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Abstract

Hydrophilic matrix tablets containing polyethylene oxides as the retarding polymer have been successfully employed in the
controlled release of drugs. To evaluate the relative influence of drug diffusion and polymer erosion mechanisms in the drug delivery

process, we studied the hydration behaviour of matrix tablets containing a water-soluble drug and PEOs of two different molecular
weights: Polyox WSRN 1105 (Mw ¼ 0:9� 106) and Polyox WSRN 301 (Mw ¼ 4� 106). The hydration rate, the extent of swelling,
and the erosion rate of matrices containing the polymer, the drug and tableting excipients were evaluated in comparison to tablets

made of pure polymer. The results of these studies on function of the release behaviour were then discussed.
The results show that the higher molecular weight PEO swells to a greater extent and tends to form, upon hydration, a stronger

gel, which is therefore less liable to erosion, if compared to the lower molecular weight PEO. This difference in the erosion behaviour
can explain the different efficiencies of the two polymeric products in modulating the delivery rate of the water-soluble drug.

Moreover, the presence of other soluble components (drug and excipients) in the dosage form enhances the erosion trend of the
tablets with a consequent reduction of the efficiency of the polymer in drug release control.r 2001 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

High molecular weight polyethylene oxides (PEOs)
have been successfully employed in controlled release
swellable matrices [1–3]. The use of oral controlled
release matrices made of hydrophilic polymers that swell
and form a gel layer upon contact with water, and then
erode slowly, thus modulating the drug delivery rate,
has been extensively investigated [4]. The polymers
employed are hydrophilic, linear, uncrosslinked mole-
cules; when matrices containing these types of polymer
come into contact with water, forces of attraction
(chiefly hydrogen bonding) start acting between polymer
and water. Due to the high water-affinity of the polymer,
these forces are likely to be preferred over polymer–
polymer interactions; the forces holding the polymer

segments together are therefore reduced and the
polymer chains can swell [5]. Water diffuses into the
matrix and when its concentration reaches a threshold
value, the polymer swells and a gel layer is formed at the
matrix surface. In the gel phase, polymer chains slowly
begin to unfold and gradually become solvated; how-
ever, the presence of physical entanglements between
neighbouring chains hinder polymer dissolution [6]. At
the outermost surface, the polymer is diluted to the
point where the chains disentangle, the polymer has no
longer structural integrity and dissolves as single
molecules or as discrete agglomerates, i.e. erosion [7,8].
This complex gelatinous layer forms a diffusional barrier
that retards further water uptake but can also modulate
drug release rate. Water-soluble drugs are mainly
released by diffusion of dissolved drug molecules across
the gel layer, while poorly water-soluble drugs are more
likely released through erosion of the gel [9]. The
contribution of these two phenomena to the overall drug
release process is influenced not only by drug solubility,

*Corresponding author. Tel.: +39-382-507779; fax: +39-382-

507382.

E-mail address: lauretta.maggi@unipv.it (L. Maggi).

0142-9612/02/$ - see front matter r 2001 Elsevier Science Ltd. All rights reserved.

PII: S 0 1 4 2 - 9 6 1 2 ( 0 1 ) 0 0 2 2 3 - X



but also by the physical and mechanical properties of
the gel layer that forms around the tablet. When the
release mechanism involves the synchronisation of
swelling and erosion rates, the matrix may provide
zero-order release kinetics [10,11].
Previous works have demonstrated that laminated

films [12] or small tablets [2] containing a drug and
polyethylene oxide (PEO) characterised by molecular
weight (in the range 0.6� 106–2� 106) can generate
comparable swelling and erosion rates. In contrast,
matrices containing higher molecular weight PEOs did
not show any synchronisation of swelling and erosion,
and drug release seems to be related more to swelling
rather than to erosion rate [13].
In this work, the dissolution behaviour of matrix

tablets containing PEOs of two different molecular
weights was studied; the aim is to evaluate the efficiency
of PEOs in modulating drug release rate, its morpho-
logical behaviour, and to study the prevailing release
mechanisms. The swelling and erosion characteristics of
the two different polymers were evaluated on tablets
made of pure polymer while, to verify the effects of
soluble components on the behaviour of the polymers
under study and the swelling/erosion characteristics of
matrices containing the polymer, a soluble model drug
(diltiazem hydrochloride), and tableting excipients were
studied. The morphological behaviour during dissolu-
tion of such dosage forms was compared to the drug
release profiles and evaluated in terms of drug release
modulation efficiency.
Finally, the influence of the compression force applied

to the tablets on the overall dissolution behaviour of
these delivery devices was evaluated and discussed.

