under
the same conditions. The mass of HPMC and excipents were predetermined to give
desired HPMC/excipient ratios. The HPMC/Starch 1500 ratios included 2:1, 1:1 and 1:2;
HPMC/lactose ratios included 3:2 and 2:3; HPMC/SDS ratios included 15:1, 15:2 and

15:3. The total weight of tablets was also 0.4 g
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One-dimensional In Vitro Dissolution Study

The tablet was put into a sample holder with exact the same diameter of the tablet.
The depth of the sample holder was designed to be same as the thickness of the dry tablet.
The dissolution testing was performed using a USP II rotating paddle apparatus (Vankel
7000) at a rotation speed of 100+1 rpm and a temperature of 25+0.5 °C. The dissolution
medium (900ml) was measured into each of the six vessels of the bath and allowed to
equilibrate before starting the experiments. Before each experiment, sampling times (up
to 24h) were programmed into the Dissoette system. Samples were filtered through a 45-
um polyethylene filter and collected for further HPLC analysis. In case of the HPMC
concentration in the sample was beyond 100 ppm, the sample was first diluted using the
dissolution medium to appropriate concentration. All dissolution studies were performed

at least in triplicate for each batch of tablet.

Matrix erosion studies were also performed using the gravimetric method. The
dissolution conditions were the same as above. At regular intervals, sample holders with
tablets were withdrawn from the dissolution vessels, and lightly blotted with a tissue paper
to remove excess test liquid and re-weighted. Then the sample holders with tablets were
put into a vacuum oven (50°C) and dried to a constant weight. The amount of polymer
erosion was calculated as the difference between the original and dry weight of the tablets
after dissolution test. Weighing method was only used for pure HPMC tablets and tablets
of KI15M/Starch 1500, and the dissolution of HPMC with excipients (SDS, lactose and

Starch 1500) was studied using HPLC analysis.
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HPLC Assays

A size exclusion chromatography method with evaporative light scattering detector
was used to measure the release of HPMC. The HPLC column used in this work was a
silica-based size exclusion column (Bio-Rad Laboratories) with the following
specifications: Bio-Sil SEC 250-5 column, 7.8 mm x 30 cm, 5 pm particle size. The
HPMC response was measured using an evaporative light scattering detector (Shimadzu
ELSD-LT). In addition to the detector and the column, the chromatographic system also
contained two LC-10ADvp pumps, a SIL-10Avp auto-sampler, a DGU-14A Online
degasser, a SCL-10Avp system controller, a 100pL Semi-Micro gradient mixer) (all from
Shimadzu, Colombia, MD). For data acquisition, an in-house computer system installed

with the Atlas software system was used.

The mobile phase used was 0.1M ammonium acetate with pH 6.8. The flow rate
was 1.0 ml/min and the injection volume was 50 ul. The ELSD was operated with
nitrogen gas maintained at 350 kPa, the nebulizer temperature kept at 70+1 °C and the
gain set at 9. Because the average molecular weight of HPMC used exceeded the
molecular weight cut-off of the column, the HPMC retention volume was close to the
exclusion limit (5.5 min). The HPMC standards are prepared with the concentration range
from 2ppm to 100ppm. The HPMC concentrations were determined by measuring the

peak area and comparing with the standard curve of HPMC.
Evaporative Light Scattering Detection (ELSD)

The principle of ELSD operation is shown in Figure IV-1: A nebulizer using an
inert gas such as helium or nitrogen creates a plume of droplets. The eluent is evaporated,

creating a plume of non-volatile particles, which enters the temperature controlled
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evaporation tube. The plume passes through a focused high intensity visible light beam.

The light striking the dried particles is scattered and the photons are detected by a
photomultiplier tube at a fixed angle from the incident light. Because the evaporative light
scattering detector is not a spectroscopic detector, its response does not obey Beer’s law
(Lafosse 1987). Instead, the light scattering phenomenon is described by three
mathematical terms, all of which are influenced by particle size. The observed peak area

(A) is related to the quantity of analyte on-column (m) through the relationship
A=am" Equation V-1

where x is the slope of the response line and a is the response factor. This data treatment

is well established in the literature (Lafosse 1987; Mengerink 1991).
RESULTS AND DISCUSSION
1. Mathematical Model Construction

By envisioning polymer matrix dissolution as consisting of polymer detachment
off the matrix followed by diffusion of the dissolved polymer chains through the diffusion
layer towards the bulk solution, Ju ef al. built and tested the following model of polymer

erosion (Ju 1995a; Ju 1995b):

Equation V-2

p.dis

J,=f£,(D,) v C

where J, is matrix dissolution flux, f, is the prefactor, <D,> is an averaged polymer
diffusion coefficient within the diffusion layer, v is the solvent kinematic viscosity, @ is
the stirring rate, and C), 4 is the polymer disentanglement concentration, defined as the
polymer concentration at the gel layer/diffusion layer interface. Among these parameters,

only <D,> and C,, 4 are properties related to the matrix system.
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It is known that the diffusion coefficient of polymers, D,, is strongly
concentration dependent due to the entanglement o f p olymer c hains (Doi 1989). The
correlation between D, and polymer concentration, combined with the significant polymer
concentration variation, justifies the need to employ an average polymer diffusion
coefficient, <D,>, within the diffusion layer to model the polymer dissolution flux.
Assuming the concentration profile of the polymer within the diffusion layer is close to

that of small molecules dissolved from a rotating disk, it was described by Levich (Levich

1962) as:
J'I'e_”zdu
C,(nN=C, Equation IV-3
J:) e du

As demonstrated by Ju ef al.(Ju 1997), the Cy(r) profile in the diffusion layer exhibits a
linear decline with distance away from the gel layer/diffusion layer interface, except when
the diffusion layer/bulk solution interface is approached and the profile becomes less
linear. To simplify the mathematics, we further assumed the concentration profile is

linear, so

I
pdis

C,(n=C Equation IV-4

where L is the diffusion layer thickness, and r is the distance away from the gel
layer/diffusion layer interface. Furthermore, Ju et al. (Ju 1997) found that the polymer

diffusion coefficient has the following relationship with polymer concentration:
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D,=D,,(1+[n],C,/8)" Equation IV-5

where D), is the diffusion coefficient of the polymer in a dilute solution and [7n]p is the

polymer intrinsic viscosity. Based on Equation IV-4 and V-5, we are able to calculate

<D,> as
ILD (r)yrdr 2p
Y
<Dp> == f = 3" - I g —dr Equation IV-6
J; rdr L (l+0(r)'
C, .
and & = [’7]”“‘”/” Equation IV-7
8L
Integrating the right side of Equation IV-6 leads to
2D
(D)= [ln(l +al)+ - 1J Equation IV-8
() I+al
or
2D
<Dp> = - +[71,C, 0 18)+ 1 —1| Equation IV-9
,7];7 C[i.n’is i ] + [,7 p = pdis /8

Based on Equation V-2 and 1V-9, we can see that the polymer dissolution flux is a
function of the polymer disentanglement concentration, i.e. C v.dis- Therefore, our objective

now is to correlate the gel strength with polymer disentanglement concentration.

