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Abstract

The use of controlled release formulations in the pharmaceutical industry offers several
advantages over rapid release formulations. An important feature of controlled release
formulations is the ability to release a drug for an extended period of time at a controlled rate.
One example is hydroxypropylmethylcellulose (HPMC) which is a hydrophilic polymer that has
the unique property that when exposed to water, it undergoes a volume expansion or swells
resulting in a polymer concentration gradient. A drug combined with HPMC into a tablet has a
drug diffusion behaviour that is determined by this HPMC covncentration gradient. To gain
further insight in terms of providing concentration information, NMR imaging was employed in
the present work to investigate the swelling of pure HPMC tablets.

One-dimensional swelling experiments exposed only one side of a flat face HPMC tablet
to water and therefore limited the swelling to only one direction. These swelling experiments
were carried out at the physiological temperéture of 37 °C and at various temperatures to
determine if a correlation existed between temperature and the swelling rate. The results
indicated a dependence of the swelling rate on temperature with an increase in temperature
resulting in a greater swelling rate.

To provide a more realistic understanding of these swelling systems, a three-dimensional
swelling experiment was also carried out to monitor the polymer concentration gradients in
three-dimensions. In contrast to the one-dimensional swelling, the three-dimensional swelling of
a pure HPMC tablet involved the water penetration into both flat faces and sides. Results
indicated that the rate of expansion favoured the vertical swelling direction over the radial
direction as expected.

In an effort to predict the swelling behaviour, a mathematical model was employed to

ii




simulate the one-dimensional swelling of a series of tablets of different thicknesses. Evaluation
of the model was done by comparing the theoretical to the experimental results. The
mathematical model was limited in its ability to predict the swelling in one-dimension. It
assumed that the swelling was a homogeneous, single component system which did not reflect
the one-dimensional experimental results that indicated a less homogeneous and a more

heterogeneous swelling process.
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Chapter 1

Introduction

1.1 Controlled Release Formulations

Controlled drug delivery by solid dosage forms such as tablets is advantageous for both
the patient and the pharmaceutical industry. These delivery systems when used correctly, can
deliver a drug at a predetermined rate for a definite time period while maintaining a therapeutic
level where the concentration of the drug released does not reach a toxic level. The release of
the drug can extend for a prolonged period of time in which case only one tablet needs to be
ingested. A study done in 1979 estimated that 50% of the 1.8 billion prescription medications
issued annually in the United States are not taken correctly [1]. Incorrect use of medications can
result in an overdose-underdose cycle of drug concentration that is due to the ingestion of rapid-
release formulations which are taken at regular intervals. These rapid-release formulations when
ingested incorrectly at shortened intervals, lead to an increase in drug concentration that could
reach a toxic level. On the other hand, prolonged intervals between ingestion leads to a
continual decrease in drug concentration. The drug concentration eventually drops below the
therapeutic level resulting in an ineffective drug treatment. By administering a single controlled
reléase tablet, the patient is relieved from the constant ingestion of medication and at the same
time therapeutic drug concentrations are attained and then maintained for an extended period.

.Controlled release technology provides a benefit not only to the patient but also to the
pharmaceutical industry. The cost of developing a controlled release formulation is greater than
a conventional formulation but increases the efficiency of the drug and is less expensive than the
development of a new drug. In addition to the cost, since drug patents expire after several years,
a new drug delivery system may give continued benefits for the pharmaceutical company [2].

The long term goal is to tailor a drug treatment to the needs of a group of patients where the rate
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of drug release, location, and timing are factors that can be directly controlled.
1.2 Swelling Controlled Delivery Systems

Swelling controlled delivery systems involve the use of a group of hydrophilic polymers
that has a unique swelling behaviour when exposed to water. Cellulose ethers are a broad class
of hydrophilic polymers that include hydroxypropylmethylcellulose (HPMC; Figure 1.1) which

is the polymer investigated in this thesis. Due to its wide availability, low cost, low toxicity, and

Figure 1.1 Structure of hydroxypropylmethylcellulose.

FDA approval, it is a popular choice for hydrophilic matrices. The HPMC as received is in the
form of a powder. Pressing the HPMC powder along with the drug into capsules or tablets gives
a form of drug delivery that can be admiﬂisteréd orally. When a hydrophilic polymer such as
HPMC is exposed to water, the mobility of the polymer chains increases, leading to a net
disentanglement of these chains with the final outcome being the destruction of the polymer
network. This leads to volume expansion of the tablet and what is termed swelling. The
swelling of the tablet results in a polymer concentration gradient with a higher polymer
concentration in the region of the tablet farthest from the water environment. The region of
polymer surrounding the tablet that is approximately less than 15% HPMC is described as a gel
region [3]. This gel region depending on the extent of the polymer chain disentanglement and

the chemical structure of the drug can either inhibit or promote the diffusion of drug. The drug



release will depend on the effect of water penetration, polymer hydration, and drug diffusion out
of the gel.
1.3 Investigations of the Swelling of HPMC

Various types of analytical methods have been employed to study these swelling
controlled drug release systems. The most common technique involves the suspension of a
tablet/capsule in a flow cell. Water is continually flowing through the cell in a closed loop and
samples of liquid are assayed by UV/Vis spectrophotometry to monitor the total drug
concentration released [4, 5, 6]. A more direct technique involves swelling a tablet for a specific
time and then slicing the tablet and drying the identical slices to a constant weight. The water
and polymer concentrations in each of the original slices of the swollen tablet can then be
determined [7].

In situ imaging is a non-destructive technique which allows a tablet to be monitored
without disturbing the polymér gel layer. The obvious imaging technique is optical photography
which allows the dimensional changes of a tablet to be monitored [4, 5, 8]. The techniques listed
above fail to provide both the ability to study the swelling characteristics in a non-destructive
manner and to determine the concentrations of the water or the polymer in the swelling tablet. A
technique that can be employed which meets the above two points is NMR imaging. Preliminary
NMR imaging stuciies were concerned with the dimensional changes of a swollen HPMC tablet

and the water penetration into the matrix [9, 10]; however, these investigations failed to provide

concentration information for the swelling process.




1.4 Nuclear Magnetic Resonance

Nuclear magnetic resonance was first reported in 1946 [11, 12] and is a well established
tool for the elucidation of chemical structures of molecules. vThe theory of NMR is extensively
discussed in several books [13, 14, 15, 16]. The following description is meant only to be
sufficient to understand the experiments described in this fhesis.

It has been known since the 1920's that atomic nuclei have an angular momentum
generated from their inherent rotation or spin. In the case of hydrogen, this results in a magnetic
dipole as shown in Figure 1.2 (a). The proton when placed in a magnetic field B, behaves
similarly to a spinning top in that the magnetic dipole rotates about a precessional orbit at its
Larmor frequency as shown in Figure 1.2 (b).

(2) (b)

|
|
Precessional orbit i
-~ .
- 1 ~Nuclear magnetic

o -4 dipole, p
S

Spinning proton

Figure 1.2 Description of a proton (a) Rotating on its nuclear axis generating a magnetic dipole
(b) In a magnetic field B, precessing about its precessional orbit.

A nucleus of spin, I, can exist in 2] + 1 spin states. Protons are spin %2 and thus have two spin
states: spin "up" (m; = +%2) and spin "down" (m; = -'2). In a magnetic field, By, there is an

excess of protons in the spin "up" state determined by the Boltzmann equation as shown in




Figure 1.3 (a). 'Tfle magnetic behaviour of the entire population of protons can be defined
macroscopically using a net magnetiéation vector as shown in Figure 1.3 (b) parallel to the main
magnetic field defined as the z-axis. By application of a radio frequency pulse, it is possible to
rotate the net magnetization vector about any desired axis. An rf field, By, applied for the time
required to rotate the net magnetization from the z-axis to the X, y plane is said to have
performed a 90° rotation and is termed a '90° pulse.! This magnetization in the x, y plane begin
to rotate and in doing so generates an electromotive force that can be detected. The signal that is
detected is called the free induction decay (FID). When the magnetization is tipped to the x, y
plane, each proton not only feels the main magnetic field but also the magnétic properties of
neighbouring protons. The protons will acquire a range of varying precessional frequencies
causing a decay of the signal. The decay is a first order process and the rate is described in terms

of the T5 relaxation time.

(a) Bo (b) Bo

mp=+1/2

my=-1/2

Figure 1.3 Magnetic behaviour of protons in a magnetic field B, (a) An excess of spins in spin
"up" state (m; =+ %) in a field B, (b) The simplified depiction of the excess of spins in the spin
"up" state as represented by a net magnetization vector (M) in a field B,




1.5 Relaxation Processes

There are two relaxation times to consider when carrying out NMR experiments: 7
(spin-lattice) and T (spin-spin) relaxation times. The T relaxation time arises from the
disturbance of the spin states by a rf pulse that results in a non-Boltzmann population
distribution. This disturbance in population will eventually return to the Boltmann distribution
by a first order process, the rate of which is described by the 7 value. The most commonly used
pulse sequence to measure 77 is the inversion recovery sequence [17] shown in Figure 1.4 (a).
After a 180° pulse, the net magnetization is inverted from the +z-axis to the —z-axis as shown by
the vector description in Figure 1.4 (b). A.fter a delay period, T, in which the net magnetization
relaxes toward its equilibrium value along the +z-axis, B,, a 90° pulse tips the net magnetization
to the x, y plane so that the sign and the magnitude of the magnetization can be detected. In
Figure 1.4 (b) the 7 interval is too short for recovery and the net magnetization vector is still
along the —z-axis. Following the 90° pulse, the net magnetization is in the x, y plane and is
detected as having a small negative intensity when plotted as a function of relative intensity
versus T as shown in Figure 1.4 (¢). This pulse sequence is repeated for various t values and the
T, value is obtained by fitting the intensities of the resulting signal to Equation 1.1. Knowledge
of T is importanf in obtaining quantitatively reliable data as éhe délay between successive
repetitions (Tr) of a pulse sequence should be five times 7 to allow for the complete return of

the spin population to Boltzmann equilibrium.

I = I, + Ae[i] (1.1)
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Figure 1.4 Method for measuring T spin-lattice relaxation times (a) Inversion recovery pulse
sequence (b) Vector description of the net magnetization as a consequence of the inversion
recovery pulse sequence (c) Plot of equation 1.1 illustrating the effect of t on the signal intensity.




