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Abstract

In this paper we investigate the potential role of solution calorimetry measurements in aiding the formulation of swellable matrices
containing a mixture of HPMC and NaCMC, an ionic cellulose derivate. These polymers show a synergistic effect in their ability to mod-
ulate drug delivery rates; a matrix containing a 1:1 mixture of NaCMC and HPMC exhibits a significantly slower drug release rate than
either polymer shows alone. The exact cause of this synergism is not clear and it is not an easy effect to examine using conventional means
(such as dissolution testing). Here, we used solution calorimetry to study the system holistically. By comparing the measured response of
a physical blend with a theoretical one (obtained by summation of the power—time data for each material), it was possible to assess if
there was/was not any interaction which may explain the synergism. Furthermore, since a thermodynamic quantity was returned it was
possible to establish if the interaction was favourable or unfavourable and so to obtain useful information to understand and predict the
dissolution behaviour of polymeric systems containing the same materials.

An unfavourable interaction was noted between NaCMC and the model drug (Diltiazem HCI); no interaction was seen between
HPMC and the drug; and a favourable interaction was recorded when both polymers were formulated with the drug. The trend was
mirrored by the #9y (the time required for 90% drug release) values determined from dissolution testing; NaCMC 10.8 h, HPMC
16.4 h, NaCMC and HPMC 19.1 h. The data suggest that solution calorimetry measurements can be used to aid the selection of poly-
meric excipients to design controlled-release drug delivery systems.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction difficult task because of their complex and disordered

structure and the mechanism of drug release from these

The use of swellable materials for drug delivery applica-
tions has followed experimental and theoretical investiga-
tion of solvent and solute transport in polymeric systems,
with several important observations and mathematical
models developed describing transport behaviour in poly-
meric systems [1]. Hydrophilic matrices, in particular, are
one of the most used controlled delivery systems, due to
their simple technology and low cost. Their study is a
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systems continues to be a matter of debate [2].

One method of fabricating controlled-release dosage
forms is by incorporating a drug in a matrix containing a
hydrophilic, rate controlling polymer. Commonly used
polymers are cellulose derivates, which include hydroxy-
propylmethylcellulose (HPMC, [3]). Drug release from this
type of system is controlled by hydration of the polymer,
which forms a gelatinous barrier layer at the surface of
the tablet through which the drug diffuses. The consistency
and strength of the gel layer formed at the tablet surface
are crucial factors in determining drug release mechanism
and the rate of drug delivery from the polymeric system
[4]. Mixtures of polymers, particularly cellulose ethers,
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are thus useful in regulating the drug release properties of a
dosage form. In matrix tablets, polymer mixtures can be
used to control the drug release rate by producing gel bar-
riers of varying consistency. This effect is often due to inter-
actions between the excipients that modify the matrix
viscosity and/or polarity as well as the internal structure
of the tablet through which the drug must diffuse [5].

When a matrix containing a swellable glassy polymer
comes into contact with a solvent a progressive change
from the glassy to the rubbery state leads to a swelling pro-
cess. The individual chains, originally in a fixed state,
absorb water, their end to end distance and radius of gyra-
tion expanding to a solvated state because of the lowering
of the transition temperature of the polymer [6]. Macro-
scopically this phenomenon is evidenced by the formation
of a thick gel layer at the tablet surface, which governs
the drug release rate. In the gel phase, polymer chains begin
slowly to unfold and gradually become solvated: however,
the presence of physical entanglement between neighbour-
ing chains hinders polymer dissolution. At the outer sur-
face, the polymer is so diluted that the chains
disentangle; the polymer no longer has structural integrity
and dissolves as single molecules or as discrete agglomer-
ates [7].

Although drug-related parameters (such as solute size,
solubility and loading) and polymer-related parameters
(such as molecular weight, viscosity and concentration)
have been shown to influence the drug release rate from
swellable devices [8-12], the presence and the effect of
potential drug—polymer interactions on polymer swelling
and drug release kinetic are not well researched [13].