The viscosity of a polymer solution is, in general, related to C, as follows (Dow

Chemical):
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n=n,(+[n],C,/8)" Equation IV-10

As our preliminary study has shown, the gel strength derived from TA is proportional to

the viscosity of the gel, so

G, 4 =K1+[n],C, /8)° Equation IV-11
or
C - G , 1/8
2, pae (e | Equation IV-12
8 K

here K is the proportion constant between gel strength and viscosity of the gel. Now

Equation IV-9 can be rearranged into:

2D G ‘ G » -1/8
(D,)= o [éln( }’(”j+[ }(’] —IJ Equation IV-13

B

In reality it is not possible to get G, 4 before knowing C . dis- A method to obtain

Cp.ais using T A will be described below. Both theory and o ur p revious e xperimental
results showed that there is a power-law relationship between the viscosity/gel strength
and concentration of polymer solution in good solvent above C ». dis a8 we demonstrated in

Chapter II:
G= kaﬂ Equation IV-14

Hence, if we measure the gel strength (G.,,) at a polymer concentration higher than C,, 4,

the following relationship should be existed:
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B
G C
P ( — P ] Equation IV-15

p.dis p.dis

Therefore, for system 1 and 2 (1 is a reference system with known C,, 4;), at the same

polymer concentration (C, ) the following equations can be obtained similarly:

G c. Y
Lexp _ [ exp ] Equation IV-16
GLJ,‘; Cl,dix
and
G .\
2.exp :( exp ] Equation IV-17
Gl.dis Cl.d:s

Dividing Equation IV-16 by IV-17 leads to

ex| C7 isﬂ: =P G is 3
o 2 (P [G'—"] Equation IV-18

2.dis

By substituting Equation IV-11 into IV-18, we obtained

8
G 0 I+ Cru /8
l.exp _ 2.dis 7 (Cexp )ﬂ, -/ [”]pJ l.dis Equation IV- l 9
Glexp C[.,/,'S I l + [’7],;_2 CZ.(ILY /8

Equation 1V-19 provides a convenient and theoretical basis for estimating the
polymer disentanglement concentration. After a reference (denoted as 1) is selected, its
polymer disentanglement concentration can be obtained from literature. G vy (reference)
and G,,,, (test system) can be obtained from TA experiments, and thus C, 4 can be
calculated according to Equation IV-19. The calculated polymer disentanglement

concentration is then substituted into Equation V-2 to calculate the polymer dissolution
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flux. Equation 1V-19 also implies that the polymer disentanglement concentration is

directly correlated to the gel strength.

2. Model Validation

2.1. Effect of HPMC Viscosity Grade on HPMC Dissolution

A typical SEC-HPLC-ELSD chromatogram of HPMC K15M was shown in Figure
IV-2. Since the average molecular weight of HPMC KI15M exceeded the molecular
weight cut-off of the column, the HPMC retention volume was close to the exclusion limit
(5.5 min). This is in agreement with a previous study (Sung 1996). The concentrations of
the HPMC K15M standards were between 2 ppm and 100 ppm. The peak area of each
concentration was measured to establish the standard curve, as shown in Figure IV-3. In
agreement with Equation IV-1, logarithm of peak area linearly increased with logarithm of
HPMC concentration. HPMC concentrations of each sample were then determined by

measuring the peak area and comparing with the standard curve.

We also measured the HPMC K15M dissolution using gravimetric method, and
found that the data was identical to the result obtained by SEC-HPLC-ELSD method. For
the data reported below, gravimetric method was used for the dissolution of HPMC
K100M, K15M, K4M, K100LV and K15M/Starch 1500. SEC-HPLC-ELSD analysis was
used for the dissolution of HPMC KI5M, KI5M/Starch 1500, Kl15M/lactose and

K15M/SDS.

The dissolution of HPMC with four viscosity grades K100M, K15M, K4M and
K100LV was shown in Figure IV-4. Since it is one dimensional dissolution, the

dissolution amount was linear with the dissolution time for all the samples; therefore, the
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dissolution rate could be extracted from the slope of the line. The data was listed in

Table IV-1.

As we discussed in Chapter 11, the gel strength of HPMC follows a power-law
relationship with polymer concentration. Using the parameters obtained from the power-
low relationship, disentanglement concentrations for HPMCs of various viscosity grades
could b e d etermined b ased on E quation [ V-19. The dis entanglement concentration o f
HPMC K4M, 5%, was used as a reference (Ju 1995a). As such, disentanglement
concentrations for all other viscosity grades were calculated accordingly and the
corresponding values were listed in Table IV-1. The experimental concentration was
chosen as 20% for all the viscosity grades and it was verified that the calculated
disentanglement concentration was not affected by the selection of experimental

concentration as it is supposed to be.

Based on Table IV-1, HPMC disentanglement concentration as a function of the
molecular weight was plotted in Figure [V-5. A power-law relationship was derived using
linear regression, and the value of the power exponent was ~0.68. Ju et al. (Ju 1995a)
also proposed a power-law relationship between disentanglement concentration and the
molecular weight of HPMC by assuming that the disentanglement concentration obeyed
the same scaling law as overlapping concentration in polymer solution. The power they
derived was —0.8. The agreement between these two exponents suggested that the gel
strength derived from Texture Analyzer measurement is reliable and TA 1s a proven and
convenient tool for measuring the disentanglement concentration, a key parameter for
polymer dissolution. The slight difference of the two exponents might be attributed to
several reasons. First, as the authors pointed out in their paper (Ju 1995a), the overlapping

concentration is far below the disentanglement concentration; therefore, powers for
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overlapping and disentanglement concentrations could be different. Secondly, we
assumed that polymer viscosity at disentanglement concentration can be described either
by Equation IV-10 as in concentrated polymer solution or from gel strength data as in gel

state. Such extrapolations might bring some deviations.

Once the disentanglement concentration was determined, the ratio of (average
diffusion coefficient in the diffusion layer) over (the diffusion coefficient in bulk solution)
could be determined using Equation IV-9 and the intrinsic viscosity data was obtainable
from the Dow Chemical’s technical handbook. The data were also listed in Table IV-1.
The ratios decrease with increase of molecular weight, but they are all very close to unity.
This indicates that the effect of polymer concentration on the self-diffusion was not
significant.  The diffusion coefficient of HPMC in water was estimated using the

following equation (Ju 1997).

D,,=74x107 xM Equation IV-20

The dissolution rates of HPMC for all the viscosity grades were calculated based on
Equation IV-2. To eliminate the prefactor and other constants in Equation 1V-2, the
dissolution rate of HPMC K4M was used as a reference. The results were listed in Table
IV-1. Both theoretical calculation and experimental measurements of HPMC dissolution
rates were compared and plotted as function of molecular weight in Figure IV-6. As we
can see, model predictions were in good agreement with experimental data. A power-law
relationship exists between dissolution rate and the molecular weight, as reported
elsewhere (Ju 1995a). The power obtained from theoretical calculation was —1.09, similar
to the experimental value of -1.0. This difference could be attributed to several reasons: 1)
The dissolution was not strictly on the interface of gel/diffusion layer, a prerequisite for

the validity of Equation 1V-2; 2) The diffusion coefficients of HPMC estimated using
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Equation IV-20 might cause some variations. 3) The polydispersity effect was not
taken into the consideration in the model. Polydispersity is expected to affect both the
diffusion coefficient and the disentanglement concentration. Nevertheless, the overall

agreement between the experimental data and model prediction was satisfactory.
2.2. Effect of Excipient Type and Content on HPMC Dissolution