2. Experimental

2.1. Materials

Diltiazem hydrochloride was supplied by Profarmaco
S.p.A. (Milan, Italy). PEOs (Polyox WSRN 1105,
Mw ¼ 0:9� 106, and Polyox WSRN 301, Mw ¼
4� 106) were kindly donated by Union Carbide Corp.
(Danbury, CT, USA). The other excipients were lactose,
magnesium stearate (C. Erba, Milan, Italy), and
colloidal silicon oxide (Syloid 244, Grace GmbH,
Worms, Germany).

2.2. Methods

Two different formulations (coded A1 and B1) were
prepared by mixing the drug, the hydrophilic polymer
and the excipients for 30min (Turbula T2A, Bachofen,
Basel, CH). The compositions of the two different
mixtures are reported in Table 1.

The true density of the two pure polymers and of the
two formulations was measured (AccuPyc 1330, Micro-
metric, Norcross, GA).
The tablets were prepared by direct compression of

the two formulations or of the two pure polymers using
a single-punch tableting machine (Kilian, Coln, D)
instrumented with piezoelectric load washers (Kistler,
Winterthur, CH) for compression force measurements
[14] and equipped with flat punches diameter 9.5mm.
366mg of powder, accurately weighed, was introduced
into the die and the automatic compression cycle was
activated. The compression force was adjusted at two
different levels: 10 and 30 kN.
All the tablets weighed 366mg71%; A1 and B1

matrices contain 180mg of diltiazem hydrochloride as
active agent. The thickness and diameter of the tablets
produced were measured. The porosity was calculated
through tablet volume and true density of the different
powders.
To verify the effects of the application of a certain

compression force level on the solid state of the polymer
(crystalline or amorphous), DSC thermographs of the
pure polymers before and after compression at the two
different forces were recorded (DSC 821E, Mettler
Toledo GmbH, Schwerzenbach, CH). The samples were
heated from 301C to 1301C; heating rate 101C/min.
The crushing strength of the tablets was measured

with a suitable apparatus equipped with a high sensitive
load washer (Kistler, Winterthur, CH) [14].
In vitro dissolution tests were performed in 1 l of

distilled water at 371C, with the USP apparatus 2
(paddle), at 100 rpm (six replicates). The amount of
diltiazem released was measured by UV detection at
236 nm (Spectracomp 602, Advanced Products, Milan,
Italy). The release data were fitted using the familiar
empirical equation proposed by Korsmeyer and Peppas
[15],

Mt

Mp

¼ ktn; ð1Þ

where Mt=Ma is the fractional drug released, t the
release time, k is a kinetic constant and n the diffusion
exponent characteristic of the release mechanism. For a
cylindrical matrix, 0:89ono1:0 indicates a zero order
release, while 0:45ono0:89 shows anomalous release

Table 1

Percent composition of the two hydrophilic matrix formulations

Formulation A1 B1

PEO Mw: 0.9� 10
6 (Polyox WSRN 1105) 38.2 /

PEO Mw: 4� 10
6 (Polyox WSRN 301) / 38.2

Diltiazem hydrochloride 49.3 49.3

Lactose 11.0 11.0

Magnesium stearate 1.0 1.0

Colloidal silicon dioxide 0.5 0.5
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kinetics [16]. A linear regression analysis of the
logarithmic form of Eq. (1) was carried out, and a
correlation coefficient ðRÞ > 0:99 was obtained in all
cases.
The differences between the dissolution profiles was

evaluated in terms of time at which 75% of the drug is
released (td 75); significance: Student’s t test.
The swelling/erosion characteristics of the various

tablets were studied using an image analyser that
enables measuring the dimensions of the whole tablet
and of the solid or gelled phases during dissolution [17].
Tablets withdrawn from the dissolution vessels at
different time intervals were sectioned and their photo-
graphs recorded using a digital microscope camera (SV
MicroTM, Sound Vision Inc., Taunton, MA, USA),
equipped with a 50mm C-mount lens. From the images,
the dimensions of the whole tablet, of the solid phase
and the thickness of the gel layer formed at the tablet
surface can be easily measured using the software
provided for the image analysis (CV9000 Ver. 4.0,
FKV S.r.l., Sorisole, BG, Italy). In fact, in the images,
the different morphological phases appear as well-
defined areas of contrast. These tests were performed
on the tablets made of polymer, drug and soluble filler
and also on tablets made of pure polymer, to evaluate
the effects of the presence of the water-soluble compo-
nents on the hydration characteristics of the matrices.