In a previous study we demonstrated that solution
calorimetry has the potential to monitor the swelling of
cellulose polymers by reporting the heat changes that
occur following dispersion of the polymer into a solvent
[14]. We also showed that there was the potential to gain
some insight into the mechanism of swelling/dissolution
by analysing data using a power law model, although
the interpretation was limited by the fact that powdered
samples were employed. The primary aim of this work is
thus to extend the analysis to polymer compacts and to
assess if mechanistic information can in fact be eluci-
dated. Various compacts were prepared using individual
polymers (HPMC E4M and sodium carboxymethylcellu-
lose, NaCMC) and a polymer blend. It was observed (by
dissolution testing) that the release profile of a model
drug (Diltiazem HCI) from the polymer blend compact
was significantly slower than from compacts containing
a single polymer. Thus, a further aim of the present
study was to determine whether calorimetric monitoring
could detect any interactions between the species which
may explain the observed release data.

2. Materials and methods

Diltiazem HCI was supplied by Profarmaco S.p.A.
(Milan, TItaly). Hydroxypropylmethylcellulose (Methocel

E4M, 5 =4000cP) was donated by Colorcon Ltd.,
Orpington, UK, and sodium carboxymethylcellulose
(Blanose 7THXFPH) was donated by Hercules, Wilming-
ton, DE. All materials were used as received without fur-
ther purification. Buffer solutions were prepared in
accordance with the Pharmaceutical Codex [15]. Dissolu-
tion tests were conducted in an acetate buffer (pH 6.8,
30 mM) using ammonium acetate (>98%) and acetic acid
(>99%), both from Sigma Ltd. (UK). Calorimetric exper-
iments were conducted in a Mcllvaine buffer (pH 6.8)
using citric acid (>99%) and disodium hydrogen phos-
phate dodecahydrate (>99%), both from Sigma Ltd.
(UK).

2.1. Dissolution studies

2.1.1. Tablet preparation

Drug and polymer powders were sieved and then mixed
together in a Turbula apparatus (Turbula T2A, Bachofen,
Basel, CH) for 10 min. The percentage composition of each
formulation is reported in Table 1. Drug and polymer mix-
tures were directly compressed with a single die tabletting
machine (Kilian, Coln, D) equipped with a piezoelectric
load washer (Kistler, Winterthur, CH) for compression
force measurements and fitted with flat-faced 9.8 mm
punches. A compression force of about 2500 kg was
recorded. The mean weight of the cylindrical tablets
obtained was 329 mg.

Dissolution tests (six replicates) were performed in ace-
tate buffer pH 6.8 (37 °C, 1 L) using USP30 (2007) Appara-
tus 2 with paddles rotating at 100 rpm. The amount of drug
released as a function of time was determined by UV (Spec-
tracomp 602, Advanced Products S.r.l., Milan, Italy) at
246 nm.

The dissolution data were fitted to the well-known
power law model (Eq. (1)), which is frequently employed
to describe the drug release behaviour of polymeric systems
[16].

M,
M

= kt" (1)

where M,/M_, is the fraction of drug released at time ¢,
k is a proportionality constant accounting for structural

Table 1
Percentage composition of matrix tablets containing Diltiazem HCI and
HPMC E4M, NaCMC and HPMC/NaCMC (1:1)

Formulation name Component (% w/w composition)

HPMC Diltiazem HCI (36.5)

HPMC (Methocel E4M) (63.5)
NaCMC Diltiazem HCI (36.5)

NaCMC (Blanose 7TH4XFPh) (63.5)
HPMC/NaCMC Diltiazem HCI (36.5)

HPMC (Methocel E4AM) (31.75)
NaCMC (Blanose 7TH4XFPh) (31.75)
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and geometrical properties of the matrix and » is an
exponent which describes the mechanism of drug release.
According to the criteria for release kinetics from swella-
ble systems, release exponent values n=0.45, 0.45<
n <0.89 and 0.89 <n < 1.0 indicate, respectively, Fickian
(Case I) diffusion, non-Fickian (anomalous) diffusion and
zero-order (Case II) transport [17].