Although in theory the 75 relaxation time can be determined from the decay of the FID,
inhomogeneities in the magnetic field dominate the rate of decay and the true 75 cannot be
measured directly from the FID. The T, (spin-spin) relaxation time describes the length of time
that the magnetization can be manipulated and detected in an NMR experiment and is
responsible for the decéy of the FID. A puise sequence used to measure 75 is the spin-echo
sequence [18] as shown in Figure 1.5 (a)-.‘ After a 90° pulse, the net magnetization is tipped in
the x, y plane as shown in Figure 1.5 (b). During the 1 delay, the nuclear spins start to dephase
which results in a decrease in the signal's maximum intensity due the field inhomogeneities that
causes a range of Larmor precessional frequencies. After a 180° pulse, the vectors are rotated to
a new position where the faster rotating vectors (F) now lag behind the slower ones (S). As
such, after a delay 2t, the different precessional frequencies of the vectors are now refoccused.
The refocused vector has, however, decreased in magnitude as a result of true 75 dephasing
which cannot be refocused. The relationship between Tg (21) and the intensity of the signal is
shown in Figure 1.5 (c). The longer the Tg, the greater the reduction in signal intensity. By
varying Tg , T, can be determined by fitting the signal intensity as a function of Tg to Equation
1.2. A second pulse sequence that can also be used to measure 75 is the multi-echo sequence.
The key difference between the spin-echo and multi-echo methods is the acqusition time.

Further required details of this sequence will be discussed in Chapter 2.

It = Ae[—%J (1.2)
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Figure 1.5 Method for measuring T, spin-spin relaxation times (a) Spin-echo pulse sequence
(b) Vector description of the net magnetization vector as a consequence of the spin-echo pulse

sequence. F and S represent the fast and slow precessing vectors respectively (¢) Equation 1.2
plotted to illustrate the effect of Tg on the signal intensity.




1.6 Previous Work on the Swelling of HPMC Using NMR Imaging

Previous work on the swelling of HPMC using NMR imaging was carried out in this
laboratory by Dr. Almira Blazek [3]. The combination of NMR imaging and NMR spectroscopy
yielded a detailed description of the swelling and drug release behaviour of these systems. Her
work was based on the one-dimensional swelling of HPMC tablets at 22 °C where only one of
the tablet faces was exposed to water preventing the exposure of the remaining face and the sides
to water and consequently, the water penetration into the tablet was limited to only this face of
the tablet. Thus the swelling of the tablet was limited to only the vertical direction. The reasons
this one-dimensional and not the three-dimensional swelling was investigated were the
simplification of the subsequent analysis and the interpretation of data. In the case of a swelling
tablet, a polymer concentration gradient exits. The goal-s of her thesis were to monitor this
concentration gradient as a function of the time the tablet was in the water environment and to
track the release of drug from the tablet. The main reason the polymer concentration gradient or
the swelling profile was monitored was because the release of the drug is dependent on the
polymer concentration. The determination of these swelling profiles makes it possible to predict
the drug release profile. One of the biggest limitations in her work was the efficiency in
acquiring and processing of the data due to the imaging equipment available. The acquisition of
T, relaxation times was done with a spin-echo pulse sequence which took a long time to

complete due to the Tr of water.
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1.7 Current Work on the Swelling Property of HPMC Using NMR Imaging and the Goals
of this Thesis Research

One great improvement in the current work on the swelling property of HPMC involves the
capability of implementing a new pulse sequence with the current equipment. This sequence
called multi-echo is more efficient in the acquiring and processing of the data. In Chapter 2, the
T, relaxation times of known HPMC and water mixtures are determined by both the spin-echo
and the multi-echo pulse sequence. However, more emphasis is placed on the multi-echo pulse
sequence since it will be used in the one-dimensional swelling of HPMC tablets found in
Chapter 3. The previous swelling investigations were carried out at only 22 °C and Chapter 3
extends this to swelling experiments at three temperatures (32 °C, 37 °C, and 47 °C). These
variable temperature experiments can provide an insight into the swelling behaviour by allowing
for the determination of an activation barrier for specific polymer concentrations. In addition to
the one-dimensional swelling of HPMC tablets, a three-dimensional swelling experiment is
described in Chapter 4. Whereas the one-dimensional swelling involves the penetration of water
and the subsequent increase in volume of the polymer in only the vertical direction, the three-
dimensional swelling involves the penetration of water and subsequent swelling in both the
vertical and radial directions. In Chapter 5, the results from the swelling experiments
particularly for the case of one-dimensional swelling HPMC tablets are compared to various

models to test their applicability and validity.
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Chapter 2

Determination of [HPMC]/T; Correlations
2.1 Introduction

In mixtures of polymer and water, direct NMR measurements on the polymer are not
feasible due to its characteristic broad spectral lines. However, the characteristics of the polymer
can be inferred indirectly through the interactions with the water. There are at least 2 possible
states in which water can exist. A species in a free state which has no interactions with the
polymer and a species in the "bound state" which can have varying degrees of bonding
interactions with the polymer. In order to quantitatively study the swelling behaviour of HPMC
in terms of the polymer concentration, the 'H relaxation times of the water must be measured.
More specifically, the water spin-spin (75) relaxation time must be correlated to the
concentration of HPMC. Thus, T, values measured for known HPMC concentrations are
necessary in order to provide a basis for this correlation. Along with the water 'H spin-spin
relaxation times, the 'H water spin-lattice (T 1) relaxation times are measured for different
polymer concentrations in order to obtain quantitatively reliable results.
2.2 Preparation of HPMC Mixtures

The HPMC (Methocel K4M premium) was obtaingd from Dow Chemical Co. as a free
flowing white powder. The HPMC mixtures were prepared by weighing out the appropriate
amount and mixing it with the appropriate amount of distilled water in a vial. The moisture
content of the HPMC powder was determined by thermogravimetric analysis and was found to
be 5.4% and this percentage of moisture in the powder was used to correct for the weight of

HPMC. Therefore the actual weight % HPMC is:

wt. HPMC - 5.4% moisture
wt. HPMC + wt. distilled water

actual weight % HPMC =

12




The contents in the vial were stirred and the vial was_éapped. Parafilm was used to seal the vial
and 1t was placed in a refrigerator to allow the mixture to equilibrate. After a week, the mixture
was stirred again, sealed, and placed in a refrigerator for another week. According to previous
work [3], the gel mixtures were ready for NMR measurements after two weeks of equilibration.
This was confirmed three months later when similar measurements were made that showed very
small deviations from the original measurements.

23'H T: Relaxation Times for Water in HPMC Mixtures

All the imaging experiments were carried out on a Bruker Avance DRX 360 MHz
(8.46 T) spectrometer. The gradient coil system is not located on the probehead but instead is a
separate entity permanently mounted to the room temperature shim set inside the bore of the
magnet. The probehead consists of a probehead body with interchangeable tf coils of varying
diameters (5 mm, 10 mm, 20 mm, and 30 mm) which can be tuned to either 'Hor “F
frequencies.

As discussed in Chapter 1, the T values are important in obtaining quantitatively reliable
data. In the case of the HPMC mixtures, the 7} values were obtained by the inversion recovery
method [17] shown in Figure 1.4 (a). After a recycle delay time Tg, which is selected to be
approximately 5 times 7', the 180° pulse tips fhe net magnetization to the —z-axis. After a time
T, @ 90° pulse tips the net magnetization from the z axis to the x,y plane where it is detected. The
intensity of the signal [[t] is as a function of T and the determination of T} involved a two
parameter non-linear fit to Equation 1.1 using Xwinnmr 2.6.

The T and subsequent 75 determinations were carried out using the same vials as the
mixtures were originally prepared in. Before the relaxation times were determined, the mixtures
were placed in a water bath at the appropriate temperature and allowed to equilibrate for an hour.

The relaxation times were determined using the 20 mm coil. Once inside the magnet, the

13




temperature was kept constant by a Bruker Variable Temperature (BVT) unit. In this setup, a
heating coil coupled with a dewar was inserted into the probehead. A compressed air line was
connected to the dewar and together with the heating coil and BVT unit provided a constant air
flow at the specific temperature chosen.

The T, values determined for the different mixtures at the various temperatures are
shown in Table 2.1. As shown in Figure 2.1, there is a clear relationship between the T values
and the HPMC concentrations at all temperatures. The dependence is a smooth function of
concentration and there is a greater dependence on 7 at the lower HPMC concentrations. Once
the 7 values are known for the different HPMC concentrations, quantitative measurements to

determine the spin-spin relaxation times can now be made using a recycle delay time of 5 times

T.

Table 2.1 Measured 'H T} spin-lattice relaxation time values for the water in different HPMC
mixtures at the different temperatures. . ~

% HPMC? T, (s) at 32 °C T,° (s) at 37 °C T,° (s) at 47 °C

0 3.609 3.669 4324
222 3.333 3.321 4.020
4.47 2.952 3.307 3.599
7.05 2.765 2.921 3.371
8.98 2.413 2.550 3.038
13.6 2.072 2.166 2.495
17.8 1.714 1.859 2.119
22.6 1.458 1.588 1.817
27.4 1.233 1.289 1.492
37.0 0.9394 1.054 1.157
46.4 0.7198 0.8016 0.9631
55.2 0.5612 0.6958 0.7262

2 corrected for 5.4% moisture content
b error + 5%
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Figure 2.1 The dependence of 77 on the HPMC concentration.

2'"H T 2> Relaxation Times for Water in HPMC Mixtures Using the Spin-Echo Pulse
Sequence

Again after the HPMC mixtures had been equilibrated at the appropriate temperature, the
spin-spin relaxation times were measured using the spin-echo pulse sequence [18] shown in
Figure 1.5 (a). After a recycle delay Tr, a 90° pulse is applied tipping the net magnetization to
the x, y plane. After an evolution time 1, the spins begin to dephase and a 180° pulse is applied.
After a second 7 interval, the spins are refocused and the signal is detected. 7> relaxation times
were determined by varying the time to echo (Tk) and observing the 'H signal intensity. The
signal intensity /[t] was plotted against Tg and a two parameter non-linear fit to Equation 1.2 was
carried out using Xwinnmr 2.6. The T, values for thé different HPMC mixtures at the various

temperatures are shown in Table 2.2 and plotted in Figure 2.2. The relaxation times for the
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Table 2.2 'H T, values for water in the different HPMC concentrations at the various
temperatures determined by the spin-echo pulse sequence.

% HPMC® T," (ms) at 32 °C 75" (ms) at 37 °C T,° (ms) at 47 °C
2.22 464 414 388
4.47 376 383 316
7.05 272 269 248
8.98 186 176 157
13.6 124 137 119
17.8 92.1 88.3 83.1
22.6 68.8 77.1 73.7
27.4 48.9 51.2 48.7
37.0 23.6 22.2 21.5
46.4 9.68 10.7 12.2
55.2 6.08 6.34 6.1

? corrected for 5.4% moisture content
® error + 5%

water component in the HPMC mixtures are very dependent on the mobility of the water within
the polymer matrix. The higher the HPMC concentration, the shorter the relaxation times. In
mixtures with low HPMC concentrations, the hydrated polymer chains exhibit an increase in
mobility that could mean a contribution of hydroxyl or methyl groups to the observed 'H signall.
However, imaging experiments [3] performed with DO confirmed that the observed 'H signal
from the polymer has an insignificant effect on the observed 'H signal. The temperature
dependence on the relaxation times is greater at the lower HPMC concentrations. However, the
differences in the 75 values at the various temperatures are very small and within reasonable
error. It was assumed that the dependence of T, on the HPMC concentration at the three

different temperatures fit could be described by a single calibration curve.
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Figure 2.2 Plot of T values vs. % HPMC for the three different temperatures indicated
determined by the spin-echo pulse sequence.

