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Abstract

The aim of this work is to verify the efficiency of two kinds of matrix tablets formulations containing PEO or PVA as retarding
polymer. Moreover, since in the last years the exposure to ionizing radiation is a more and more used method to reduce bacterial
charge in pharmaceutical products, the effects of gamma irradiation on these two kinds of polymers has been evaluated. The
study is performed on matrix tablets containing diltiazem HCI, as model drug, and polyethylene oxides (PEO) of two different
molecular weights or polyvinylalchool (PVA) of medium degree of hydrolysis, as drug release modulators. Dissolution of the
matrices, release of diltiazem and morphological behaviour of the samples, before and after exposure to increasing doses of
gamma irradiation, are investigated in order to verify their stability.

The results show that the ionizing radiation does not modify significantly the dissolution trend of the PVA samples; on the
contrary, the dissolution and the morphological behaviour of the PEO matrices is strongly affected by the radiation dose received.
In particular, the dissolution rate of the irradiated PEO tablets dramatically increases as a function of the irradiation dose and the
swelling process, which characterised the non-irradiated PEO samples, was replaced by a rapid erosion process responsible fol
the quickly dissolution of the matrices. The changes of the dissolution and morphological PEO tablets performances could be
explained by a breaking of the polymeric chains (shown by EPR studies) as a consequence of the exposure to gamma rays. These
chemical-structural modifications of the polymers are responsible for the reduced efficacy of the PEO systems in controlling
the drug release rate.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction During dissolution, matrix tablets containing these
kinds of polymers swell upon contact with the disso-
Matrix systems, composed of an active drug dis- lution medium and form a gel layer at their surface
persed in a hydrophilic soluble polymer, are the most (Hogan, 1989 The gel layer, its texture and thickness
commonly used extended release dosage forms for oralcontrols the drug release process. The characteristics
administration. of the layer depend on the solvent penetration rate,
on the degree of swelling and on the erosion rate
" * Corresponding author. Tek+39-0382-507367; of the matrix. Among the hydrophilic polymers em-
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E-mail address: lauretta.maggi@unipv.it (L. Maggi). forms, hydroxypropylmethylcellulose (HPMC) is the