2.2. Calorimetric studies

2.2.1. Tablet preparation

Tablets (2 mm diameter) were kindly prepared by
Pharmaceutical Development Services (Guildford, Sur-
rey). The mean tablet weight was 5.09 + 0.45 mg and
the compression forces used were 185kg (HMPC),
190 kg (NaCMC) and 160 kg (1:1 mixture of HPMC
and NaCMC).

2.2.2. Solution calorimetry

Data were recorded with a 2265 20 mL micro solution
ampoule (Thermometric AB, Jirfilla, Sweden), the
design and operating principles of which have been dis-
cussed previously [18]. Briefly, it contains three metal
cartridges (each comprising three pieces) that can be
charged with solid sample (typically up to ~20 mg); the
cartridges are loaded into the underside of the lid of
the sample vessel. The lower part of the vessel (stainless
steel) holds a reservoir of solvent (17 mL) into which the
cartridges are introduced. Once thermal equilibrium has
been attained (indicated by a zero baseline signal) the
cartridges are pushed into the solvent (either sequentially
or simultancously) where they fall apart, dispersing the
solid sample which subsequently dissolves into the sol-
vent. The vessel was filled with either distilled, deionised
water or buffer (15 mL).

The power associated with the introduction of the empty
cartridge into the solution was determined in a separate
control experiment and was used to correct the experimen-
tal data. Tablets or polymer samples (between 1 and 6 mg)
were weighed on a Sartorious microbalance (accurate to
40.01 mg) and were loaded into one of the three cartridges.
The instrument was maintained at 298 K using a precision
water bath (TAM, accurate to +0.0001 °C) and left to
reach thermal equilibrium. The cartridge was then broken
into the solvent, dispersing the polymer sample into the dis-
solution medium. The vessel’s contents were stirred at
120 rpm with a turbine stirrer. Power data were recorded
(every second) with the dedicated software package Digi-
tam 4.1; the amplifier was set to its maximum range
(3000 uW) and a 20 mL stainless steel ampoule containing
water or buffer (15 mL) was used as a reference. Data anal-
ysis was performed with Origin (Microcal Software Inc.,
USA). Experiments were repeated a minimum of three
times and data are quoted throughout with a standard
deviation (SD, ¢,_;). In accordance with the manufac-
turer’s settings, exothermic data are plotted as positive
values.

3. Results and discussion
3.1. Dissolution studies

The in vitro sustained release of Diltiazem HCI from the
tablets prepared as above was examined by performing dis-
solution tests at pH 6.8. The results of the release tests are
shown in Fig. 1. The graph reports the percentage of drug
release as a function of time from systems containing
Diltiazem HCI incorporated in NaCMC, HPMC and a
1:1 blend of HPMC and NaCMC, respectively. Table 2
reports the values of the exponent 7, indicative of the mech-
anism of drug release, and of 79, indicative of the rate of
drug release from the system, determined by fitting the
dissolution data to Eq. (1).

HPMC tablets release the drug with an anomalous non-
Fickian mechanism (n is 0.71) indicating an influence both
of diffusion of the drug through the gel layer and erosion of
the whole hydrated and gelled tablet from the outer sur-
face. Total drug release is achieved within 24 h (#o, is
16.40 h). A burst effect can be noticed at the beginning of
the dissolution test. This arises because the hydration rate
of the drug is faster than the hydration rate of the polymer;
thus, initially at least, drug release is instantaneous because
the rate-limiting gel layer formed by the hydrated polymer
requires a finite time to form.