25HT 2> Relaxation Times for Water in HPMC Mixtures Using the Multi-Echo Pulse
Sequence
The multi-echo pulse sequence [19], shown in Figure 2.3 will ultimately be used to
determine 7> values when imaging experiments are performed. Compared to the spin-echo pulse

sequence, this pulse sequence is important because of the rapid determination of T, as multiple

(90°) (180°),
Tr < T ' < T T »
< Tg

number of echoes
Figure 2.3 Multi-echo pulse sequence for measuring 7>
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data points at n x 2t that are acquired from a single excitation pulse. This rapid determination of
T, translates to an improvement in efficiency that will be significant when the one-dimensional
swelling of HPMC tablets are investigated in Chapter 3 and in particular for the three-
dimensional swelling experiments in Chapter 4. A drawback to note is that the 73 values
obtained are not true 7, values. This is due to the presence of stimulated echoes that will be
discussed shortly. However, any association between the 75 values and the HPMC
concentrations are valid as long as T3 is reproducible because this correlation is only an
empirical one. Unlike the spin-echo pulse sequence which consists of a single incremented Tg
the multi-echo pulse sequence consists of an echo train. After a recycle time Ty, a 90° pulse tips
the net magnetization to the x, y plane. After a time 1, the spins dephase and a 180° pulse rotates
the spins around the x, y-axes. After 2t, the spins are refocused and are detected. Up to this
point, the pulse sequence is similar to the spin-echo pulse sequence. However, the acquisition of
echoes continues and after 37, a second 180° pulse rotates the spins around the x, y-axes again.
After 47, the spins are refocused and-are detected. This train of echges continues and the
imaging software stores every echo separately into memory. Each echo that is collected has a
decreased signal intensity from the previous echo as the T is increased along the echo train.

One very big advantage the multi-echo pulse sequence has over the spin-echo is the experimental
time. It takes more time to determine the 7> value using the spin-echo method. However, upon
direct comparison of 75 values obtained by both pulse sequences, the 7, values differed by as
much as a factor of two. One explanation is the presence of stimulated echoes. Any two pulses
create an echo. Therefore, after the 90°-180° pulse pair, an echo is created and after the 180°-
180° pulse pair, a second echo is created. However, any three pulses create a stimulated echo.

In addition to the true echo, there is also intensity from a stimulated echo on top which could

cause a very slight increase in the echo's intensity.
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Again, after equilibration of the HPMC mixturés at the appropriate temperature, 7,
measurements were carried out. The T; values of the various HPMC mixtures were determined
using two different experimental protocols with parameters chosen to produce adequate numbers
of points for the different 7, ranges. The first protocol, short echo time, had a Tg of 5.6 ms and
this is best for the determination of the 7, values of the high HPMC concentrations. The second
experimental protocol, long echo time, had a Tg of 38.1 ms which was more api)ropriate for the
T, determinations at the lower HPMC concentrations as shown in Figure 2.4 . The use of the
two different echo times employed will be discussed in more detail in Chapter 3 when the one-
dimensional swelling of HPMC tablets is described. 7, was determined using Equation 1.2
using a two parameter non-linear fit by the imaging software ParaVision 2.1 BII supplied by
Bruker. The results of the spin-spin relaxation times for Tg = 5.6 ms and Tg = 38.1 ms are

shown in Table 2.3 and Table 2.4 respectively. The resulting fits for the short echo times and

700

A Short ecﬁo time
600 ® Long echo time

500 -

400

T, (ms)

300 -
200 +

100

60
% HPMC

Figure 2.4 'H T, measurements made by the short and long echo time protocols for the two
HPMC concentration ranges at 37 °C.
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Table 2.3 'H T » values for the water in different HPMC concentrations determmed by the multi-
echo pulse sequence at the temperatures indicated for Tg = 5.6 ms.

% HPMC * T," (ms) at.32 °C T,° (ms) at 37 °C T," (ms) at 47 °C
2.22 693 643 476
4.47 585 454 393
7.05 435 345 293
8.98 313 286 207
13.6 220 199 161
17.8 167 159 139
22.6 65.9 71.3 67.5
27.4 502 46 442
37.0 38.9 38.7 349
46.4 26.5 25.1 24.7
55.2 23 16 16.9

? corrected for 5.4% moisture content
b error + 5%

Table 2.4 'H T2 values for the water in different HPMC concentrations determined by the multi-
echo pulse sequence at the temperatures indicated for Tg = 38.1 ms.

% HPMC® T,° (ms) at 32 °C 75" (ms) at 37 °C T>" (ms) at 47 °C
2.22 621 - 586 436
4.47 502 454 354
7.05 376 345 263
8.98 283 246 179
13.6 191 177 143
17.8 146 138 122
22.6 61.9 61.2 59.7
27.4 427 39.6 40.3
37.0 31.4 31.6 28.3
46.4 28.4 28.4 27.1
55.2 23 20.9 21.5

? corrected for 5.4% moisture content
® error + 5%

long echo times at the temperatures indicated are shown in Figures 2.5 and 2.6 respectively. The
calculated error bars for T, values primarily for the less céncentrated HPMC concentrations at
32 °C and 37 °C overlap within the experimental limit and therefore the resulting fit included the
T, values for both temperatures. However, the error bars for 7, values at 47 °C for the less
concentrated HPMC concentrations do not overlap the error bars at 32 °C and 37 °C and as such

the fit was carried out included only the T, values at 47 °C.

20



1000

® 32 degrees
A 37 degrees

& 47 degrees
800 -

600 -

T, (ms)

400 A

200 +

% HPMC

Figure 2.5 The T dependence on % HPMC and temperature when Tg = 5.6 ms determined by
the multi-echo pulse sequence.
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Figure 2.6 The T, dependence on % HPMC and temperature when Tg = 38.1 ms determined by
the multi-echo pulse sequence.
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Equations 2.1 to 2.4 were obtained by fitting the results in Mathematica using non-linear least-
squares fitting and correlate the HPMC concentration to the 7 values measured.

~(0.04395)(T, ) ~(0.003091)(T, 1)

[HPMC] = 70.816¢ 25.336 ¢ @.1)
[HPMC] = 177.75¢~©08280Bn) | 96 538 ,~(0.003662)(Ts ) 2.2)
[HPMC] = 69.431¢ 06N Bn) | 54 593 (0.004196(To) 2.3)
[HPMC] = 67.449 ¢~ ©06%86)\0on) 39 777 ,~0007358)To) 2.4)

Equation 2.1 involved fitting the 7, relaxation times from the short echo time protocol for
polymer mixtures equilibrated to 32 °C and 37 °C. The results from the 7> determination of the
polymer mixtures using the long echo time at 32 °C and 37 °C were fitted yielding Equation 2.2.
Equations 2.3 and 2.4 were generated by measuring the 7> values for the different polymer
mixtures at 47 °C using the short echo time and long echo time protocols respectively.

At HPMC concentrations approximately less than 35%, the T, values determined are
reproducible partictllarly when the long echo time protocol is used to measure 75 due to the long
Tg and a greater number of echoes collected. At HPMC concentrations approximately greater
than 35%, theré is a limited depehdenée of 7; on HPMC concentration and the polymer mixture
1s heterogeneous. As such, 7, values determined are considered semi-quantitative. Since 7> is
short, it was advantageous to use the short echo time protocol to determine 75 for the higher
HPMC concentrations. Equations 2.1 to 2.4 will be significant when the one-dimensional and
subsequent three-dimensional swelling of HPMC tablets are investigated quantitatively.

To determine if there was statistically a correlation between the quantitative and semi-
quantitative HPMC concentration regions, the standard deviation (S.D.) of the fit at 37 °C for
Tg = 38.1 ms was calculated. T values that were less than 3 times S.D. would be considered

unreliable and should be ignored. In this case, all T, values were greater than 3 times S.D.;
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however at higher HPMC concentrations and shorter 73, the maximum difference between 3

times S.D. and 7, was 32% as shown in Table 2.5. These HPMC concentrations and their
|

corresponding 73 values would be classified as statistically semi-quantitative. However, as the

HPMC concentrations decrease the disparity between 75 and 3 times S.D. also decreases. These

HPMC concentrations would be classified as being statistically more quantitative.

Table 2.5 Disp)arity between 73 as determined for Tz = 38.1 ms at 37 °C and 3 x S.D.

% HPMC Disparity between 77 and 3 x S.D.
(%)
2.22 1.1
4.47 1.5
7.05 1.9
8.98 2.7
13.6 3.8
17.8 4.8
22.6 11
27.4 17
37 21
46.4 23
55.2 32
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Chapter 3

Investigation of the Temperature Dependence of the One-dimensional
Swelling of HPMC Tablets
3.1 Introduction

The reason why numerous 75 values were determined in Chapter 2 was to quantify the
swelling behaviour of HPMC tablets in terms of the polymer concentration. The swelling of the
polymer matrix is a result of the penetration/imbibing of water leading to polymer hydration.
This results in an increase in the mobility of the polymer chains leading to volume expansion.
The biggest differences between previous one-dimensional swelling studies and the current work
are improvements in efficiency, greatly reduced experimental time, and simplicity of the
subsequent analysis. The one-dimensional swelling of an HPMC tablet involves the exposure of
one side of a flat-faced tablet to water. Thus the imbibing of water and subsequent volume
expansion of the polymer matrix is in one direction, along the z-gradient axis greatly simplifying
the determination of rate expansion constants. The swelling behavioﬁr of these tablets were
investigated at three temperatures (32 °C, 37 °C, and 47 °C).
3.2 One-dimensional Imaging

One-dimensional imaging was first introduced in 1973 [20, 21]. It involves the application of
a linear magnetic field gradient that causes a controlled magnetic field inhomogeneity. In Figure 3.1
(a), two tubes of water with varying diameters are placed inside an rf coil. A normal NMR
experiment would result in a spectrum containing one sharp peak. However, with the application of a
linear magnetic gradient along the x-direction the nuclei to be detected experience different applied
magnetic fields along the direction of the gradient. This translates to different Larmor precessional

frequencies along the sample. The Fourier transform of the observed signal corresponds to the spin
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density projected onto the x-axis as shown in Figure 3.1 (¢). Thus, nuclei have been differentiated on
the basis of their frequency and phase into strips or voxels. This relationship between resonance
frequency and position is the basis of NMR imaging. By combining this gradient apblication with a
pulse sequence such as the multi-echo for determining 75, 75 values can be obtained from each voxel
efficiently.
3.3 Experimental Setup for One-dimensional Swelling Investigations

The HPMC powder as received was compressed using a rotary tablet press. The appropriate
amount of HPMC powder as received was weighed out on a top loading balance and then transferred
to the die of a Beta Manesty rotary tablet press. The properties of Type 1 HPMC tablets which are the
primary choice of tablets investigated in this Chapter are given in Table 3.1. However, different tablet
thicknesses can be obtained by varying the amount of HPMC used and by keeping the peak
compression force approximately the same. The properties of two additional HPMC tablets of
different thicknesses are also given in Table 3.1. The one-dimensional swelling experiments were
carried out in a 15 mm o.d. (12.8 mm i.d.) NMR tube held vertically in the 20 mm rf coil. The setup
of the HPMC tablet éwelling experiment is shown in Figure 3.2. Fluorinated grease was used to coat

the flat surface of the glass support and the edges of the tablet to prevent water from leaking through

Table 3.1 Properties of HPMC tablets.