As we discussed in Chapter II, the addition of lactose did not have effect on HPMC
KI5M gel strength. Based on our model, HPMC dissolution rate would not be affected by
the presence of lactose, this was verified experimentally, as shown in Figure IV;7. Several
groups have investigated the effect of lactose on HPMC dissolution (Ju 1995a; Sung
1996). Ju et al. (Ju 1995a) proposed to use “apparent molecular weight” to explain the
effects of non-polymer ingredients (excipients and drug molecules) on the dissolution of
HPMC from a formulation. The apparent molecular weight was defined as the weight
average molecular weight of HPMC and lactose. The authors found that the dissolution
rate of HPMC K4M was inversely linearly to the apparent molecular weight. The
dissolution rate in their study was expressed as the ratio of release amount of HPMC to the
amount of dry tablet. After converting the release fraction to the absolute amount of
HPMC release, we found their data also suggested that HPMC release amount in given
time interval was independent on the content of lactose for all the formulations they
investigated. Sung er al.(Sung 1996) also investigated the effect of lactose content on the
release of HPMC K4M. Their result Wés shown in Figure 1V-8 (a), where HPMC release
was expressed as the percent of initial dry weight. After converting such release fraction
to the absolute amount of HPMC released at 3 and 6 hours, we found that the release

amount did not change with the lactose content as shown in Figure IV-8 (b).
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The effect of lactose on HPMC dissolution is a good example to demonstrate
that HPMC dissolution rate was only affected by the polymer disentanglement
concentration and thus potentially gel strength. It suggested that lactose exerted
insignificant impact on the gel properties of HPMC-based tablets. Upon' the tablet
contacts with the dissolution medium, water molecules start to diffuse into the
HPMC/lactose matrix and dis solve 1 actose molecules, which further diffuse out of the
matrix and leave HPMC behind. Therefore, at the interface of gel/dissolution medium,
lactose concentration is very low, and HPMC disentanglement concentration should be the
same as that of pure HPMC tablets. As a result, HPMC dissolution rate would be same, as

long as there is enough polymer in the matrix to maintain the shape of the tablet.

On the other hand, addition of SDS into HPMC gels increased the gel strength, as
we discussed in Chapter II. Based on our model, SDS would be expected to retard the
dissolution rate of HPMC K15M. However, this did not agree with experimental data, as
shown in Figure IV-9. For all three ratios of HPMC/SDS (15:1, 15:2 and 15:3)
investigated, the dissolution rates of HPMC K15M were identical to that of a'pure HPMC
tablet. This is not surprising if we use the same argument as in the case of HPMC/lactose.
Since SDS is small molecule and will diffuse out of the matrix prior to the dissolution of
HPMC, SDS concentration at the interface of gel/dissolution medium was very low.
Previous study (Nilsson 1995) showed that SDS adsorption to the HPMC chain only
occurred when SDS concentration was above a critical adsorption concentration.
Therefore, SDS molecules at the interface of gel/diffusion layer are very likely in solution
state, having minimum effect on HPMC disentanglement concentration, same as lactose.

As a result, SDS content had no effect on HPMC dissolution rate at all.
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Based on the above argument, in order for the excipient to affect HPMC
disentanglement concentration, the excipient should not diffuse out of the matrix prior to
HPMC di ssolution. In this regard, S tarch 1500is an ideal excipient, since it is only
partially soluble and has much larger size than SDS and lactose. We used both gravimetric
method and SEC-HPLC-ELSD analysis to measure the dissolution of HPMC from tablets
having the binary mixtures of HPMC K15M and Starch 1500. It was found that Starch
1500 did not significantly contribute to the ELSD signal probably because it was filtered
out before entering the column. Therefore, ELSD signal was only contributed by HPMC
in the sample. On the other hand, the gravimetric method measured the total amount of
HPMC and starch released from the tablet. The ratio of HPMC detected by the ELSD to
the total release amount measured by gravimetric method was identical to the ratio in the
original tablet, indicating that HPMC and starch dissolve simultaneously at the iﬁterface of

gel/dissolution medium.

HPMC K I5M release from tablets containing HPMC and starch w as shown in
Figure IV-10. The HPMC/starch ratios studied were 1:2, 1:1 and 2:1, the same as those
studied in homogeneous gel systems in Chapter II. For the purpose of comparison, the
release rate of pure HPMC K15M tablet was also shown in the figure. Once again, since it
is one dimensional dissolution and t he surface area of tablet was maintained ¢ onstant
during the experiment, the HPMC release linearly increased with time. Therefore, the
release rate was extracted from the slope of the lines shown in Figure 1V-10. Abparently,
presence of Starch 1500 in the tablets has significantly modulated the release profiles of
HPMC, which is in line with the model prediction since Starch 1500 increases the gel

strength of HPMC.
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The effect of starch content on HPMC gel strengths was discussed in Chapter II
in details. The constant and the exponent obtained from the curve fitting were listed in
Table IV-2. Based on Equation IV-19, disentanglement concentrations of HPMC K15M
at different Starch 1500 levels were c alculated. The c alculated C), 4, values of HPMC
K15M were plotted as a function of the ratio of HPMC to Starch 1500 in Figure 1V-11,
where the presence of starch was shown to decrease the disentanglement concentration of

HPMC.

After the dis entanglement o f HPMC K15M and starch, t he effect of As tarch on
HPMC diffusion would be very minimal considering the nature of partially soluble Starch
1500, therefore, the intrinsic viscosity of the mixture of HPMC and starch would be the
same as that of pure K 15M. T herefore, t he average diffusion constants of HPMC at
different Starch 1500 concentrations could be determined using Equation IV-13 and the
results were summarized in Table IV-2. As we can see, the ratio of average diffusion
constant in diffusion layer to the diffusion constant in solvent was close to unity due to
low disentanglement concentration of HPMC. Based on Equation I'V-2, the release rate of
HPMC would be proportional to the disentanglement concentration of HPMC, and it was

verified in Figure IV-12.

After knowing the disentanglement concentration and average diffusion constant,
we are able to calculate the release rate based on Equation IV-2. To get ride of the effects
of prefactor and the parameters that were kept constant during the experiments, all release
rates were calculated using pure HPMC KI15M as a reference. The results were listed in
Table IV-2 and plotted in Figure 1V-13. The experimental release rates of pure HPMC
K15M and the mixture of HPMC and Starch 1500 were also shown in Figure IV-13 and

the model predictions were in good agreement with experimental data.
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CONCLUSIONS

A mathematical model was constructed to correlate HPMC dissolution rate and
HPMC gel strength through HPMC disentanglement concentration, Cpais. Effects of
HPMC viscosity grade, excipient type, and excipient content on HPMC dissolution were
studied to validate the model, while C, s was calculated using the model and TA gel
strength data. A power-law relationship was found between HPMC disentanglement
concentration and HPMC molecular weight and the exponent value was in agreement with
previous literature results. Further, a power-law relationship between HPMC dissolution
rate and molecular weight was found experimentally, consistent with both model
predictions and literature results. HPMC KI15M dissolution was also found to be
independent of the content of lactose and SDS, but was retarded by Starch 1500.
Therefore, gel strength was successfully correlated to polymer erosion through the
polymer disentanglement concentration. Texture Analyzer demonstrated to be a new,

reliable, and convenient method to estimate the polymer disentanglement concentration.
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Table IV-1 ~ The parameters used for the calculation of disentanglement

concentration of HPMC of four viscosity grades and the corresponding

results.