A sigmoidal drug release profile is observed for NaCMC
tablets. The profile is characterised by an initial lag phase;
after this short period, the drug release rate increases (the
top value being the lowest of the three formulations,
10.8 h). Upon exposure to the dissolution fluid, the tablets
hydrate quickly and the polymer becomes immediately
effective in controlling the drug release rate from the tablet.
The mechanism of drug delivery seems to be mainly associ-
ated to the erosion of the tablet (n is 1.43) due to the high
solubility of the polymer (NaCMC) at this pH value.

Linearisation of the drug release profile is achieved by
using a mixture of the two polymers as functional excipi-
ents in the formulation (n is 0.98). At the beginning of
the test, the profile lies between the profiles of the single
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Fig. 1. Drug release profiles of the three formulations at pH 6.8.
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Table 2

Values for t9o (h) and n values obtained from the dissolution tests at pH
6.8 for matrix tablets [HPMC E4M, NaCMC and HPMC/NaCMC (1:1)]
containing Diltiazem HCI

Table 3
The values of n and k derived from logg,/Q versus ¢ plots for the swelling
of tablets containing NaCMC, HPMC and a mixture 1:1 of NaCMC and
HPMC

Tablets formulations too (h) n Formulation pH n —logk R?

NaCMC + DTZ HCl 108 £1.15 1.43 £0.09 NaCMC 6.8 1.3 £0.04 1.1+0.14 0.988
HPMC E4M + DTZ HCI 16.40 + 1.12 0.71 +£0.02 NaCMC/HPMC (1:1) 6.8 1.0 £0.03 1.2 £0.01 0.985
HPMC E4M + NaCMC + DTZ HCl 19.10 +0.70 0.98 +0.02 HPMC 6.8 0.8 £0.04 1.2 £0.05 0.990

polymer tablets. Surprisingly #9 is 19.10 h, meaning that
the system containing the polymer blend shows a synergis-
tic effect in controlling and modulating the drug release
rate. This could be due to an interaction between the two
polymers and/or between the polymer/s and the drug.

3.2. Calorimetric studies

We demonstrated in an earlier publication [14] that
swelling/dissolution can be investigated using a solution
calorimetric method. The heat output is determined by
integrating the power—time data to a specific time point.
It is assumed that the total heat output following disper-
sion of the sample (Q) represents total swelling/dissolution
while the heat output to any time 7 (g,) represents the frac-
tion of swelling/dissolution that has occurred to this point.
Hence a plot of ¢,/Q versus time is analogous to a dissolu-
tion profile and can be fitted to the power law model
defined earlier if the assumption is made that:

M, q, n

M. 0 kt (2)
The dissolution profiles constructed from the calorimetric
data for HPMC, NaCMC and HPMC/NaCMC tablets
are shown in Fig. 2. It is immediately apparent that the
profiles differ for each system. From Eq. (2) it is evident
that a plot of logg,/Q versus logs should be linear, the
slope giving the value of n directly. These values of n deter-
mined in this way are shown in Table 3.

0.8+

0.6
Q
-
o
0.4
—m— NaCMC tablets pH 6.8
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Fig. 2. Plots of ¢,/Q versus time for polymer tablets (containing no drug).

The linear regression R? values are also shown.

Encouragingly, the values of n obtained calorimetrically
agree very well with those obtained from dissolution testing
(0.81 and 0.71 for HPMC; 1.43 and 1.28 for NaCMC; 1.04
and 0.98 for HPMC/NaCMC, respectively). The small dif-
ferences in the values can be ascribed to two factors; the
fact that the tablets used in the two studies had different
geometries (necessitated by the limited size of the cartridges
and dissolution medium volume in the solution calorimeter
relative to the dissolution apparatus) and the fact that dif-
ferent buffer components were employed. The power law
model is empirical and was originally developed for slab
geometry; hence, slight variations in the values of the expo-
nential term can be expected for other tablet shapes. We
have discussed the limitations and assumptions of this
approach fully in our earlier study [14] and readers are
referred there for further clarification of issues regarding
the interpretation and meaning of these values.