Type HPMC (mg) Compressional  Diameter® Thickness® Evacuation
force (MPa) (mmz=0.01) (mm#*0.01)  period (minutes)

1 323 60 12.75 2.66 10
2 165 62 12.75 1.35 5
3 562 56 12.75 3.89 15

* as measured with digital calipers
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Figure 3.1 One-dimensional imaging of two tubes of water. (a) Two tubes of water of varying
diameters as represented by the darkened circles in an rf coil. (b) The application of the x-gradient. (c)
The resulting spectrum of (a).
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Figure 3.2 Setup of the one-dimensional swelling of an HPMC tablet.
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the space between the tablet and the wall of the NMR tube. The tablet was vacuum treated to remove
any air which might be trapped in the tablet during the compression of HPMC powder into tablets.
The main reason why the tablet was evacuated is that as the matrix swells, air trapped in the pores
become air bubbles which occupy space that would otherwise be taken up By polymer. This
contributes to an apparent increase in.the swollen volume of the polymer invalidating the analysis [3].
The NMR tube Was placed in a Schlenk tube as shown in Figure 3.3 and kept under vacuum for a
period of time dependent on the thickness of the tablet. Glass rods were also placed inside to prevent
the tablet from being moved upwards during the vacuum process. Distilled water at room temperature
was used to break the vacuum which prevented the incorporation of air into the tablet. The water was
then decanted and replaced with 5 mL distilled water at the temperature chosen. The tube was
capped, placed in the coil and a Dewar together with a heating coil were placed inside the probe to
control the sample temperature. The heating coil was connected to a BV T unit which controlled the
current to the heating coil. A compressed air line was connected to the Dewar thus allowing the
passage of warm air to flow to the NMR tube. The determination of T: » was done using two different
experimental protocols as was indicated in Chapter 2 to most efficiently work in two different ranges
of 7. The first protocol (short echo time) had an echo time of 5.6 ms that allowed for the accurate
determination of the short 7, relaxation times corresponding to high HPMC concentrations (40% to
65%). The second protocol (long echo time) consisted of an echo time of 38.1 ms that accurately
determined the longer T relaxation times corresponding to the lower HPMC concentrations (< 30%).
A summary of the different parameters used in the two different experimental protocols is given in
Table 3.2. The reason why this approach was used involves the number of echo acquisitions: using a
single short echo time .protocol would result in a very large number of echoes being acquired in order

to detect the longer 7> relaxation times. This would mean a greater usage of available disk space on

the hard drive. A single longer echo time would accurately determine the longer 75 values but the
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Figure 3.3 A schematic representation of the experimental setup for vacuum treatment of HPMC
tablets. Glass rods are inserted into the NMR tube to prevent the tablet from being pulled upwards.
The NMR tube is placed in a Schlenk tube that is connected by a three-way valve to a vacuum line
and a source of water. The tablet is subjected to a vacuum for a time period depending on the
thickness and then water is drawn into the Schlenk tube to break the vacuum. Prior to the placement
of the NMR tube inside the magnet for imaging, the glass rods are removed and the water is decanted
and replaced with water at the chosen temperature.
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determination of the shorter 75 relaxation times corresponding to the higher HPMC concentrations
would involve too few data and be very inaccurate. Each experiment took 3.5 minutes to complete
and a pair of experiments lasted 7 minutes. The entire swelling experiment was stopped after 43
hours. Each experimental protocol which had a specific number of echo acquisitions was converted
to a single 75 image of individual 7> values for all the voxels. The T, image was then exported as an

ASCII file where it was processed using Microsoft Excel 97 using Equations 2.1 to 2.4.

Table 3.2 Summary of the parameters used in the two different imaging protocols.

Short echo time Long echo time
Tg (ms) _ 5.6 38.1
Number of echoes 50 80
Tr (8) 30 30
Number of points/voxels acquired 9% 96 .
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3.4 Results and Discussion of the Temperature Dependence of One-dimensional Swelling of
Type 1 HPMC Tablets

One-dimensional imaging was used to quantify the swelling process in terms of HPMC
concentration. The one-dimensional swelling of Type 1 HPMC tablets was investigated at different
temperatures to determine if a connection between the temperature and the rate of volume expansion
or swelling existed. The temperatures chosen in this study were 32 °C, 37 °C, and 47 °C which can
also provide an estimate of the activation energy for the swelling. The one-dimensional imaging to

determine 75 employed the multi-echo pulse sequence with the echo train as shown in Figure 3.4.

z-gradient — —
(90°) (180°),
Tr T < T T >
rf pulses " o
< Tg
number of echoes

Figure 3.4 Multi-echo pulse sequence used for the one-dimensional imaging.

This pulse sequence is similar to that previously shown in Figure 2.3 but in addition to rf pulses, a
gradient along z which in this case is in the same direction as the main magnetic field is applied. The
application of the z-gradient gives a linear variation of the magnetic field along the direction of the
gradient. The water protons experience different magnetic fields, resulting in different Larmor
precessional frequencies and are distinguished from one another within specific volume elements or
voxels along the vertical axis of the NMR tube. The z-gradient along with the application of rf pulses

and incremented Tg values creates different signal intensities in the voxels as shown in Figure 3.5..
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The resulting intensity values were fitted to Equation 1.2 generating 7> relaxation times for each voxel
as shown in Figure 3.6. The resolution or the width of each voxel is 0.3125 mm. Assuming the 'H 75
relaxation times previously determined for water in known HPMC concentrations are the same as
those in the swelling experiments then the calibration equations, Equations 2.1 to 2.4 are valid.
Therefore, 75 values in each voxel can then be converted to HPMC c_oncentrat@on using Equations 2.1
to 2.4. T, values obtained from the short echo time protocol Qere fitted to Equations 2.1 and 2.3 at the
appropriate temperature generating HPMC concentrations. On the other hand, the 75 values obtained
from the long echo time protocol were fitted to Equations 2.2 and 2.4 generating HPMC
concentrations appropriate for polymer concentrations approximately less tﬁan 30%. Polymer
concentrations between approximately 30% and 40% obtained from 7 values from both short and
long echo time protocols were averaged. The resulting profiles in terms of HPMC concentration
versus swelling distance of Type 1 HPMC tablets at 32 °C, 37 °C, and 47 °C are shown in Figures 3.7,
3.8, and 3.9 respectively. The individual points on each of the profiles represents the average HPMC
weight % of three replicate swelling experiments. In each of the profiles, the original tablet face is
indicated by a solid vertical line. The dashed horizontal line indicates the separation of each profile
into two regions with one region (<35%) being assigned as being more quantitatively reliable because
the systems are more homogeneous. HPMC concentrations greater than 35% are considered semi-
quantitative due to the limited dependence on the concentration of HPMC as the 75 relaxation times
are all very short. Although 7, values are determined for higher polymer concentrations, these have
much higher errors and the system is heterogeneous. For these reasons, these values were not used in
subsequent analysis pertaining to the one-dimensional modeling found in Chapter 5. The mass
balance for a single profile or the summation of the individual concentration points could not be

calculated and compared to the original tablet weight because all the individual concentration points

were not less than 35% HPMC even after 43 hours of swelling.




Relative Intensity

Distance (mm)

Figure 3.5 Variation of signal intensity as a function of Tg after 28 hours of swelling at 37 °C using
the short echo time protocol. The solid vertical line represents the original tablet thickness. Tg=5.6ms
(partially filled diamond), Tg= 16.9ms (triangle), Tz=45.1ms (filled square), Te=84.6ms (partially
filled circle), Tg=147ms (filled diamond), Te=192ms (crosshairs), Tg=23 1ms (partially filled square),
Tg=282ms (filled circle).
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Figure 3.6 Corresponding 7> values calculated from Figure 3.5. ‘
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Present in all the profiles is a characteristic "bump" at approximately 25% HPMC. In previous one-
dimensional imaging studies, this "bump" was also observed. A possible explanation as to the
presence of this "bump" could be the existence of air bubbles due to an insufficient evacuation period.
A viable experiment to support or contradict this reason is to evacuate the tablet for an extended
period of time. Results indicate that when the HPMC tablet was evacuated for a duration equal to 4
times the normal evacuation period, there was still the presence of the "bump" in the swelling profiles.
At the earlier swelling times (one to eight hours), there is no indication that water has
penetrated the core of the matrix at all three temperatures. However, 7, relaxation times can only be
obtained when there is sufficient water present and at high HPMC concentrations, 75 is too short to be
measured. Thus, the calculated HPMC concentrations do not extend as far into the core at the earlier
swelling times. From Figures 3.7 to 3.9, at HPMC concentrations less than 30% there is expansion at
all swelling times whereas at HPMC concentrations between 30% and 40% there appears to be less
expansion at the longer swelling times. At the earliest swelling time, water imbibes the dry matrix
leading to hydration. This results in a volume expansion or swelling of the polymer matrix and a
concentration gradient is observed. Water penetration occurs more readily at the lower HPMC
concentrations resulting in volume expansion. This explains the continuous swelling at HPMC
concentrations below 30%. However, the inner core of the tablet which is very concentrated does not
change as much at the later swelling times. The penetration of water into this core is limited due to
the continuous imbibing of water at the lower HPMC concentrations and subsequent swelling. In this
case, at very long swelling times the core of the table should decrease in HPMC concentration due to
the constant "stripping away" of polymer. A possible reason why this could occur is the tablet
thickness. A thicker tablet would limit the penetration of water at the later swelling times compared to
a thinner tablet. Results from swelling experiments of Type 2 and 3 HPMC tablets at 37 °C confirm

that the thickness of a tablet affects the ability of water to further penetrate the tablet core. These
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p‘roﬁlesv are shown in Figures 3.10 and 3.11. The one-dimensional swelling of these tablets were
carried out as previously described in Section 3.3 except for the duration of the evacuation period
depending on the tablet thickness. A Type 3 tablet which has a thickness of 3.89 mm limited the
penetration of water into the tablet core even after 43 hours of swelling. As such, the polymer
concentration within the tablet core remained fairly constant without any large deviation in the
concentration compared to the preceding swelling times. However, a Type 2 tablet with a thickness of
1.35 mm compared to that of a Type 3 tablet exhibited the opposite behavior. After 43 hours of
swelling, the polymer concentration within the core of the Type 2 tablet was less concentrated than the
Type 3 tablet which can be attributed to a greater ability of water to penetrate the thinner tablet. Also,
the polymer concentration within the core of the Type 2 tablet continued to decrease as the swelling of
the tablet proceeded. At 43 hours of swelling, all the individual HPMC concentration points were less
than 35% HPMC and the mass balanced the original tablet weight.