3. Results and discussion

Both pure polymers and the formulations containing
the drug also showed favourable compaction properties.
Increasing the compression force from 10 to 30 kN does
not cause remarkable variations either in the dimension
of the tablets made of pure polymer (thickness and
volume), or in tablet porosity (Table 2). The tablets
made of the two different pure polymers showed similar
crushing strength if compressed at 10 kN. If the
compression force is increased to 30 kN, tablets made

of pure PEO of higher molecular weight (B) seem to be
less hard compared to A tablets (Table 2). Increasing the
compression force from 10 to 30 kN causes an increase
in tablet hardness only in the case of PEO of lower
molecular weight, while it does not increase, signifi-
cantly, the hardness of tablets made of PEO of
Mw ¼ 4� 106.
However, the tablets made of pure polymer always

looked much harder compared to the formulations
containing the drug and other excipients, while main-
taining slightly higher porosity.
The results of the DSC tests evidenced similar melting

behaviour for the bulk polymer powder and the same
polymer compressed at the two different force levels, for
both PEOs. In the case of PEO 900,000, the heat of
fusion of the bulk powder was statistically different
compared to the tablets compressed at 30 kN, while it is
comparable to 10 kN tablets; peak temperatures were
not statistically different. In the case of PEO 4,000,000
the heat of fusion of the powder is different compared to
compressed tablets, but it is comparable at the two
different compression levels. The melting temperatures
were not statistically different (Fig. 1). The degree of
crystallinity seems slightly affected by the compression
process, and the application of increasing force levels
does not cause a remarkable reduction of this para-
meter.
Moreover, the compression force seems to have no

influence on the dissolution behaviour of the matrices
under study. The dissolution profiles of the matrices
containing PEO of lower molecular weight (A1),
obtained at 10 or 30 kN are quite superimposable
(Fig. 2). No significant difference can be evidenced
between td 75 (224min77 and 213min79 for tablets
compressed at 10 or 30 kN, respectively; p > 0:01).
Similar considerations can be made in the case of B1

tablets (353min710 and 344min710 for tablets com-
pressed at 10 or 30 kN respectively; p > 0:01). On the
other hand, diltiazem release rate from the matrices
containing PEO of higher molecular weight (B1) is much

Table 2

Characteristics of the tablets made of pure polymers or of drug formulations as a function of the compression force applied (mean values7SD)

Tablet Compression force (kN) Thickness (mm) Volume (mm3) Porosity (%) Crushing strength (N)

A 10 4.4570.05 335.673.6 12.271.1 21579
30 4.4070.08 334.074.9 11.971.3 25571

B 10 4.3770.06 330.674.3 10.971.2 20376
30 4.3870.06 328.475.0 10.471.6 21474

A1 10 4.1170.03 314.072.4 11.670.7 10273
30 4.0370.05 306.172.6 9.170.8 145716

B1 10 4.1170.04 314.073.3 11.971.0 10372
30 4.0670.04 309.572.6 10.870.8 10775
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slower compared to the release rate of A1 matrices.
While the release kinetics is similar, the diffusion
exponent (n) ranges from 0.80 to 0.98 (Table 3). The
photomicrographs of the matrices obtained from the
two drug formulations, containing PEO of different
molecular weights, evidence quite different morphologi-
cal behaviour during hydration (Fig. 3). In the images
the solid/dry phase appears as a white opaque area,
while the gel phase is more transparent.
A1 tablets (containing PEO of Mw ¼ 0:9� 106)

hydrate quickly but the gel layer is thinner at the tablet
surface. The dimensions of the matrices increase slightly
at the beginning of the hydration process and very soon
start decreasing considerably. On the other hand, B1
matrices (containing PEO of Mw ¼ 4� 106) show a
remarkable and prolonged increase in dimensions while
the gel layer appears thicker if compared to A1 tablets
(Fig. 3). In both cases, a glassy core can be evidenced
until the fourth hour, and then the matrix is completely
gelled. By measuring the dimensional modifications of
the tablets during hydration, it is possible to evaluate the

Fig. 2. Release profiles of the two drug formulations A1 and B1

containing PEO of Mw of 0.9� 106 or 4� 106, respectively,

compressed at two different compression forces of 10 and 30 kN

(mean values7SD, n ¼ 6).