The principal aim of this work was to determine whether
the calorimeter could monitor drug release as well as swell-
ing/dissolution. The power—time data for the three types of
drug-loaded tablet are shown in Fig. 3. Again, there are
significant differences in behaviour between the three sys-
tems; most notable is the case of NaCMC tablets, which
shows a complex signal comprising exo- and endothermic
phases. It is true that sometimes calorimetric techniques
are not as widely used as might be expected because the
data can be difficult to interpret. Here, the logical analysis
would be to subtract the power—time data obtained for the

250
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Fig. 3. Power-time data for the dissolution of drug-loaded polymer
tablets.
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tablets with and without drug. The difference should, in
principle, contain information on the drug release pro-
cess(es). However, this is not as straightforward as it
appears. This is because the compositions of the tablets
with and without drug differed considerably, the drug-
loaded tablets containing 2 mg of active and 3 mg of poly-
mer. The significant heats associated with both polymer
and drug dissolution thus meant that it was impossible to
construct an experiment to give a suitable blank (i.e., the
ideal blank would be a 3 mg polymer tablet, not a 5 mg
tablet, but this would have different dissolution behaviour
because of its altered geometry).

Accepting this limitation, we decided to conduct further
experiments using powdered samples in order to ascertain
whether interactions between the drug and polymer could
account for the observed dissolution behaviour. Using
powdered samples meant that appropriate blank experi-
ments could be performed. The experimental series was
thus; data were measured for drug alone (2 mg), polymer
alone (3mg) and then a drug/polymer physical mixture
(comprising 2 mg drug and 3 mg polymer). To assess
whether any interactions were present, the data for the
individual species were summed and compared with the
data for the physical mixture; any differences inferred an
interaction.

Dealing with interactions between the polymers first,
Fig. 4 shows the summed data for HPMC and NaCMC
and the data for a physical blend (prepared in a 1:1 ratio).
Although the shapes of the curves vary slightly, the areas
were equal within experimental error (—40.6 + 10.4 and
—34945.6J g ", respectively), which implies there was
no interaction between the polymers. In other words, the
polymers hydrate, swell and dissolve in combination in
exactly the same way as they do individually.

Comparable data are shown in Fig. 5 for mixtures of
HPMC and drug; again, it is clear that the summed