It is difficult to conclude if there is a correlation between the temperature and the rate of
polymer expansion from visual inspection of the profiles. However, by examining HPMC
concentrations at 5% and 10% which is defined as being in the gel state and monitoring the swelling
distances of these fronts, expansion rate constants can be obtained. The distances of the 5% and 10%
gel fronts are given in Table 3.3 and 3.4 respectively at the three different temperatures.

Table 3.3 Expansion distances of the 5% gel front at the different temperatures.

Swelling time Front Distance (mm)  Front Distance (mm)  Front Distance (mm)
(hours) at32 °C 37°C 47 °C
1 3.94 3.90 3.91
3 4.73 4.70 4.68
8 5.90 598 - 5.94
13 6.65 6.64 6.72
18 7.18 7.19 7.36
23 7.58 7.63 7.92
28 7.95 8.10 8.44
33 8.33 8.53 8.92
38 8.71 8.95 9.37
43 9.08 9.25 9.79
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Table 3.4 Expansion distances of the 10% gel front at the different temperatures.

Swelling time Front Distance (mm)  Front Distance (mm) -Front Distance (mm)
(hours) 32°C 37°C 47 °C
1 3.76 3.72 3.74
3 4.49 4.47 4.44
8 5.52 5.61 5.58
13 6.17 6.17 6.28
18 6.58 6.56 6.82
23 6.82 6.85 7.27
28 7.08 7.23 7.68
33 7.36 7.60 8.08
38 7.68 7.95 8.46
43 8.00 8.17 8.84

By plotting the distance traveled by the front versus the square root of swelling time, a linear
relationship is obtained as shown in Figure 3.12 at the appropriate temperature. The slopes from these
graphs (cm/s'"?) squared yield rate expansion constants (cm?’/s). The expansion rate constants
obtained for the different gel concentrations at the appropriate temperatures are summarized in Table
3.5. Atall three temperatures, the less concentrated polymer front is moving at a greater rate than the
more concentrated polymer front. Although the rate expansion constants of the three temperatures do
not differ by much, there is indeed a correlation between the temperature and the expansion rate of the
gel. The rate of gel expansion is greater at the higher temperature and the rate expansion decreases
accordingly as the temperature is decreased. The activation energy for the two different gel fronts can

Table 3.5 Summary of rate expansion constants for the 5% and 10% HPMC fronts at the specific
temperature.

Rate Expansion Rate Expansion Rate Expansion
Constant” (cm?/s) at Constant” (cm?s) at Constant* (cm?/s) at
32°C 37°C 47 °C
5% HPMC 227x10° 2.52x10° 3.07x10°
10% HPMC 147 x 10° 1.67 x 10 2.28x 10°

2 error + 4%
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be calculated by using the equation derived from the Arrhenius Equation 3.1.

-E,

k= Ae(ﬁj 3.1)
By plotting Ln (Expansion rate constant) versus 1/temperature, a linear relationship is obtained as
shown in Figure'3.13. The activation energy for the 5% HPMC is (3.93 + 0.31) x 10? cal-mol™ K™!
and for the 10% is (5.66 + 0.45) x 10° cal-mol™ K™'. It is clear that the energy barrier for the 5% gel
region is lower than the 10% gel region. The energy barrier for the 5% gel region is approximately
1.5 times lower in energy than the 10% gel region. This approximate calculation of the energy

barriers is in agreement with the expansion rate constants in that the 5% gel front is moving at a

eater rate than the 10% gel front which is attributed to a lower energy barrier.
gr gy

-12.2
-12.4 A
-12.6 1
g
g -12.8 1
é 5%
= -13.0 1
.e
(72}
g -13.2 +
&
\c‘f -13.4 -
NS 10%
-13.6 -
-13.8
'140 T T T
0.00310 0.00315 0.00320 0.00325 0.00330

1/Temperature (K'l)

Figure 3.13 The relationship between Ln(Expansion Constant) as a function of 1/temperature for the
5% and 10% gel fronts. Using the equation derived by Arrhenius, the activation energy is obtained.
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3.5 Summary

One-dimensional swelling profiles were generated to monitor the swelling of pure HPMC
tablets in terms of polymer concentration and distance. Polymer concentrations were determined
using calibration equations from Chapter 2 that related known polymer concentrations to their
corresponding 7> relaxation times. One-dimensional swelling of Type 1 HPMC tablets at three
different temperatures confirmed that volume expansion for both the 5% and 10% gel fronts was
greater at the higher temperature. Calculated activation energies for the 5% gel region was lower as
compared to the 10% gel region. Present in all the profiles at all three temperatures was a
characteristic "bump" at approximately 25% HPMC. The importance of the "bump" will become
more evident when the one-dimensional modeling is described in Chapter 5. The one-dimensional
swelling of HPMC tablets provided more insight into the swelling process; however, in order to
further investigate the swelling process, the three-dimensional swelling must be considered. By
taking advantage of the efficiency of the multi-echo pulse sequence, the three-dimensional swelling of

a HPMC tablet is investigated in Chapter 4.
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Chapter 4

Investigation of the Three-dimensional Swelling of Type 1 HPMC Tablets

4.1 Introduction

Due to the relative simplicity of the experiment and the subsequent interpretation of the
results, the one-dimensional swelling of HPMC tablets was investigated first. Nevertheless, the
ultimate goal is to monitor the three-dimensional swelling since this is the outcome of tablets
once ingested. Unlike the one-dimensional case which involves the penetration of water into one
face of a flat faced HPMC tablet, the three-dimensional swelling would involve the penetration
of water into both flat faces and also the sides of the tablet. With the present imaging equipment
and the implemenfation of the new multi-echo pulse sequence, it should be possible to monitor
the changes in concentration as the tablet swells. The present chapter describes the investigation
of this swelling behavidur and pr6vides concentration information ﬁsing NMR imaging.
4.2 Two-dimensional Imaging

Two-dimensional imaging is similar to one-dimensional imaging in that there is a
division of the entire sample into voxels. Whereas one-dimensional imaging spatially resolves
the NMR signal in one direction, two-dimensional imaging spatially resolves the NMR signal in
two dimensions. The two-dimensional pulse sequence used to rﬁeasure T, relaxation times
within a specific region of sample is shown in Figure 4.1. This pulse sequence is similar to the
pulse sequence in Figure 3.4 employed in the one-dimensional investigation of HPMC tablets
except for the use of selective pulses and the application of magnetic field gradients in more than
one direction.

Slice selection involves the 'selection' of a plane of the sample from which the NMR
signal is detected. This inyolves the combination of a selective pulse along with a linear

magnetic field gradient. The application of a linear magnetic field gradient results in a range of
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resonance frequencies over the sample and this combined with a selective pulse which has a
defined frequency range, results in the excitation of nuclei within a small cross-section or "slice"
through the sample as shown in Figure 4.2. A small negative gradient is immediately applied

selective (90°) selective (180°)

f pulses n AN
VYV

Slice selection [ | [ |
gradient L]

Phase encoding
gradient

Frequency,

encoding M
gradient

Figure 4.1 Two-dimensional imaging multi-echo pulse sequence used to investigate the three-
dimensional swelling HPMC tablets.
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A®

(@ (b) (© (d)
Figure 4.2 The process of slice selection of a sample (a) Application of the z-gradient over the
sample (b) Sample (c) Spread of frequency from the sample due to the application of the gradient
(d) Excitation width Aw of the selective pulse corresponding to a specific region in the sample as
indicated by the shaded region in (b).

after the slice selection to refocus the magnetization in the slice. The thickness of the slice can
be varied by controlling the gradient strength and the frequency distribution of the selective
pulse, Aw. Along with the thickness, the orientation of this excited region can be varied by the
application of gradients along either the x, y, and z directions. Once this specific slice through
the sample has been exited or selected, only nuclei within this slice are detected and their 7>
relaxation times determined similar to the multi-echo pulse sequence previously described in
Chapter 2. After the 90° selective pulse and a 1 delay, a 180° selective pulse rotates all the spins
inside the selected plane around the x, y-axes. After a delay 2t (Tg), the spins are refocused and
are detected. After a delay 37, a second 180° selective pulse rotates the spins inside the slice
around x, y-axes and after 4t (2 x Tg), the signal is detected. Each echo is stored in the

computer's hard drive as this echo train proceeds. The 75 relaxation times are obtained by fitting
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the acquired signal intensity in each pixel to obtain the corresponding T to value from Equation
1.2 using the Bruker imaging software, ParaVision.

As was in the case of the one-dimensional imaging, the application of a magnetic field
gradient encodes spatial information in the frequencies of the detected signal and is called
frequency encoding gradient. In two-dimensional imaging, an additional gradient is applied that
is called the phase encoding gradient that further resolves the NMR signal ‘by providing a phase
differentiation of the detected signal in addition to the frequency encoding. The progression of
the spins in the experiment is shown in Figure 4.3. After the 90° selective pulse, the spins of a
slice through the sample are in the x, y plane precessing at the Larmor frequency as shown in
Figure 4.3 (a). The application of the phase encoding gradient along the y-direction results in a
differentiation of precessional frequencies as shown in Figure 4.3 (b). The size of each arrow in
each voxel represents the relative speed of precession and the larger the gradient, the faster the
voxels' magnetization precesses. After the y-gradient is turned off, the spins are out of phase as
shown in Figure 4.3 (¢). During the detection period, or frequency encoding, the x-gradient is
turned on, and the spins in each voxel are now differentiated on the basis of both their
precessional frequency and phase. The second dimension is obtained by incrementing the phase
encoding gradient strength through a series of N experiments producing an N x N pixel image.
Each pixel or voxel in this case is indicative of the water signal intensity. When coupled
together with the multi-echo pulse sequence, each voxel has a distinct 7, relaxation time which

can be converted into concentration.
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Figure 4.3 Phase and frequency encoding of a sample divided into 16 voxels (a) Representation
of the nuclear spins after a 90° pulse (b) Application of the y-gradient causes a differentiation of
precessional frequency as indicated by the size of the darkened arrows (c) Representation of the
nuclear spins once the y-gradient is turned off resulting in the spins being out of phase (d)
Frequency encoding of the spins as the x-gradient is applied. The result is a differentiation of
each voxel identified by its phase and precessional frequency.
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4.3 Experimental Setup for the Three-dimensional Swelling of Type 1 HPMC Tablets

The three-dimensional swelling experiment was carried out in a 27 x 55 mm (o.d.) glass
vial held vertically inside a 30 mm rf coil. Prior to the imaging studies, the Type 1 tablet was
evacuated for 10 minutes as previously discussed in Chapter 3 to remove any air trapped inside.
The setup of the HPMC tablet is shown in.Figure 4.4. The tablet was supported by a very small
amount of glass wool to keep it suspended and a very small amount of glass wool was placed on
top of the tablet to prevent it from floating to the top. Prior swelling experiments revealed that
the use of glass wool to support and to prevent the tablet from floating to the top did not interfere
with the swelling process and the imaging experiment. The glass vial was capped and a heating
coil, Dewar, and a Bruker variable temperature unit were utilized to maintain the sample at a

constant temperature of 37 °C. Two 1 mm thick slices were selected to be imaged as shown in

HPMC Tablet

< U

Glass wool ——

fibres | ...

i)

Figure 4.4 Three-dimensional swélling setup of a Type 1 HPMC tablet.