Parameters K100M KI5M K4M K100LV
Intrinsic Viscosity, 7,(dL/g) 19.2 11.0 7.5 2.6
Molecular Weight, M, (kDa) 267 134 96 29
Gel strength at 20% (w/w), G (g/mmz) 7.643 4.497 2.591 0.867
Disentanglement Conc., C , 4 (Yow/w) 2.52 3.65 5.00 11.24
<D,>/Dp, ¢ 0.925 0.937 0.941 0.953
Dissolution rate, J, (mg/hr) 0.880 1.695 2.660 9.738
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Table IV-2  The parameters used for the calculation of disentanglement
concentration of HPMC K15M with the presence of Starch 1500 and the

corresponding results.

Parameters K15M K 15M:Starch K15M:Starch K15M:Starch
=2:1 =]:1 =1:2
Intrinsic 11.0 11.0 11.0 11.0
Viscosity,
np(dL/g)
Gel strength at 0.027 0.105 0.398 2.735
5% (w/w), G
(g/mm")
Disentanglement 3.65 3.01 2.28 1.54
Conc., C , 45 (%)
<Dy,>/Dp ¢ 0.937 0.947 0.960 0.972
Dissolution rate, | 1.8 1.56 1.19 - 0.81
Jp (mg/hr)
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CHAPTER YV  Understanding the Effect of SDS-HPMC Interaction

on Drug Release from Depakote® ER Tablets

ABSTRACT

Purpose. The purpose of this study was to investigate the interaction between
HPMC and a surfactant, SDS, in the dissolution medium and to ¢ orrelate HPMC gel
strength to the release of divalproex sodium from Depakote® ER tablet. Methods. HPMC
gel strengths were measured using Texture Analyzer. Dissolution tests of Depakote® ER
tablets were conducted in 0.05M phosphate buffer with and without 75mM SDS (pH 5.5)
using USP dissolution apparatus II with a rotation speed of 100rpm. HPMC release was
analyzed using a size exclusion chromatography-HPLC-evaporative light scattering
detector (SEC-HPLC-ELSD) method. Divalproex sodium release was analyzed using
TD,” fluorescence polarization immunoassays following dilution with dissolution medium
using an automated TD," system (Abbott TD," Analyzer). Results. Divalproex sodium
release from Depakote® ER tablets in PBS buffer was diffusion-controlled; while the
addition of 75mM SDS into the PBS dissolution medium increased drug release rate
significantly and the r elease mechanism became e rosion-controlled. It was found that
neither the interaction of active ingredient, divalproex sodium, with HPMC nor with SDS
was the major cause for such dramatic drug release rate and mechanism changes in
different dissolution media. Interactions between SDS and HPMC chains were found to
be responsible for the changes in drug release rate and release mechanism. Our studies
demonstrated that SDS enhanced HPMC gel strength at low concentrations and collapsed
HPMC gel network at high concentrations. A unique structure of the swelling tablets was

observed in the SDS-containing medium and helped explain the above changes of drug
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release characteristic. That is, unlike normal HPMC-based tablets, gel strengths of

swollen Depakote ER tablets exhibited a flat profile in the outer portion of the gel layer.
This was attributed to SDS concentration gradients and its interaction with HPMC in the
gel layer. Further, addition of 0.2M NaCl decreased both HPMC erosion and drug release
rates in 75mM SDS dissolution medium, but increased drug release rate in PBS buffer
although HPMC release rate decreased. Conclusions. A qualitative relationship between
HPMC release and the gel strength was demonstrated, i.e., HPMC erosion decreased with
gel strength increase by adding salt into PBS dissolution medium with and without 75SmM
SDS; HPMC erosion increased with gel strength decrease by adding 7SmM SDS into PBS
dissolution medium to collapse the gel at the dissolution interface, and the corresponding

drug release was completely controlled by HPMC erosion.

Key Words: divalproex sodium; in vitro/in vivo correlation; gel strength, polymer

dissolution, SEC-HPLC-ELSD, HPMC, Texture Analyzer, SDS
INTRODUCTION

Divalproex sodium, or sodium hydrogen divalproate, is a stable coordination
compound containing equimolar proportions of sodium valproate and valproic acid.
Chemically it is de signated a s s odium hy drogen bis(2-propylpentanoate) ( Figure V-1).
The anhydrous divalproex sodium exists as crystalline aggregates that appear as waxy
white flakes with melting point of approximately 100°C. 1t has high aqueous solubility at
neutral pH (e.g., 36 mg/mL at pH 6.2) and solubility decreases at pH values below its pKa
value of 4.8 (e.g., 2 mg/mL at pH4.7)(Qiu 2003a). The molecular weight of divalproex

sodium is 310.41 g/mol.
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Divalproex sodium is widely used antiepileptic agent. It has also been found to
be effective in the treatment of bipolar disorder and in the prophylaxis of migraine
headaches. B ecause di valproex sodium is a narrow t herapeutic index dr ug ¢ ommonly
used for long-term therapy, a once-daily controlled release (CR) dosage form was
designed to improve clinical therapy via increased patient compliance and reduced adverse
events. Depakote ER" tablet (Abbott Laboratories, IL, USA) is a commercially available
ER tablet of divalproex sodium based on a hydrophilic matrix platform. In this
formulation, 53.8% is active ingredient, divalproex sodium, 30% is hydroxypropyl
methylcellulose (HPMC) KI5M acting as a rate-controlling polymer and 16.2% is
filler/lubricant. It provides nearly 24 h of apparent zero-order in vivo absorption of

divalproex sodium that allows once daily administration (Qiu 2003a).

During the formulation design of Depakote® ER tablet, an initial in vitro
dissolution test (USP II, 100rpm, pH 6.8 phosphate buffer) was found to result in release
rates that were slower than in vivo absorption and the release mechanism was diffusion-
controlled. The test method was also unable to sufficiently differentiate formulations
containing HPMC KI15M with various concentrations (Table V-1), although these
formulations have different in vivo absorption rates as shown in Figure V-2 (Qiu 2003b).
To develop an in vitro method that is directly correlated with in vivo absorption,
statistically designed studies were carried out to investigate the effects of various in vitro
testing variables on drug release using USP dissolution apparatuses. The variables studied
included agitation intensity, apparatus, pH, surfactant and ionic strength of the dissolution
medium. A series of factorial studies indicated that higher pH, addition of sodium dodecyl
sulfate (SDS) to the dissolution medium, and higher agitation intensity increased the

release rate from the matrix tablet. Use of SDS not only lead to increased release rates
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that are more comparable to in vivo absorption rates, but also improved differentiation

among formulations with varying release rates. Based on the above findings, a predictive
in vitro dissolution method was identified by adding 75SmM SDS into 0.05M phosphate
buffer and lowering the pH to 5.5. As a result, the drug release rate using this new method
was increased and a good correlation between in vitro and in vivo data was obtained. The
drug release mechanism was changed to apparent erosion-controlled and different
formulations can also be adequately differentiated (Figure V-3). Comparing these two sets
of test conditions, we found the significant difference is with and w ithout addition o f
75mM SDS into the dissolution medium. Among possible causes, the interaction between

SDS and non-ionic polymer HPMC could be pivotal for understanding this system.