1000 -
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ffffffff Sum (NaCMC + HPMC)
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=
O 6004
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Fig. 4. Power-time data for the dissolution of the mixture of NaCMC and
HPMC (1:1) compared to the theoretical power-time data obtained by
summing the calorimetric response of NaCMC and HPMC alone.

~~~~~~~ Diltiazem HCI pH 6.8 (A)

800 < —— HPMC/Diltiazem HCI pH 6.8 (63.5%/36.5%)
———————— HPMC pH 6.8 (B)
4 —— A+B
600 -
=
O 400
2
S
$ 200
2
(o)
[
04
200

T T T T T T T T T T T T 1
-500 0 500 1000 1500 2000 2500 3000
Power /s

Fig. 5. Power-time data for the dissolution of Diltiazem HCI (A), HPMC
(B) and the physical mixture of HPMC/Diltiazem HCI. Also shown are
the theoretical power-time data obtained by summing the calorimetric
response of Diltiazem HCI and HPMC (A + B).

response is identical to the physical mixture, confirming
that there is no interaction between these two species.
The response of HPMC is exothermic (—68.1+
18.6J g~ ") while that of Diltiazem HCI is endothermic
(22.3+1.0J g "). This balance of exo- and endothermic
events explains the complex shape of the data obtained
for drug-loaded tablets. In combination the response is
net exothermic (—26.2+42Jg'). The theoretical
enthalpy (—24.2 J g7') is thus equivalent, within error, to
the measured enthalpy.

The remaining cases (NaCMC/drug and HPMC/NaC-
MC/drug) are more interesting; the power—time data for
these systems are presented in Figs. 6 and 7, respectively.
In the case of NaCMC/drug it can be observed that the
response of NaCMC is less exothermic (—13.2 4+
2.2J g ') than that noted above for HPMC, the result of
which is that the endothermic response of the drug domi-
nates the observed signal and a net endothermic event is
recorded. However, in addition the data for the real mix-
ture do not overlay those of the summed responses; there
is a significant endothermic heat in the real mixture
(7.6 £1.73 g7 ") over and above that of the summed
response (5.23 J g~!). The fact that this interaction is endo-
thermic implies that it is thermodynamically unfavoured.

The opposite behaviour is seen for the NaCMC/HPMC/
drug system. Here the real mixture of components gave a
heat change that was more exothermic (10.8 £2.7J g™
than the summed response (6.42J g "), which implies a
favourable interaction.

These observations correlate very well with the 79q values
determined by dissolution testing. The NaCMC/drug sys-
tem showed an unfavourable interaction by calorimetry
and had the fastest 799 (10.8 h) while the NaCMC/
HPMC/drug system showed a favourable interaction and
had the longest f99 (19.1 h). The HPMC/drug system
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Diltiazem HCI pH 6.8 (A)
——  NaCMC/Diltiazem HCI pH 6.8 (63.5%/36.5%)
———————— NaCMC pH 6.8 (B)
—— A+B

200 ~

100

-100 ~

Power / micro W

-200 ~

-300 T T T T T T T T T T T T T 1
-500 0 500 1000 1500 2000 2500 3000
Time/s

Fig. 6. Power-time data for the dissolution of Diltiazem HCI (A),
NaCMC (B) and the physical mixture of NaCMC/Diltiazem HCI. Also
shown are the theoretical power—time data obtained by summing the
calorimetric response of Diltiazem HCI and NaCMC (A + B).

Diltiazem HCI pH 6.8 (A)
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Fig. 7. Power-time data for the dissolution of Diltiazem HCI (A),
HPMC/NaCMC (1:1) (B) and the physical mixture of HPMC/NaCMC/
Diltiazem HCI. Also shown is the theoretical power—time data obtained by
summing the calorimetric response of Diltiazem HCl and HPMC/
NaCMC (A + B).

showed no interaction and had an intermediate 79y value
(16.4 h). Thus, it appears that interactions between the
drug and the polymer, and not between the two polymers,
are the principal cause of the delayed release kinetics
observed when the drug is formulated with both polymers.
Thus, while its nature means that calorimetry cannot give
any mechanistic insight into the nature of these interac-
tions, its ability to monitor processes in complex systems
means that it certainly has the potential to screen and opti-
mise tablet formulations, by examination of powder
blends, without the need to manufacture batches of tablets.

4. Conclusion

The aim of this paper was to assess the feasibility of the
application of solution calorimetry to the study of dissolu-
tion behaviour and formulation of hydrophilic matrix tab-
lets. In particular, calorimetry has been used to assess the
presence of interactions between the polymer/s and the
drug. By comparison of theoretical and experimental
power—time profiles, it was possible to classify the interac-
tion as favourable or unfavourable and a correlation with
the dissolution data could be drawn.

In this investigation the dissolution profiles of matrix
tablets containing HPMC, NaCMC and a combination
of both polymers with a model soluble drug were studied.
HPMC tablets released the active with an anomalous
non-Fickian mechanism mainly driven by diffusion while
NaCMC delivered the drug mainly by erosion from the
tablet surface. The tablets containing both polymers
released the drug with zero-order kinetics and, surprisingly,
a synergistic effect in controlling the rate of drug delivery
was observed.

Calorimetric studies played an important part in under-
standing the mechanism and the rate of drug release from
these dosage forms. Where no interaction was observed
between the drug and the polymer the mechanism of drug
delivery was mainly associated with the drug crossing the
gel layer on tablet surface (diffusion controlled mecha-
nism). An energetically favourable drug—polymer interac-
tion was seen to promote a reduction in the drug release
rate. Conversely, energetically unfavourable interactions
drive the drug to be released faster from the polymeric
matrix.
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