59




Figure 4.5. These slices, referred to as axial and sagittal are representative of the swelling in the
radial and vertical swelling directions, respectively. The z, x slice perpendicular to the zy
sagittal slice would duplicate the information from the sagittal slice and therefore was omitted in

the three-dimensional swelling experiment. Each slice was imaged with the shortest possible Tg

Z

Figure 4.5( aS)lice selection of an HPMC tablet (a) 1 mm sagittal slic(eb r)epresenting the swelling in
the vertical direction (b) 1 mm axial slice representing the swelling in the radial direction.

of 6.7 ms which allowed for the detection of the shorter 7. » relaxation times. The total number of
echoes or images acquired was 100 which allowed for the detection of the longer T relaxation
times. A longer Tg experimental protocol could not be combined together with the shorter Tg
experimental protocol due to the long acquisition time involved. A single experimental protocol
from the two-dimensional imaging took 8 times longer than the one-dimensional imaging or
approximately 25 minutes to complete. If a long Tg experimental protocol was implemented,
this would contribute to a significant variation in the tablet dimension and also concentration
during the imaging. By also having only one experimental protocol, the subsequent analysis of
the results was greatly simplified. The sagittal and axial slices were acquired in succession.
Each image was 64 x 64 in size with each voxel in the image having a volume equal to 0.47 x

0.47 x 1.0 mm. A summary of the acquisition parameters for the two-dimensional imaging is
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found in Table 4.1. All 100 intensity images for each slice were converted into a single 7,
image, each voxel representing a 7, relaxation time as shown in Figure 4.6. The T, image was
then converted to a concentration image by applying Equation 2.1 and represented as contour
and mesh plots.

Table 4.1 Summary of the two-dimensional imaging parameters.

Te Number Tr  Image FOV Slice Slice
of echoes size thickness selection
(pixels) gradient
Sagittal slice Gy
6.7 ms 100 25s 64x64 300mm 1.0mm
Axial slice Gz

4.4 Results and Discussion of the Three-dimensional Swelling of Type 1 HPMC Tablet

Although the one-dimensional investigation had a short echo time protocol with T equal
to 5.6 ms and the three-dimensional investigation had a Tg equal to 6.7 ms, it was confirmed that
this produced a variation of 7 relaxation times of less than 5%. Therefore, Equation 2.1 was
used to convert 7, relaxation times obtained from the three-dimensional swelling experiment into
concentrations as previously mentioned.

The concentration profiles of the three-dimensional swelling of the Type 1 HPMC tablet
are shown as contour plots and also as mesh plots in Figures 4.7 and 4.8 respectively. Both of
these plots give the same exact information; however, each plot presents this information from a
different perspective. In all the distribution profiles shown for both plots, only HPMC
concentrations below 35% HPMC are plotted. Polymer concentrations above 35% HPMC are
considered semi-quantitative at best as discussed previously in Chapter 3.

The sagittal slice not only provides swelling information in the vertical direction but also
in the radial direction. From the contour plots, this is possible if a row at z =0 and parallel to the

y-axis 1s compared to the axial slice. The swelling behaviour in this region is similar to that of
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Figure 4.7 Contour plots of the vertical and radial swelling directions of the Type 1 HPMC tablet
indicated by sagittal and axial slices respectively in 3% increments. The dashed and thick line in
the plots represent the 3% and 15% polymer concentrations respectively.
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Figure 4.8 Corresponding concentration profiles as mesh plots for the three-dimensional swelling
sagittal and axial slices respectively.

of the Type 1 HPMC tablet. The swelling in the vertical and radial directions is indicated by
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Figure 4.8 continued.
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the axial slice only if the swelling behaviour in the radial direction in symmetrical. The volume
expansion or swelling of the tablet in the vertical direction is very evident in that the 3% HPMC
as indicated by the dashed line moves away from the center of the tablet. Polymer
concentrations equal to 15% HPMC are indicated by the thick line. Initially (1 hour of swelling),
there is a distinctively small concave shape that is clearly visible from the contour plot in the
vertical swelling direction that has also been observed by other research groups [9, 10]. This
higher rate of hydration followed by a greatef expansion around the edges results from a more
dense and tightly packed region of polymer around the edges due to the direct compression of
the HPMC powder into a tablet. As the swelling of the tablet proceeds, the concentration within‘
the core decreases as water continues to be imbibed by the tablet.

The swelling of the HPMC tablet in the radial direction is symmetrical as indicated by
the radial slice in the contour plots. However, at 33 hours of swelling, the tablet has swelled to a
point where the outermost region of polymer/water is in contact with the vial. It is clear from the
contour plots that at the swelling time of one hour, the region at the center of the tablet for both
the sagittal and axial slice shows zero concentration. There are three reasons that account for
this observation. First, the 7 relaxation times for the high polymer concentrations are too short
to be detected and thus the higher polymer concentrations are not detected. Second, the size of
each voxel has been reduced significantly compared to the voxel size in the one-dimensional
swelling resulting in a decrease in the concentration of water per voxel and thus a decrease in the
observed 'H signal. This fact combined with the low water concentrations present at high
polymer concentrations add further to the problem of a decreased 'H signal. Third, only one
scan was performed in the two-dimensional imaging compared to four in the one-dimensional
imaging. The advantage of having more than one scan is each additional scan further improves

the signal to noise ratio. The above three factors contribute to some degree the non-observation
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of the higher HPMC concentrations. The polymer concentration within the core of the tablet
gradually decreased as the swelling of the tablet proceeds. At 43 hours of swelling, the core of
the tablet had decreased to approximately 10-15% HPMC and this is confirmed in the sagittal
slice profile at this time.

The overall dimensional changes of the swelling tablet have been used specifically to
monitor the swelling behaviour in the vertical and radial directions. These measurements are
made by dividing the overall dimension at a particular swelling time by the dimension of the dry
tablet. The overall dimension at a particular swelling time is defined as the boundary between
0% and approximately 1% HPMC. The overall dimensional changes in both the radial and
vertical directions ére shown in Figure 4.9. The vertical tablet dimension increased by
approximately 200% as compared to approximately 100% for the radial dimension after only one
hour of swelling. By the end of the swelling experiment, the swelling in the vertical direction
had increased by approximately 800% compared to only 200% in the radial direction. One
possible explanation as to why the vertical swelling occurs to a much greater extent than the
radial swelling could be as a result of the release of the tablet compressional forces created
during the tablet pressing process. A second explanation involves the variation of the surface
area between the flat surface of the tablet and its sides. The surface area of the flat surface is
much greater than the sides thus enabling more water penetration into the tablet and thus an
increase in the swelling rate and dimension..

To compare the swelling in one-dimensional to the three-dimensional swelling, a column
of T, relaxation times through the sagittal slice was converted into HPMC concentrations and
plotted as shown in Figure 4.10. Plotted along with these profiles is the one-dimensional
swelling distribution profiles not for the Type 1 tablet but for the Type 2 tablet also carried out at

37 °C which is half as thick as the Type 1 tablet. The three-dimensional swelling profiles
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Figure 4.9 Normalized overall dimension changes for the radial and vertical swelling directions.

resemble the one-dimensional case at the earlier swelling times; however, at the later swelling
times, the core of the tablet has a reduced polymer concentration compared to the one-
dimensional case. This is attributed to the increased ability of water to access the core since the
water is able to penetrate both flat faces of the tablet. One important characteristic that was
present in the one-dimensional profiles and mentioned in Chapter 3 is the "bump" at
approximately 25% HPMC which is also present in the three-dimensional swelling profiles from
one hour until 23 hours. The presence of the "bump" will be examined in more detail when the
one-dimensional modeling of HPMC tablets is discussed in Chapter 5. A suitable model for the

one-dimensional swelling should be able to be generalized to fit the three-dimensional case.
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4.5 Summary

The three-dimensional swelling of a HPMC tablet using NMR imaging describe here is
the first attempt to investigate the HPMC tablet swelling process quantitatively in terms of
polymer concentration. The swelling in the vertical direction is several orders of magnitude
greater than the radial direction. The swelling in the vertical direction as indicated by a column
of T; relaxation times through the sagittal slice is similar to that of a tablet that is half as thick
and constrained to swell in one-direction. The presence of the characteristic "bump" at the
earlier swelling times is indicative that it is not relegated to only the one-dimensional swelling
case but is an inherent characteristic of these tablet systems. In an attempt to predict these
swelling tablet systems, the experimental one-dimensional profiles are compared to a proposed
mathematical model in Chapter 5. The results from the modeling can determine the applicability

of the model and if it is feasible to proceed to the three-dimensional modeling.
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Chapter 5

Modeling the One-dimensional Swelling of HPMC Tablets

5.1 Introduction

To date, the only way to investigate the swelling of HPMC tablets in terms of the
polymer concentration profiles is by NMR imaging. An alternative to the actual NMR imaging
experiment would be a theoretical model that would be able to predict the swelling. The
evaluation of a theoretical model could be accomplished by comparing the theoretical results to
the actual experimental results. Not only must the model be able to predict the HPMC
distribution profiles but also the drug release profiles. The model's ability to predict the swelling
behaviour and drug release behaviour of these tablets must be flexible; it must be able to predict
the effect of different tablet dimensions, different HPMC grades, and different drugs. A
previous evaluation of a theoretical model involved the comparison of the experimental one-
dimensional swelling profiles to the theoretical using a segmented tablet model that is discussed
.shortly. In the néxt section, a newer mathematical deel is evaluated by comparing the HPMC
theoretical swelling distribution profiles to the experimental profiles for different tablet
thicknesses to test its applicability and validity.