Fig. 1. DSC heating curve of: (a) PEO Mw ¼ 0:9� 106 and (b) PEO
Mw ¼ 4� 106. The bulk pure polymer is compared to powder obtained
after compression at 10 or 30 kN.

Table 3

Prevailing release kinetics (correlation coefficients, R) and diffusion exponents of the two formulations considered

Formulation Compression force (kN) Release kinetics (R) Diffusion exponent (n)

A1 10 Zero order (0.997) 0.91

A1 30 Zero order (0.997) 0.98

B1 10 Anomalous (0.994) 0.89

B1 30 Anomalous (0.999) 0.80

Fig. 3. Left column: photographs of the tablets made of the drug

formulation A1 (PEO Mw ¼ 0:9� 106) during dissolution. From top

to bottom: after 1, 2 and 3 h. Right columnFmatrices made of the

drug formulation B1 (PEO Mw ¼ 4� 106). From top to bottom: after

1, 2 and 4 h.
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swelling process and the erosion rate of the matrices,
while the hydration rate of the system can be related to
the persistence and extension of the dry core.
All the matrices tend to increase more in height than

in diameter (Figs. 4 and 5). In the case of matrices
containing the lower molecular weight polymer, the test
is stopped after 3 h, because the matrix is difficult to
handle.
The A1 matrices upon contact with the dissolution

medium, swell up to about 150% their initial height
(Fig. 4) and 110% their initial diameter (Fig. 5) while a
thin gel layer of less than 2mm is formed at the tablet
surface (Fig. 6). Then, swelling and erosion tend to
synchronise; the gel thickness is constant while tablet
dimensions slowly decrease during dissolution. This
means that probably, after the initial rapid swelling, this

matrix forms a weak gel that is eroded at the same rate
at which it is formed.
This behaviour suggests that swelling and ero-

sion rates are comparable and that the two mecha-
nisms are both effective in the control of drug release
process.
On the contrary, in the case of B1 formulation, the

tablet dimensions increase until the sixth hour of
dissolution (Figs. 4 and 5). Also the gel thickness
increases progressively during dissolution from 2mm
after 1 h up to 6mm after 6 h (Fig. 6). It is only after 6–
8 h, when the matrix is completely hydrated and gelled,
that the erosion process begins to prevail and, as a
consequence, the tablet dimensions and the gel layer
thickness tend to decrease. These results suggest that the
presence of PEO of higher molecular weight causes the
formation of a stronger gel, which is less liable to
erosion, than PEO of lower molecular weight. In this
case, the erosion rate is slower and cannot counter-
balance the swelling rate; as a consequence, the gel
thickness increases progressively. Otherwise, both for-
mulations containing PEOs of different molecular
weight show quite comparable hydration rates (the
dimensions of the dry cores decrease consistently). Thus,
in B1 matrices swelling plays the leading role in drug
release modulation.
These coincide with the kinetics study; in fact, the

systems containing PEO of Mw ¼ 4� 106 (B1) showed
an anomalous best fit, which is consistent with a release
mechanism involving polymer relaxation in combina-
tion with drug diffusion.
The compression force applied does not seem to

influence the morphological behaviour of any of the
systems during dissolution.
The swelling behaviour of tablets made of pure

polymer confirms the influence of the polymer molecular

Fig. 6. Gel layer thickness during dissolution of tablets made of the

two drug formulations A1 and B1 containing PEO ofMw of 0.9� 10
6

or 4� 106, respectively (mean values7SD, n ¼ 3).