Interactions between surfactants and non-ionic, water-soluble polymers in aqueous
solution has been the focus of intense research, originating from the study of protein-
surfactant interaction (Klotz 1953; Breuer 1972). The general conclusion emerging from
these studies is that surfactant molecules interact with polymer chains at a critical
aggregation concentration (CAC), forming micelle-like clusters along the polymer
backbones. Although polymer-surfactant micelle complexes find applications in many
industries, such as enhanced oil recovery, food preparations, cosmetic formulations,
laundry detergents and pharmaceutical cpmpositions, many problems are still unsolved.
Particularly, the question of how the precise chemical structure of the surfactant and the
morphology of the unperturbed micelle are related to the tendency for association with

polymers poses a challenge for chemists.

In 1957, Saito published the first extensive study on polymer-surfactant
complexation. Two major observations were 1) an increase in viscosity of an aqueous

poly(vinylpyrrolidone) (PVP) solution upon addition of SDS and 2) an increase in
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solubilizing power of an SDS solution upon addition of PVP. Though it was suggested

that the aggregation of surfactant molecules in the presence of polymer resembled normal
micellization, Saito proposed that, at a low surfactant-to-polymer ratio, the surfactant
molecules bind individually to the polymer. This binding was thought to occur by dipolar
interaction of the surfactant head groups with polar sites on the polymer, while the
surfactant chain was thought to lie parallel to the polymer chain. However, Saito wisely
stated that the structure of the polymer-micelle or polymer-surfactant complex had not yet

been clearly established.

The major concept emerged in the following decade, summarized in Breuer and
Robb’s review (Breuer 1972), was the picture of individual molecules along the polymer,
together with some kind of micellization occurring above the critical micelle concentration
(CMC) of the surfactant in pure water (Jones 1967; Saito 1969b, a). Many details of
polymer-micelle interaction were revealed in that period; including the finding that
complexation takes place even below the normal CMC (Jones 1967). This has long been
used as support for individual binding. It was found that above a minimum molecular
weight of the polymer, the interaction is independent of MW (Jones 1967; Schwuger
1973; Tokiwa 1973) and that certain saturation takes place at increasing surfactant
concentration (Jones 1967). The importance of hydrophobic interaction in polymer-
surfactant complex formation was deduced from the stronger interactions obtained as
polymer h ydrophobicity and surfactant alkyl chain length w ere increased (Saito 1957,
Jones 1967). Much later, in 1987, measurements of heat capacities and apparent molar
volumes also revealed a shift of these thermodynamic properties, upon addition of

polymer, in the direction of enhanced hydrophobic association (Perron 1987).
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The presently accepted model was proposed by Cabane (Cabane 1977) in 1977
on the basis of his comprehensive studies of the poly(ethylene oxide) (PEO)-sodium
dodecylsulfate (SDS) system. According to this model, segments of the polymer bind to
the surface region of the surfactant micelles and the polymer is converted into a
“necklace” decorated with surfactant micelles. Stabilization of the interface between the
hydrophobic core of the micelles and water is considered to be a major driving force for

polymer-micelle interaction.

Although thorough understanding of polymer-surfactant interaction in the solution
has been obtained, very few studies were found in the literature about the interactions
between surfactant and polymer gel. In this work, we studied the effect Qf SDS in
dissolution medium on the gel strength of HPMC swelling tablets, and its effect on

corresponding drug and polymer release profiles from Depokate ER" tablet.
MATERIALS AND METHODS
Materials

METHOCEL", commercially available hydroxypropylmethyl cellulose (HPMC)
KI15M, was same as that used in Chapter II. Sodium dodecyl sulfate (SDS) was from
BDH laboratory supplies. Depokate ER" tablet was manufactured at Abbott Laboratories
(Pharmaceutical Products Division, North Chicago, IL). Valproic acid was from Abbott

Laboratories.

Sample Preparation

5.4% w/w HPMC K15M hydrogel with divalproex sodium at ratio of 30:53.8 was

prepared by first mixing HPMC and divalproex sodium in a mortar and then adding



135

precisely weighed powder mixture into appropriate amount of 80-90°C 0.05M

phosphate b uffer with or without 7SmM SDS to form gel. 6.4% w/w H PMC K15M
hydrogels at different SDS concentrations were prepared by dispersing K15M powders
with predetermined mass into 80-90"C 0.05M phosphate buffer (pH 5.5) with varying SDS
concentrations (0, 2, 4, 6, 7.5, 10, 25, 50, 75, 115, 150 and 347mM) to form gel. Different
concentrations of NaCl (0.1, 0.2 and 0.3M) were added into 0.05SM phosphate buffer
containing 50, 75, 115 and 150mM SDS and used to prepare HPMC gels with different
ionic strength. The detailed procedures of gel preparation were as same as being described
in Chapter II. The preparation of tablets containing 100% hydroxypropylmethyl cellulose

(MethocelTM, K15M) was as same as that described in Chapter III.
Cloud Point Measurement

0.5% w/v HPMC KI5M solution was prepared by dispersing the pre-weighed
polymer (500mg) or mixture of polymer (500mg) and sodium valproate (896.7mg) into
50mL of 0.05M phosphate buffer (pH 5.5) with or without 75mM SDS at 80°C, cooling
the dispersion down under stirring until the solution became clear, transferring the solution
into 100mL volumetric flask and adding cold phosphate buffer with or without 75SmM
SDS to bring the total solution volume to 100mL. The HPMC solutions were stored
overnight in a 4’C refrigerator to hydrate fully. Samples were transferred to lcm” cuvettes
and placed in a water bath with a temperature regulator. During gradual increasing the
temperature of water bath by 0.1'C as increments, the transmitted light density through the
samples was measured at 400nm. The cloud point was taken to be the temperature

corresponding to 50% light transmission.
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Solubility Test

A super-saturated valproic acid solution was prepared by adding 0.57570g valproic
acid into a scintillation vial containing 4 mL of 0.05M phosphate buffer with 7SmM SDS,
pH 5.5. The vial was further covered using alumina foil and mounted onto a rotating
shaker. After shaking for 15 hours, the vial was taken out from the shaker and stood still
for phase separation. The oil (upper) phase was trashed and sample was withdrawn from
aqueous (lower) phase and assayed using TDy analysis after the phase separation reached

the equilibrium.
One-dimensional Swelling Experiments

One planar side of the tablet was covered with organic coating (14.0 g Eudragit®
RS in the mixture of 50 mL acetone and 50 mL isopropanol) impermeable to water in
order to prevent deformation during the determination of the glass/gel interface, and the
tablet was subsequently glued to the tablet mold with the same diameter as that of the
tablet to provide one-dimensional swelling. The samples prepared in this manner were
then placed in 0.05 M phosphate buffer with or without 7SmM SDS (pH 5.5) under a static
condition at room temperature or subjected to a dissolution test. The swelling tablets were

carefully taken out at predetermined time intervals for texture analysis.
Texture Analyzer Measurements

Both homogeneous gel samples and swelling tablets were tested using TA.XT Plus
Texture Analyzer (Texture Technologies Co., Algonquin, IL). The test probe used was a
flat-tipped, round steel probe of 2mm in diameter and 30mm in length. The test conditions

and procedures were as same as those in Chapter II and III.
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In Vitro Dissolution Tests and Assays

In vitro dissolution rates from the Depakote ER" tablet were determined using the
USP Apparatus Il (Vankel 7000). The paddle rotation speed was kept at 100rpm, and a
temperature of 37.0+0.5 OC was maintained. Release testing was carried out in 900mL of
pH 6.8 phosphate buffer or pH 5.5 phosphate buffers with or without 75mM SDS.  0.2M
NaCl was added into pH 5.5 phosphate buffers with or without containing 75SmM SDS to
study the ionic strength effect on drug and HPMC release. Samples of 10mL were
withdrawn at predetermined time intervals up to 24 h. Samples were filtered through a 35-

um polyethylene filter.