The segmented tablet model was originally designed to fit the change in thickness of a
swelling tablet [22]. The model was subsequently extended and modified to predict the polymer
concentration distribution for the case of dne-dimensional swelling of HPMC tablets [3]. The
model involved the dry tablet being divided into segments of equal thickness in which case the
sum of the individual segments corresponded to the thickness of the tablet. The swelling of the
tablet at each time was the result of the water penetration into the dry segments and the
subsequent volume expansion of these segments. Each segment swelled with respect to the

amount of water present that resulted in a new thickness and position. The amount of polymer
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remained constant within each segment; however, due to the unique volume expansion of each
segment, the polymer concentration decreased. The generation of the one-dimensional swelling
theoretical profiles therefore required the calculation of distances and polymer concentrations.
The distance. each segment expanded was calculated by the sum of the previous individual
segments. The fitting procedure involved several variables that included the thickness of the dry
tablet, the swelling time, and diffusion coefficient of water. The first two variables were fixed
and the diffusion coefficient was incremented through a series of steps to obtain best fits to the
experimental data determined by finding the smallest sum of y* or the minimum sum of the '
squares of the differences between the theoretical and experimental concentration distributions.

From this previous work by Blazek [3], the results for the fitting that produced the best fit
results are shown in Figure 5.1. A water diffusion coefficient was obtained by varying the
diffusion coefficient to yield the best overall-fit. The theoretical fits seemed to more closely
match the experimental data at the earlier swelling times. However, at the swelling time of 37
hours, the theoretical polymer distribution over-estimated the degree of swelling compared to the
experimental results. The deviation of the theoretical from the experimental results suggests that
a new mathematical model is needed to take into account more complex interactions between

water and polymer.
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Figure 5.1 One-dimensional theoretical distribution profiles indicated by the solid line coupled
together with the experimental distribution profiles carried out at 22 °C by Blazek [3] as
indicated by the crosshairs. The dashed vertical line indicates the original tablet thickness. The
axes in the plots are indicated by the arrows.
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5.2 A Newer Mathematical Model Describing the Swelling of HPMC Tablets
5.2.1 Background
Previous mathematical models have attempted to provide a realistic description that took into
account all the important phenomena that occurred during the drug release process [23, 24].
However, due to various assumptions made such as a constant water diffusion coefficient and
neglect of the swelling process, these models were unable to provide a detailed account of the
swelling of the tablet and the subsequent drug release. A newer mathematical model was
proposed by Siepmann et al. [25] that took into account the water penetratic;n, the subsequent
swelling, and the resulting drug release. Although the model allowed for the study of drug
release, the current investigation of HPMC is focussed on the study of the swelling process in
terms of polymer concentration. The model was designed to be applicable for the case of three-
dimensional swelling of cylindrical shaped devices such as tablets that involved the water
penetration into both flat faces and the sides. There are four assumptions the model makes:
(1) Dissolution of the polymer is ignored.
(2) Swelling is ideal (the total volume of tablet at any given time is equal to the sum of the
volumes of polymer and water), isotropic, and homogeneous.
(3) The water concentration at the surface of the tablet is equal to its equilibrium value.
(4) Water imbibing in the vertical/radial direction leads to volume increase in the corresponding
vertical/radial direction that is proportional to the relative surface area.
The equation describing the concentration of water as a function of time, diffusion constant, and

position within a three-dimensional swelling tablet is given by 5.1.

a4 _ Opda) , Do 9, % .1)
9, 3, 0, r 0, 0 0

4 z

In the above equation, D is the diffusion coefficient, r is the radial coordinate, and z is the
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vertical coordinate measured from the center point of the cylinder. However, since only the one-
dimensional swelling of HPMC tablets will be considered in the present work, Equation 5.1 can
be simplified to describe the water penetration and subsequent swelling in only one-dimension as

in Equation 5.2.

aﬂ = i Dléc_l (5_2)
at az az

One important improvement that this model attempts to take into account is concentration

dependent diffusion coefficients of water which is described by an exponential dependence

relationship [26] as in Equation 5.3.

c
D, = Dye e (5.3)

/i 1s a dimensionless constant describing this concentration dependence and D is the diffusion
coefficient Qf water in the "equilibrium swollen st_ate" of the system. The purpose and
importance of the Dq constant is discussed in Sections 5.2.3 and 524,
At time (¢ = 0), the tablet is dry and the water concentration is equal to zero and written

as:

t=0 =0 0<z<Z, (5.4)
where Zj is the initial thickness of the tablet. At the surface of the tablet, the concentration of
water 1s assumed to be equal to cieq Or 1 g/mL. At ¢> 0, this is written as:

t>0 C1 = Cleq 0<z<Z, (5.5)
where Z, represents the time dependent thickness of the HPMC tablet. There are two unknown
parameters that have to be determined: £ and Do These unknown parameters were
determined by Siepmann et al. [25] by using water uptake data for HPMC tablets by Tahara [27]

calculated by a least-squares method [28]. The £ and D).q constants thus determined are given
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as 2.5 and 5.6 x 10 cm*/s (this value is less than the self diffusion coefficient for water, Section
5.2.3) respectively.

Due to the concentration dependence of the diffusion coefficients, the equations were
solved numerically using the method of finite differences. This involved the discretization of the
tablet into a finite number of space intervals similar to the segmented tablet model. In addition,
a particular swelling time was also divided into a finite number of time intervals. The
concentration of a space interval at a particular swelling time, e.g. 1 hour, was calculated when
the concentration of this space interval at the previous time interval was known.

A se\cond research paper published by Siepmann et al. [29] incorporated a dissolution
mechanism. A constant characterizing this process was obtained by determining the dry tabiet
mass at ¢ = 0 and ¢ and fitting the results to an equation. However, the mathematical treatment
remained unchanged from the original research paper. The most recent research paper by
Siepmann et al. [30] redefined Equation 5.3 but the basic equation remained unchanged. D4 | |
and cjeq were redefined to Dt and ¢ to describe the diffusion and concentration at the
polymer/water interface. However, the present work involves the evaluation of the original

paper published by Siepmann et al. [25].

5.2.2 Evaluation of thg Mathematical Model

The results from the model were compared to the results obtained from the one-
dimensional swelling experiments for Types 1 to 3 HPMC tablets at 37 °C. Present in all these
profiles is the characteristic "bump" that appears to be a genuine feature that must be taken into
account when attempting to model the one-dimensional swelling of HPMC tablets. The results
of the theoretical distribution profiles along with their corresponding experimental profiles are

shown in Figures 5.2 to 5.4. As was discussed in Chapter 3, the limit of reliability for the
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determination of polymer concentration is considered to be approximately 35% HPMC.
Therefore, when comparing the theoretical distribution profiles to the experimental results, only
the region less than 35% HPMC as indicated by the dashed horizontal line in all the plots should
be considered. The model brovides very poor fits, “consistently predicting less swelling at the
longer swelling times for the three different tablet thicknesses.

It is important to note that one claim the model by Siepmann et al. [25] makes is that it is
applicable to pure HPMC tablets like those studied here. However, the original water uptake
data by Tahara [27] which Siepmann et al. [25] used to calculate the £ and Deq constants was
obtained from tablets that contained 33% lactose as well as HPMC! Lactose is very water
soluble and when incorporated together with HPMC into a tablet which is placed in water, the
lactose should dissolve as water penetrates the tablet. This should result in the water having a
greater accessibility to HPMC and therefore a faster penetration rate into the core of the tablet.
One-dimensional experiments carried out with a tablet containing lactose confirmed that the core
of the tablet became very water concentrated after approximately 28 hours compared to the
behaviour of a pure HPMC tablet. The incorporation of lactose together with HPMC further
complicates the swelling process but more importantly the swelling behaviour cannot be
equivalent to that of a pure HPMC system. The £ and D), constants are suspect and must be

considered when trying to improve the theoretical distribution profiles.
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5.2.3 Further Evaluation of the Mathematical Model: A Modified Version

In an attempt to determine more realistic Diq and £ constants, a series of experimental
water self-diffusion coefficients, D, for known polymer/water mixtures were measured. The
pulse sequence used to measure these self-diffusion coefficients is called the pulsed gradient spin

echo and is shown in Figure 5.5. It is similar to the spin-echo pulse sequence in Figure 1.5

(90°)x (180°)y
1f pulses Tr | n
anl A R
Vv vvv'
<+ T
gradient
pulses
<+—> <—>
) d
< >
A

Figure 5.5 Pulsed gradient spin-echo sequence used to measure self-diffusion coefficients.

except for the application of two magnetic field gradient pulses. The application of the gradients
purposely causes an inhomogeneous magnetic field. The effect of diffusion in an
inhomogeneous magnetic field on the spin-echo experiment was first described by Hahn [18]

and Carr [19]. In terms of only the rf pulses, after the 90° pulse, the spins begin to dephase and
the 180° pulse refocuses the magnetization so that they are coherent. The complete refocusing of
the magnetization only occurs when all the spins precessing at their Larmor frequency have not
moved for the duration of the experiment. However, when a spin diffuses in an inhomogeneous
magnetic field, the refocusing of the magnetization is reduced due to the change in its

precessional frequency as it has moved to a different position in the field gradient. The result of
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the refocusing pulse is thus a decrease in the echo amplitude. The decrease in the echo
amplitude is as a result of varying one of several factors: o, 4, or G. ¢ is the duration of the
magnetic field and 4 is the time delay between the application of the first and second gradient.
In this case, the gradient strength (G) was incremented through a series of steps and the signal
intensity, I/G], was measured. The self-diffusion coefficient was determined by fitting the
results to Equation 5.6. The resulting self-diffusion coefficients for water obtained from these

1[G] _ e{(—D2X2M§{A—§)(IO4)]
I[0]

(5.6)
measurements for the different polymer/water mixtures are given in Table 5.1. These were fitted
to Equation 5.3 using a two parameter fit and a new D4 constant was obtained equal to 3 x 10°
cm®/s. The new D¢q constant is approximately ten times greater than the original value given.
The resulting /4 constant obtained was equal to 5.7 which is approxﬁnately twice as big as the
original /4 constant given by Siepmann et al. [25]. The model was modified to include these

changes and new theoretical swelling profiles were generated for the three different tablet types

as shown in Figures 5.6 to 5.8. Again, emphasis should be placed in the region below 35%

Table 5.1 Water self-diffusion coefficients for the different HPMC concentrations at 37 °C.

% HPMC D (x 10°) cm®/s
0 3.94
4.47 2.03
8.98 1.79
17.8 1.39
27.4 0.941
37 0.719

86



HPMC due to the limit in reliability of the experimental polymer concentrations. Compared to
the previous theoretical treatment, the current fits are considerably improved. An increase in
Deq by a factor of ten and an increase in £ by a factor of more than two increases the swelling
of the theoretical profiles. However, for the three different tablet types, the model still predicts a
lesser degree of swelling compared to the experimental profiles. To illustrate the effects that
Dicq and S have on the outcome of the theoretical distribution profiles, these constants were
varied as shown in Figure 5.9. In Figure 5.9 (a) three theoretical profiles are shown along with
the experimental profile at 43 hours for the Type 2 tablet. Each of the profiles has the same D4
constant but varying £ constants. Shown in Figure 5.9 (b) are three theoretical distribution
profiles; however, this time £ is fixed and Dq is varied. From these figures, it is clear that both
of these two constants affect the theoretical profiles in terms of the degree of swelling. The £
value is defined as a dimensionless constant describing the concentration dependent water
diffusivities. Because it is a poorly defined constant, it could be optimized to ﬁt the
experimental distribution profiles while keeping D;¢q constant as determined from the

experimental data. This is discussed in the next section.