0378-5173/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2003.09.027



344 L. Maggi et al./International Journal of Pharmaceutics 269 (2004) 343-351

most commonly used. Recently it has been demon- The study is performed on matrix tablets, containing
strated that also polyethylene oxide (PEO) can be diltiazem hydrochloride, as model drug, and polyethy-
used as retarding polymer in the formulation of oral lene oxide (PEO) of two different molecular weights
drug delivery systemMaggi et al., 200D This is a or polyvinylalcohol (PVA) of medium degree of hy-
good candidate for the use in matrix tablekeng, drolysis, as drug release modulators. The dissolution
1995, 1998 PEOs have good hydration and swelling and morphological behaviour of the matrices, before
properties, are not affected by the pH of the gastroin- and after exposure to increasing doses of gamma rays,
testinal tract, thanks to the non-ionic properties of are investigated in order to verify their stability.
the polymer, and the drug release process is indepen- In a recent workMaggi et al. (2003)nvestigated
dent from the environmental pHP6lyox, Technical the chemical stability of diltiazem HCI to gamma
Bulletin). irradiation. The EPR analysis showed the presence
The drug release kinetics from PEO matrix tablets of degradation products, but the HPLC measures re-
is strongly related to the polymer molecular weight. vealed that no significant differences were found in
The release mechanism can be governed by swellingthe drug content of the HPMC tablets before and af-
and drug diffusion or by swelling and polymer erosion ter irradiation at the maximum level (50kGy). This
depending upon the percentage and on the molecularindicates that the DTZ degradation products formed
weight of the PEO used. Generally, for low molecu- (and detected by EPR) were present only on traces
lar weight products the prevailing mechanism of drug and drug content of the dosage forms is unchanged.
release is the polymer erosion rate, whereas, for high Starting from the assumption that this drug is stable
molecular weight, swelling of the polymeric material to gamma rays, the aim of the present work is to
is the dominant step in controlling release kinetics investigate if gamma radiation may be responsible
(Apicella et al., 1993; Cappello et al., 1994 for the alteration of the characteristics of the polymer
Polyvinylalcohol (PVA) is used in the form of employed as carrier able to control the drug release
crosslinked hydrogel in a large number of biomedi- from the dosage form. EPR studies are carried out
cal applications (such as contact lenses, implants andto define the possible modifications of the polymers
artificial organs). Recently, this polymer has been induced by this high-energy radiation. Moreover, if
used as a drug release modulator in the formulation any modification is detected, the polymer viscosity
of hydrophilic matrix tablets@iLuccio et al., 1994; was measured before and after gamma irradiation.
Quintanar-Guerrero et al.,, 1999; Moeckel and
Lippold, 1993. PVA is a swellable polymer; its
swelling behaviour depends on the degree of hydrol- 2. Materials and methods
ysis of the corresponding polyvinylacetate precursor.
In fact, if the polymer is completely hydrolysed, 2.1. Materials
it acts as a disintegrant because in water it swells
but does not form a gel layer because of intra- and  Polyethylene oxide (Polyox WSR of molecular
inter-molecular hydrogen bonds between polymer Weights 2x 10° and 7x 10°) was kindly donated
hydroxyl groups. But, the presence of acetate groups by Union Carbide (Danbury, CT, USA) and diltiazem
in the polymer weakens the inter-molecular hydroxyl hydrochloride by Profarmaco S.p.A. (Milan, Italy).
bonds and the polymer is able to gelify. Polyvinylalcohol (Erkol W40-140) with a degree
The aim of this work is to verify the efficiency of ~ of hydrolysis of 88.7mol% was supplied by Erkol-
two kinds of matrix tablet formulations, containing Acetex Chimica s.r.l. (Milan, Italy). A 4% (w/v) aque-
PEO or PVA (characterised by a degree of hydrolysis 0us solution of PVA has a viscosity of 40 cps, Hoppler
of 88 mol%) as retarding polymers. Moreover, since Viscosity at 20C (values as stated by the supplier).
in the last years the exposure to ionizing radiation is a
more and more used method to reduce bacterial charge2.2. Methods
in food, cosmetic and pharmaceutical products, the
stability of these two kinds of polymers after gamma PEO and PVA matrices were prepared mixing the
irradiation has been evaluated. polymer and the active compound (diltiazem HCI) for
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30 min (Turbula T2A, Bachofen, Basel, CH) and then a 50 mm C-mount lens. Then, the dimensions of the
tableting the powder mixtures using a single-punch whole tablet, of its solid phase and of the gel layer were
machine (Kilian, Coln, D) instrumented with piezo- evaluated using the software provided for the image
electric load washer (Kistler, Winterthur, CH) for analysis (CV9000, Version 4.0, FKV S.r.l., Sorisole,

force compression measuremer@eite et al., 1972 BG, ltaly).
equipped with flat punches of 9.5mm in diameter.  The viscosity measurements on pure PEOs were
The compression force was adjusted at 25KkN. performed at 35C in 0.2% (w/v) water solution using