The valproic acid was aséayed by TD." fluorescence polarization imrﬁunoassays
following dilution with dissolution medium using an automated TD,” system (Abbott
TD,® Analyzer). Valproate calibrators consisting of six standard concentrations (0, 12.5,
25, 50, 100, and 150 pg/mL) were used to perform an assay specific calibration prior to
sample analysis. Dissolution samples were then pipetted into a sample cartridge and
loaded into the analyzer along with valproate controls and monoclonal II reagent pack for
automated sample analysis. The sensitivity of the assay was 0.70pg/mL. High accuracy
and precision were also confirmed. The HPMC K15M was assayed using SEC-HPLC-
ELSD method described in Chapter IV, except that the mobile phased used in this study
was 0.1M ammonium acetate with pH 5.5. All dissolution studies were performed in

triplicate.

One-dimensional in vitro dissolution tests were conducted under the same

conditions as those in three-dimensional tests, except that only upper face of tablet
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exposed to the dissolution medium by putting the tablet in a sample holder of the same

size of tablet.
RESULTS AND DISCUSSION
1. Interaction between Active Ingredient and HPMC

Cloud Point Measurement

It is well known that the hydration of HPMC in aqueous solution is affected by
temperature. At lower temperatures, polymer chains are fully hydrated and there is little
polymer-to-polymer interaction other than simple entanglement when the polymer
concentration 1s above overlapping concentration. As the temperature o f tﬁe solution
increases, the cellulose polymers gradually lose the water of hydration and solution
viscosity decreases. As the polymer loses more water of hydration, a polymer-polymer
interaction takes place, primarily induced through hydrophobic interactions among
methoxy-substituents. As such, polymer chains start to aggregate and eventually
precipitate out of solution, leading to a cloudy solution. As a beam of light passes through
the s olution, the light transmission is reduced due to ¢ loudiness o f the solution. The
temperature at which light transmission reaches 50 % o f initial value is defined as the
cloud point. Therefore, cloud point is a measure of the interaction between polymer and

“solvent, and thus, hydrophobicity of the polymer. In addition, any change in cloud point
of a polymer/water system due to the addition of a third component can be referred to
alterations of interaction and changes of the hydrophobic/hydrophilic balance in the

system.

The percent transmittance profiles of 0.5% w/w HPMC KI15M in the solution of

0.05M phosphate buffer with and without sodium valproate (SV) were presented in Figure
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V-4. The ratio of HPMC/SV is 30:53.8, as same as that in Depakote® ER formulation.

The cloud points obtained from the corresponding transmittance profiles were 63.2 and
64.9 °C for K15M with and without presence of SV, respectively. The decrease in cloud
point with the addition of surfactant (SV is a surfactant like molecule) has been reported in
the literature (Ldefroth 1991; Drummond 1992), and it might be due to the conformational
changes of the polymer that promotes the hydrophobic-hydrophobic polymer interaction
(Carlsson 1986). Nevertheless, this minor difference in cloud point suggested that there is

no significant interaction between HPMC and SV in the solution.

The same measurement was also done in PBS buffer containing 7SmM SDS, and
no cloud point was detected up to 100°C, as shown in Figure V-4. This is in agreement
with the result obtained by Nilsson (Nilsson 1995), who measured cloud point of 0.3%
HPMC salt free solution with various SDS concentrations and found that cloud point was

beyond 100°C when SDS concentration was above 16 mM.

Cloud point data indicates that the interaction between HPMC and SDS is much
stronger than the interaction between HPMC and the active ingradient, sodium valproate,

in aqueous solution.
Gel Strength Measurement

To study the interaction between divalproex sodium and HPMC at gel state, the
strength of 5.5% HPMC K15M homogeneous gel with and without divalproex sodium
(DS) was measured using Texture Analyzer. The ratio of HPMC to divalproex sodium
was 30:53.8 w/w, as same as that in Depakote® ER formulation. As shown in Figure V-5,
divalproex sodium increased the strength of K15M gel slightly. On the other hand, the

effect of SDS is much more significant than divalproex sodium, indicating greater
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HPMC/SDS interactions than HPMC/divalproex sodium. In addition, the gel strength

of HPMC/DS/SDS was slightly lower than HPMC/SDS, as shown in Figure V-5.

The gel strength data demonstrated that HPMC/SDS interactions were much
stronger than those of HPMC/divalproex sodium, in agreement with cloud point data

obtained in solution state.
2. Interaction between Active Ingredient and SDS

It is known that divalproex sodium dissociates into equal molar of sodium
valproate and valproic acid in aqueous medium. And valproic acid is a hy drophobic
compound with low water solubility (Qiu 2003a), we expected that high conceﬁtration of
SDS in dissolution medium could increase the solubility of valproic acid by forming
mixed micelles. This was proven experimentally. The solubilify tests of valproic acid in
0.05M phosphate buffers at different pH with or without 7SmM SDS were conducted and
the results were listed in Table V-2. The solubility of valproic acid in 0.05M phosphate
buffer at pH 5.5 was 7.3mg/mL, and increased to 22.5mg/mL with addition of 75SmM SDS
into the buffer solution. When the pH of buffer solution increased to 6.8, the solubility of

valproic acid increased to 126.9mg/mL

The drug release studies in different media were performed and the résults were
shown in Figure V-6. Both higher pH and inclusion of 75mM SDS in the dissolution
medium i ncreased drug release, b ut the enhancementby 75mM S DS was m uch more
significant than by pH increase, which was not consistent with solubility data. Therefore,
we concluded t hat the s olubility i ncrease by S DS c ouldn’t fully e xplain the fastd rug

release in SDS medium.
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3. Interaction between SDS and HPMC

Effect of SDS Concentration on HPMC Gel Strength in Homogeneous Gel Systems

The strength of HPMC K15M homogeneous gels at different SDS concentrations
(from 0 to 347mM) was measured, and the gel strength enhancement was plotted as a
function of SDS concentration in Figure V-7. It is shown that the gel strength f)roﬁle can
be classified as two regions: SDS increases HPMC gel strength at low total SDS
concentration, up to ~120mM, and collapses the HPMC gel at higher total SDS

concentration, 1.e. ~150mM.