87




88

‘'SmolIe 9y} Aq

pauyyep axe syo[d oy ur soxe 9y ], JudwiLIodxo Julf[oms o) WOIJ S}INSAI 2y} JO AJIQRI[I JO JIWI] AU} $9)BoIpUl DINJH %S € 18 SUl] [BIU0ZLIoY
PaYsep QYL "SSOUNOIY} 12[qE) [EUISLIO AU} SAJEIIPUT I G¢' I8 dUI] [O1MIOA Y 'S/, WD O] X 0°¢ = PIF PUe L'S = "Do LE 18 IGE
OWdH T 2dA, Jo (sury prjos) safiyoid uonnqusip Surjoms [ed12109Y) 9y} Pue (SIBYSS0Id) suonnqLysip Surjjoms [eyuawiadxyg 9'¢ 211,

() 9oue)Si(] «

vVLEL T K O 6 8 L 9 § ¥ € T L 0 VL € 2z 1L O 6 8 L 9 S ¥ € 2 L 0
P S R SR SR
-+ 4#¢4+¢¢++ +: ++++¢+++*####
¢+++ +a,
¢++~¢
ey
+++++&..¢+# ION
¢++¢
R
3
llllllllllllllllllllllllllllllllllllllllllll S
* - o¥
+
+#
+++
IOO |O@
low |°w
R
sinoy ¢y - 001 sImnoy 87 - 001 T
=
@
boEL T L 0L B 8 2 9 vi € ZL M oL 6 8 L 9 S ¥ € T L 0
P S S S S A S SR
+++
N
- oz
y
Sy -
- or
4 +
+
*e L 09 . r oo
+
.'4. .
Iom Iow
sinoy ¢ - 004 moy | - 00t v



68

"SMOLIE o) AQ pauljop

a1e sjo[d oty w1 soxe oy, JuowLIadxd SUI[[oMS Oy} WOIJ S}NSAI 9Y) JO A[IGRI[aI JO JIWI| Y} S9IBdIPUl DNJH %SE 1B 2Ul] [BIUOZLIOY PAySep
OUJ, "SSOUNOIY) J9[qEe) [BUISLIO Oy} SAIEIIPUI WK 99°T J& AUI] [EDILIdA PIJOS Y, °S/,W0 O] X 0'¢ =PI PUe L'§ =9 "D, LE 18 I[qe} DINdH
dA 1, ays Jo (aur prjos) sa1joid uonngrusIp SUI[[IMS [BI1III0Y) S} pue (SITRYSSOId) suonnqLysip Surjjoms [eyuswnadxs o8eroay /¢ o1

19

(wur) doueIsI( <«

v €l 2t v ol

smoy ¢y

o8

- 001

sImoy ¢

oz

F oy

- 09

- 08

- 001

¥l €L ¢ 1L 0L 6

i
FE T

-

-

r 08

- 00l

OWdH %

moy |

- oc

r oy

- 09

r 08

- 0oL
v




06

"SMOLIR ) Aq

paurjap a1e sjo[d oy ur soxe oy ], ‘JuswLIddXs SUI[[oMS ) WIOIJ SINSAT Y} JO ANJIGRI[D JO JIWI] oY) SOJe0IpUl DINH %S € I8 U] [BU0ZLIOY
PaYSEp YL, "SSAWIOIN) J2[qE) [EUITLIO A1) SA)EIIPUI UIL 68" ¢ J& SUI] [EDIHAA YL, 'S/, WD O] X 0'¢ =PI pue L'¢ =9 "D, LE I8 I0IqE)
DINdH € 2dA], Jo (aurf prjos) sa[yord uonnquusip Sulj[oms [BI112I03) 9} Pue (SIRYSSOId) suonnqrisip 3urjjoms [ejuowiadxyg §°G aIn31]

(wrur) oue)Isi(q <
0C 61 8L ZL 9L SL ¥L €L CL LL OL 6 8 2L

1 L L I} 1 1 Il 1 1 1
oooooo.oo
‘e

- ©

S ¥ ¢ ¢t 0 oz 6L 8L LLOLSLYLELZLLILOL &6 8 £ 9 S ¥ € 2 1L 0
S S S 0 ST A S Y ST Y THUUUAY DU T S SN SR S SN DUUON ST S

. - 09 : - 09
et Tl - og

X

smoy ¢ - 0oL . sinoy 8¢ - ool v

<

O

0Z 6L 8 LL 9L SLPLELZHLLOL 6 8 £ 9 S ¥ E T L O 0618 L OLSEPLELTLLLOL 6 8 L 9§ ¥ €2 L O
S S S S S S S
' - oz
. - or
’ L 09 - 09
- 08 - o8
smoy ¢ L oot moy Fook vy




100 4 — B] =57
— - B, =77
5 \\ —— B, =37
60 \\
40 A \
++’+\'+4-
+
oo,
20 A \*++++++*¢++
+4
~ e,
~
~——
0 — TR FreeTs
T T T T T T T T T T
LE) 0 1 2 3 4 5 6 8 9 10 11 12 13 14
[a W
on)
S| O
100 — Dleq=3'ox 10-5 sz/S
— - D, =1.0x 10" cm’s
_ -5 2
80 —— D, ,=6.0x 107 cm’/s
60 -
™
40 1 \
+++*+'.+\
20 A
0 . +++|"‘+#++|+++++I+ ,
0 1 2 3 4 5 6 8 9 10 1 12 13 14

» Distance (mm)

Figure 5.9 Effects on the theoretical distribution profiles when £ and D4 are varied and shown
alongside the experimental distribution profiles (crosshairs). (a) Di¢q is fixed and equal to 3.0 x

10 em*/s; A is varied. (b) /i is fixed and equal to 5.7, Dleq is varied. The axes in the plots are
defined by the arrows.
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5.2.4 Further Evaluation of the Mathematical Model: An Optimized Version

The best possible theoretical distribution profiles were achieved by varying £ while
keeping Diq constant. The optimal theoretical distribution profiles are described as having the
minimum sum of % between the theoretical and experimental polymer concentrations. As a
result, new /4 constants were generated for each of the different tablet thicknesses for each of the
swelling times and these were averaged to produce a single £ value for a specific tablet
thickness. The results for the theoretical distribution profiles using average 4 values are shown
in Figures 5.10 to 5.12.

From the profiles shown, there appears to be a large improvement in the fitting of the
profiles for all three tablet thicknesses compared to the fits in Figures 5.6 to 5.8. The model
attempts to predict a swelling process for a single phase one component system. However, it
must be noted that the swelling process is more complex than it appears. This is reflected by the
optimized £ constant being quite different for each tablet thickness. Further, in all the
experimental profiles for the different tablet thicknesses, a characteristic "bump" was present at
approximately 25% HPMC. This "bump" could be described as a boundary dividing two regions
having two different components and is indicative of a heterogeneous system. The first region
that was less than 25% HPMC is usually classified as a transparent gel region ranging from a
semi-dilute solution to a viscous solution. The second region that was greater than 25% HPMC
is usually classified as an opaque region resembling wetted powders rather than a gel. This
region would have a much reduced mobility of the polymer chains resulting in a more restricted
rotational motion of these chains. It is clear that the constants: 4 and Deq or the equations given
by Siepmann et al. [25] or both are questionable. Siepmann et al. [25] in their research claimed
they had included in their calculations a new mathematical model which took into account

concentration dependent water diffusivities as indicated by Equation 5.3. However, included in
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this same equation is a Dj¢q constant that describes the diffusion coefficient in the equilibrium
swollen state.

The evaluation of the one-dimensional swelling theoretical profiles against the
experimental data showed several deficiencies. The ability of the proposed model to therefore
predict the three-dimensional swelling would result in the same outcome and as such, the three-
dimensional theoretical distribution concentrations were not calculated.

5.3 Summary

The model proposed by Siepmann et al. [25] could not simulate the one-dimensional
swelling profiles at all but could do so only with certain modifications, in particular to the Deq
and £ constants. For the optimized version, the Dj¢q constant was determined using actual water
diffusivities for various polymer/water mixtures and £ was determined from the fits to the
profiles. The D,.q constant differed by a factor of ten from the original constant given by
Siepmann et al. [25]. One clear observation from all the results of the theoretical one-
dimensional swelling distribution profiles is the model's inability to generate the characteristic
"bump" that was present in the experimental distribution profiles and the fact that different A4
values had to be used to fit the results from different tablet thicknesses. Just as with previous
theoretical models, the assumption was made that the swelling process of HPMC is a single
phase one component system. However, as indicated by the experimental distribution profiles, it
is a distinct two component system and this must be taken into account when attempting to

simulate the one-dimensional swelling behaviour of HPMC tablets.
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Chapter 6

Conclusions and Suggestions for Future Work

6.1 Conclusions

Although the work presented in this thesis was restricted to the investigation of swelling
HPMC tablets and was not combined with the investigation of the drug release process, it is
essential to understand the swelling process first since this determines the release profile of a
drug. With the present imaging equipment and the implementation of the multi-echo pulse
sequence, it was possible to in\}estigate the'three-diﬁqensional swelling of a HPMC tablet. The
ability of NMR imaging to monitor the changes in the concentration and dimension of a swelling
tablet proved to be an invaluable tool. However, in order to gain a better understanding of the
swelling process, the swelling of the tablet was limited to one-direction to simplify the
interpretation of the results. The one-dimensional swelling distributions provided a better insight
into a complex swelling process that was previously considered to be in a homogeneous one
component system. Attempts made to provide a theoretical model that is able to accurately
describe this swelling have not been successful. However, the recently proposed theoretical
model by Siepmann et al. [25] includes several important considerations when attempting to
describe the swelling process that could be incorporated in a future mathematical model.
6.2 Suggestions for Future Work

Further advancements in the current mathematical model by Siepmann et al. [25] such as
including a two component description and the ability to generate the characteristic "bump"
would allow a more accurate prediction of the swelling process. This would involve a more
complex set of equations containing twice as many variables.

The three-dimensional swelling is the precursor to the three-dimensional drug release

investigation. Fluorine containing compounds or fluorine substituted drugs would allow for the
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study of this release process by °’F NMR imaging. However, the ultimate goal for the
investigation of these systems is to monitor these tablets in vivo. This could be accomplished by
first investigating these tablets in a simulated gastric fluid medium which would be able to
provide direct information of these tablets in vivo. The next step would be to carry out a whole
body imaging study where the swelling of the tablet could be monitored as it passes through the
gastrointestinal tract of a person. Important information would be obtained on how closely the in

vitro flow cell experiments mirror the actual in vivo swelling of tablets.
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