Fig. 4. Percent height modification of matrices made of the two drug

formulations containing PEO of Mw ¼ 0:9� 106 (A1) or PEO of

Mw ¼ 4� 106 (B1), during dissolution; whole tablet (black symbols)
and glassy core (white symbols). Mean values7SD, n ¼ 3:

Fig. 5. Percent diameter modification of matrices made of the two

drug formulations containing PEO of Mw ¼ 0:9� 106 (A1) or PEO of
Mw ¼ 4� 106 (B1), during dissolution; whole tablet (black symbols)
and glassy core (white symbols). Mean values7S.D., n ¼ 3:
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weight on the overall release process and enables to
evidence the effect of soluble components (drug and
excipients) which enhance matrix hydration, swelling
and dissolution, and thus gel erosion.
The thickness of the gel layer of matrices obtained

from the A1 formulation does not increase markedly
during the test, while the pure polymer forms a stronger
gel, the thickness of which increases progressively and
only after 6 h begins to decrease (Fig. 7). This trend is
less evident in the case of the polymer of higher
molecular weight. Tablets containing PEO of
Mw ¼ 4� 106 show always thicker gel layers compared
to tablets containing the lower molecular weight
polymer, which increase until the sixth hour in dissolu-
tion, for both pure polymer (B) and formulated tablets
(B1). However, B tablets show a slightly higher gel layer
thickness than B1 matrices. After the sixth hour, the gel
layer at B tablet surface still increases, while in the case
of B1 tablets the erosion process begins to prevail and
the gel layer thickness begins to decrease.
The images of the tablets made of pure polymer

(Fig. 8) show clearly that the two different polymers are
characterised by similar hydration rates, but completely
different erosion rates. The dimensional reduction of the
glassy core in terms of height (Fig. 9) and diameter
(Fig. 10) evidenced that the extension of the portion of
the tablet that was still dry, decreases during dissolution
at similar rate for all the systems considered.
Otherwise, the pure polymer of higher molecular

weight swells to a greater extent compared to its lower
molecular weight counterpart. Tablets made of pure
PEO of Mw ¼ 4� 106 swell up to 250% of their initial
height and up to 180% of their initial diameter after 8 h,
then the erosion process prevails on swelling and tablets’
dimensions decrease. Tablets made of pure PEO of
Mw ¼ 0:9� 106 show a different swelling behaviour:
their height increases rapidly up to 170% after 1 h, is

more or less constant until the sixth hour and then
begins to decrease. Similar considerations can be made
in the case of diameter variations. These results confirm
that this polymer, due to its lower molecular weight and
viscosity, forms a softer gel that is more liable to
erosion. As a consequence, the presence of water-soluble
components has a greater effect on tablets containing
PEO of lower molecular weight than on tablets contain-
ing PEO of Mw ¼ 4� 106. The dimensions of tablets
containing 38% of PEO Mw ¼ 0:9� 106 are about half
when compared to pure polymer tablets, while the
dimensions of matrices containing 38% of PEO of
Mw ¼ 4� 106 appear less affected by the presence of
water soluble materials.

Fig. 9. Percent height modification of the tablets made of pure PEOs

(A and B), compared to the drug formulations containing 38% of the

same polymers, whole tablet (black symbols) and glassy core (white

symbols). Mean values7SD, n ¼ 3:

Fig. 8. Photographs of the tablets made of pure polymer during

dissolution: from top to bottom after 2, 4 and 8 h. Left column, PEO

Mw ¼ 0:9� 106, right column, PEO Mw ¼ 4� 106.

Fig. 7. Gel layer thickness during dissolution of tablets made of pure

PEOs (A and B), compared to the drug formulations containing 38%

of the same polymers, A1 and B1 (mean values7SD, n ¼ 3).
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4. Conclusions

Tablets made of pure PEO of molecular weight
0.9� 106 or 4� 106 showed similar hydration rates but
very different swelling/erosion behaviour. B swells to a
greater extent, and forms a stronger gel, which lasts on
the tablet surface for a longer period, if compared to A.
The presence of soluble components causes the

formation of a more diluted gel, which is more liable
to erosion, and the matrices dissolve in a shorter time,
but this effect is less evident when the higher molecular
weight PEO is used.
The differences in swelling/erosion behaviour of the

two polymers can explain the differences in drug release
profiles from A1 and B1 matrices. Matrices containing
higher molecular weight PEO, seem to drive the release
mechanism toward a combination of swelling and
diffusion, while polymer erosion seems to play a minor
role in controlling drug delivery from this kind of
devices. On the contrary, in the case of matrices
containing PEO of lower molecular weight, the drug
delivery mechanism seems to involve only swelling and
erosion; the synchronisation of swelling and erosion
rates may lead to constant release kinetics.
Finally, the dissolution behaviour of the formulation

considered is not affected by the compression force
applied during the manufacturing process.
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