A similar trend was also reported when Nilsson et al. studied the effect éf SDS on
the viscosity of HPMC solutions (Nilsson 1995). They found the reduced specific HPMC
viscosity started to increase sharply when the SDS concentration was above 4mM, and
reached a maximum at SDS concentration between 5 to 8mM depending on the
concentration of HPMC. As the total SDS concentration exceeded 12mM, the reduced
specific HPMC viscosity approached the same value lower than that of HPMC solutions
without SDS irrespective of polymer concentration. This suggests that interactions of SDS
and HPMC chains are sensitive to SDS concentration. The mechanism of SDS/HPMC
interaction was suggested by Nilsson (Nilsson 1995) and shown in Figure V-8. The author
discussed the difference between high and low HPMC concentration, and here we only
focus on high HPMC concentration, which is more related to the gel system. When SDS
concentration is above 4mM, SDS starts to adsorb to the HPMC chain in a cooperative
manner in the form of small micelles. The adsorbed micelles increase in both size and
number with surfactant concentraiion up to a certain limiting plateau value, while SDS

concentration in the solution, [SDS], kept constant as shown in Figure V-9. If the
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polymer concentration is above the overlapping concentration, the micelles adsorption

tends to become intermolecular in nature; i.e., one micelle is shared by two or more
polymer molecules creating a three dimensional network. This explains the high viscosity
observed by Nilsson (Nilsson 1995), and gel strength enhancement in Figure V-7. When
more SDS is added, normal micelles begin to form in the solution and SDS concentration
in the solution starts to increase as shown in Figure V-9. A particular polymer molecule
may then solubilize its hydrophobic sites also in normal free micelles. This competition
will favor the normal micelles as their relative number increases with increasing the total
SDS concentration and the networking tendency of the polymer solution will eventually be
lost. This effect shows itself in Figure V-7 as the gel was very weak or gel network was

completely collapsed.
Effect of SDS on HPMC Homogeneous Gel Strength at Different Ionic Strength

The effect of SDS on HPMC gel strength under different ionic strength was also
studied and presented in Figure V-10(a). And such effect was not only the function of the
ionic strength as shown in Figure V-10(b). As more salts added in, the relative gel
strength profile shifted toward the right and the maximum gel strength increased as salt
concentration increased. Two different gel strength dependencies on salt concentration
were observed: the relative gel strength decreases as salt concentration increases when
SDS concentration is equal and lower than 75mM, while gel strength increases as salt
concentration increases when SDS concentration is higher than 90mM. The effect of salt
concentration (ionic strength) on SDS micelle formation in aqueous solution was studied
by Nagarajan ef al. (Nagarajan 1991). They found that the aggregation number of SDS
micelle increases with salt concentration, while critical micelle concentration (CMC)

decreases as shown in Table V-3. Based on this data, the concentration of SDS micelle at
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different salt concentration was calculated and also shown in Table V-3. We-expect

the effect of salt on SDS micelle formation in the presence of HPMC to follow the same
trend, i.e. the number of SDS micelles formed in polymer network decreased with salt
concentration resulted in less gel strength enhancement at low SDS concentration. On the
other hand, at high SDS concentration, HPMC chains were saturated with SDS micelles,
so the number of SDS micelles interacting with HPMC network would be same at all salt
concentration. But higher salt concentration could shield negative charges from SDS and

prevent gel collapsing; as a result, gel strength increases.
Effect of SDS on Gel Strength of HPMC and Depakote® ER Swelling Tablets

The effect of SDS on gel strengths of HPMC-based swelling tablets was
investigated. As shown in Figure V-11(a), gel strength profiles of the swollen HPMC
tablets in phosphate buffer were significantly modulated by 7SmM SDS. SDS increased
the gel strength at given penetration depth and slightly decreased the gel layer thickness,
as shown in Figure V-11. SDS’s effect became more apparent as swelling progressed. As
clearly de monstrated in Figure V-11(b), a typical gel s trength p rofile was o bserved in
phosphate buffer, i.e. the gel strength increases gradually with the penetration depth as
described in Chapter III. However, a new and unique structure was rendered by 75mM
SDS. A sudden plateau of gel strength was observed at the outer gel layer, followed by
further gradual increase in gel strength. This indicates a sharp phase transition at the

interface of gel/dissolution medium.

The effect of SDS on gel strength of Depakote@ ER swelling tablets followed the
same trend described above as shown in Figure V-12 (a), and a characteristic gel strength

plateau was also seen in SDS medium as shown in Figure 1V-12 (b). The lower gel
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strength of Depakote™ ER tablets compared with pure HPMC tablet was probably due

to the lower level of HPMC used in the former.

While the cause of the sharp interface is unknown and beyond the scope of this
study, we hypothesize as follow. Once HPMC tablet started to swell, SDS molecules and
or micelles in the solution diffused into the swelling tablet, interacting with HPMC chains
and thus enhancing the gel strength. Furthermore, a SDS concentration gradient across the
gel layeris expected to form. H igh SDS concentrations at the “outer” region s hould
increase the gel strength to a greater extent than lower SDS concentrations do at the
“inner” region. Thus, it is likely the typical increase of gel strengths toward the inside of
gel layers is balanced by the extént of gel strength enhancement due to the SDS
concentration gradient, forming a plateau region when these two factors cancel each other

out.

Since there are abundant SDS molecules and or micelles in the solution, SDS
micelles continued to accumulate at the gel surface until the saturation point and HPMC
gel started to collapse. However, this could not be detected by gel strength measurement
since the collapsed gel is so weak as shown in Figure V-7 at high SDS concentration end.
This explains the sharp phase transition at the interface of gel/dissolution medium and why

the gel layer thickness in SDS solution was shorter than in phosphate buffer.
4. Drug and HPMC Dissolution

Release of divalproex sodium and HPMC from Depakote”™ ER tablets was shown
in Figure V-13. Without SDS, the release of divalproex sodium was much faster than the
release of HPMC, suggesting that diffusion played a major role in to the overall drug

release. We also found that the drug release was proportional to the square root of time,
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while HPMC was proportional to time. Therefore, we concluded that divalproex

sodium release from Depakote® ER tablet in PBS buffer was diffusion-controlled.

The divalproex sodium and HPMC release from Depakote® ER tablet in PBS
buffer containing 75SmM SDS was shown in Figure V-14. Contrary to the above data, the
release of divalproex sodium was identical to that of HPMC, and both were proportional to
time. The results definitely proved that polymer erosion was the predominant mechanism
for divalproex sodium release. Further, SDS increased HPMC release by more than 3
times than that from SDS-free solution. As we discussed above, the accumulation of SDS
at the surface of HPMC gels significantly weakened or collapsed the gel structure, leading
to accelerated HPMC release. The gel structure at the dissolution interface was significant
different as shown in Figure V-16. The gel interface was very smooth at PBS buffer but
relative rough and irregular in SDS solution due to the gel at the interface was too weak to

maintain its shape.

One-dimensional release of divalproex sodium from Depakote® ER tablet in PBS
buffer without and with 75mM SDS was also studied and the results were shown in Figure
V-15. In agreement with three-dimensional release, divalproex sodium release was mainly
controlled by diffusion and had minimal contribution from HPMC release in PBS buffer,
while the drug release was identical to HPMC release in SDS solution. We further found
that HPMC release from both PBS and SDS was proportional to the dissolution area, in

agreement with the model we proposed in Chapter IV.

The effect of ionic strength on divalproex sodium and HPMC release in PBS buffer
containing 75mM SDS was also studied and the results were shown in Figure V-17. The
ionic strength was changed by the addition of 0.2M NaCl. In agreement with previous

data (Qiu 2003b), addition of 0.2M NaCl decreased drug release. On the contrary, addition
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of 0.2M NaCl into SDS-free buffer increased divalproex sodium release as shown in

Figure V-18 (a), while HPMC release decreased in both situations ( Figure V-17 (b) and
Figure V-18 (b)). As we discussed above, accumulation of SDS at HPMC gel interface
collapsed the gel structure, promoting the polymer erosion. And the increase of ionic
strength shielded negative charge from SDS and prevented gel collapsing, as a result, the
gel strength increases at given SDS concentration as shown in Figure V-10 at high end of
SDS concentration. As the result of increased gel strength, both HPMC and drug releases
decreased. However, in PBS buffer, the addition of 0.2M NaCl increased the gel strength
of HPMC as shown in Figure V-10 (b), which resulted in lower HPMC release. It is not
clear why divalproex sodium release increased with the addition of 0.2M NaCl into PBS
buffer. Nevertheless, the fact that the addition of 0.2M NaCl into PBS buffer had opposite
effect on divalproex sodium and HPMC releases further proved that the latter had little

contribution on the former.

CONCLUSIONS

Divalproex sodium release from Depakote® ER tablet was diffusion-controlled in
the PBS buffer without SDS; while the drug release became erosion-controlled when
75mM SDS was added to the same buffer. The most likely cause of SDS’s effect was
interactions between SDS and HPMC chains in the gel layer. SDS increased HPMC gel
strength at low concentration and collapsed HPMC gel network at high concentration. A
unique structure of swollen HPMC tablets was observed in SDS-containing PBS buffer,
reflected as a plateau of high gel strengths at the outer portion of gel layer. This was
further attributed to the SDS concentration gradient inside the HPMC gel layer.
Accumulation of SDS at the HPMC gel surface would eventually collapse HPMC gel

structure, promoting HPMC erosion. Addition of NaCl into the dissolution medium of
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PBS buffer with 75SmM SDS decreased both HPMC erosion and drug release. On the

contrary, addition of NaCl into the dissolution medium of SDS-free PBS buffer increased
drug release, while HPMC release was retarded. In summary, a qualitative relationship

between HPMC release and HPMC gel strength was demonstrated.
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Table V-1 Formulations of controlled-release hydrophilic

divalproex sodium (Qiu 2003b)

matrix tablets

150

of

Formulation B F G
Divalproex sodium 53.8% 53.8% 53.8%
HPMC K15M 30% 20% 40%
Filler/lubricant 16.2% 26.2% 6.2%




Table V-2 Solubility data of valproic acid at different conditions
pH 5.5 5.5 with 75mM 6.8
SDS
Solubility (mg/mL) 13 22.5 126.9
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Table V-3 SDS micelle concentration at

adapted from (Nagarajan 1991))

different salt concentration.(* data

Added salt Aggregation CMC Concentration of
concentration (M) number* (mM)* micelle (mM)
0.1 93 1.5 0.79
0.2 106 0.8 0.70
0.3 120 0.6 0.62
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Figure V-1  Chemical structure of divalproex sodium.
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Figure V-4  The transmittance profiles of 0.5% w/w HPMC K15M in the solution of
0.05M phosphate buffer with or without sodium valproate (at ratio of
30:53.8 w/w) and mixture of 0.5% w/w HPMC KI5M and sodium
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buffer with 75mM SDS.
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Figure V-5 Effect of divalproex sodium on the strength of HPMC K15M homogeneous
gels with and without 75M SDS. 5.5% w/w HPMC was used and the ratio

of K15M:divalproex sodium was 30:53.8 w/w.
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Figure V-7 Effect of SDS concentration on HPMC K15M gel strength.
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clusters to the HPMC chain at [SDS],x > CAC. (c) At high polymer
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chains from polymer network (Nilsson 1995).
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Figure V-16  Visual observation of Depakote”™ ER tablet dissolution in PBS buffer with

and without 75mM SDS at different dissolution times.
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CHAPTER VI  Suggested Future Studies

1. Application of Texture Analyzer to other polymer systems

Texture Analyzer has been utilized for the first time to delineate the structure of
swollen HPMC tablet in this thesis. HPMC hydrogels were demonstrated td show true
solution behavior in the literature (Ferrari 1994; Talukdar 1996), however, many other
hydrogels, such as k-carrageenan and carboxyvinyl polymer gels, do not show the same
behavior. It will be of interest to investigate if TA is able to characterize the structure of

such tablets.

We also demonstrated that TA is a new, reliable, and convenient method to
estimate the polymer disentanglement concentration of HPMC hydrogel, and HPMC
dissolution rate could be estimated using a mathematical model in Chapter IV. It will be
beneficial to apply such m ethodology in other p olymer s ystems and to s tudy how the
disentanglement concentration changes with polymer characteristics such as monomer

type, molecular weight, molecular weight distribution and hydrophobicity.
2. Interaction between HPMC and Starch 1500®

In the thesis, it was shown. that Starch 1500 increased gel strength and decreased
the disentanglement concentration of HPMC, as a result, HPMC dissolution rate decreased
with the increase of Starch 1500™ content in the tablet. However, it is not fundamentally
clear how Starch 1500 interacts with HPMC. Starch 1500 is partially . soluble in
aqueous solution. It contains 5% of free amylose and 15% of free amylopectin. It will be
beneficial to separate the soluble fraction from the nonsoluble fraction and study their

impact on HPMC gel strength separately.
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The interaction can be studied at dilute solution using traditional IR, NMR or
other appropriate spectroscopic techniques. In relatively high concentration, the
interaction can be studied using cloud point measurement described in Chapter V. If
there is synergetic interaction between HPMC and starch, the cloud point of HPMC

solution will be expected to drop.

3. Interaction of HPMC and SDS in solution of high SDS concentration

At low concentration of SDS solution, the interaction of HPMC and SDS was very
clear thanks to the work done by Stephen (Nilsson 1995). However, at high SDS
concentration such as 75mM used in Chapter V, we demonstrated that HPMC dissolution
rate increased significantly. The authors (Nilsson 1995) suggested that SDS micelles in

solution dissolves the HPMC network, but the detailed mechanism was lacking.

There are two possible scenarios with the further addition of SDS when HPMC
solution viscosity or gel strength reaches the maximum: 1) SDS micelles adsorption to
HPMC chain reaches saturation, and the added SDS becomes free SDS micelles in the
solution, which compete the HPMC chains in disentanglement state and finally dissolves
HPMC completely.  2) The added SDS continues to adsorb onto HPMC chains and

collapses HPMC network.

For the first scenario, one can imagine that polymer chains are well dispersed in
the cluster of SDS micelles; while one might find several polymer chains are associated
with a bigger cluster of SDS micelles in second scenario. Therefore, it is possible to obtain
more details of interactions between HPMC and SDS at high SDS concentration by
studying the cluster structure of SDS micelles with HPMC chains. The size of the cluster

resulted from the first scenario should be in the order of the size of free SDS micelles, and
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the cluster from the second scenario might have significantly larger size. Time-
resolved fluorescence anisotropy and quasi-elastic light scattering method could be used

for the measurement of the size of mixed cluster of SDS micelles and HPMC.

Another approach to study this interaction is to study the transition kinetics from
gel strength increasing to decreasing with SDS concentration. In this regard, binary
mixture of HPMC and SDS hydrogels are prepared first, and the concentration of SDS is
chosen to get the strongest gel strength. Then such hydrogels are placed at swelling
medium with SDS at concentration higher than critical adsorption concentratipn, and the
gel strength is measured using TA at predetermined time. According to the first scenario,
SDS concentration in the gel will be constant since SDS is already saturated with HPMC
chains, and gel strength change with time due to the swelling will be independent on SDS
concentration in the swelling medium. On the other hand, such transition is expected to

depend on SDS concentration in the medium in the second scenario.
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