Batches of the three types of tablets (X2, X7 and an Ubbelhode viscosimeter. The reduced viscosity is
W40) were exposed to three different doses of gamma evaluated according to the equation:
irradiation (7.5, 25 and 50 kGy). The irradiation dose [(t/10) — 1]
of 25kGy is generally suggested for sterilising phar- nreg = ———
maceutical products, although each product needs a ¢
validation procedure, while lower doses are used to wheret is the time flow of the water polymeric so-
reduce bacterial chargeJ§ Pharmacopoeia XXIV, lution, tp is the time flow of pure water andis the
2000 The European Pharmacopoeia, 3rd Edition, concentration of the sample.
2001). The irradiation of the samples for the dissolu- The EPR analysis on PEO powder was carried out
tion test was performed at room temperature°@5 to determine the possible chemical—structural modifi-
60% R.H.) in air. The exposure to gamma radiation cations induced by gamma rays on the polymeric ma-
was performed in @°Co source at a dose rate of terial. Using a Bruker 300 spectrometer in the tem-
1.1kGy/h. The samples for the EPR measurements, perature range 123-340 K using an automatic temper-
sealed under vacuum in quartz tubes, were irradiated ature control system and the Bruker data acquisition
at the liguid nitrogen temperature with total doses system. The computer simulation was performed us-
of about 15kGy. For the viscosity measurements, ing the Hamiltonian including the Zeeman electron
pure PEOs were irradiated for short times (from 0 to and nuclear terms and the hf interaction:
8.8 kGy), because their viscosity decays very strongl _= — - -
after ir?la)ldiation. As the tablets c)gntainiyng P\ZA\ do nsc;)ty H=PpsB+ Z SAili = Z bnliB 2)
show any significant modification in their dissolution ! !
behaviour after the exposure to the ionizing radiation, whereg and g, are electron and nuclear magnetons,
the viscosity tests were not performed. gis g tensorB is the magnetic field vectod; is the
Drug release profiles were performed using the ap- hyperfine tensor an8andl; are electron and nuclear
paratus 2 (USP XXIV) with the paddle rotating at spin vectors.
100 rpm in 1000 ml of distilled water at 3T. At pre- The visible spectra of trapped electrons were ob-
determined time intervals, samples were assayed fortained using polyethylene glycol as model compound
diltiazem release at 236 nm by UV detection (Spectra- since it has the same structure as PEO with re-
comp 602, Advanced Products, Milan, Italy). To ver- peating units —O—C}CHy— but is a liquid at room
ify the morphological behaviour of the dosage forms temperature because of the lower molecular weight
during the release process, the matrices were placed(~5000 Da). Transparent ‘lenses’ of glassy polyethy-
in dissolution media, in the same conditions as pre- lene glycol were prepared by fast quenching the
viously detailed, and their modifications (hydration, viscous fluid in liquid nitrogen kept within a remov-
swelling, gelling and erosion) were analysed at time able walls aluminium container. The ‘lenses’ were
intervals. A digital video-camera connected to a proper then irradiated at 77 K with gamma doses of 3-5kGy.
software allows measuring the total dimensions of the After the irradiation the samples were located under
tablet and of its solid or swollen phases. At prede- liquid nitrogen into a dewar equipped with suprasil
termined time intervals, the samples were withdrawn windows and their UV-Vis spectra were recorded on
from the dissolution fluid, they were sectioned and the an HP diode UV-Vis spectrometer.
photos of the matrices were taken. The images were At the end, to confirm that the exposure+drra-
recorded using a digital video-camera (SV Mit¥y diation is the sole cause of the PEO matrices disso-
Sound Vision Inc., Taunton, MA, USA) equipped with  lution and morphological modifications, a stress test

@)
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was carried outlCH Guidelines, 200L X2 and X7

samples (non-irradiated) have been kept under storage

condition of 40°C and 75% R.H. for 6 months. After
this time, a dissolution test was carried out.

3. Results and discussion

The data from dissolution tests performed on the
three formulations (W40, X2 and X7) were analysed

with the empirical equatiorRitger and Peppas, 1987

M;
Moo

=kt 3)

where M;/My, is the fraction of drug released;is
a constant characteristic of the system ani the
exponent for the release kinetics. For= 0.5 drug
release follows a Fickian transport mechanisib,
n < 1 represents an anomalous diffusion ang 1 a
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Fig. 2. Release profiles of diltiazem from the matrices containing
PEO of lower molecular weight (X2) compared to the release
profiles of X2 matrices gamma irradiated with doses of 7.5, 25
and 50kGy.

By comparing the DTZ release profiles of the

zero order release kinetic. A linear regression analysis polyvinylalcohol tablets before and after gamma ir-

of the logarithmic form of théeq. (3)was carried out
and a correlation coefficier®? = 0.999 was obtained
in all cases.

For the PEO matrices the drug release rate is con-
trolled by a combination of drug diffusion and polymer

radiation, no changes were observed (Fig. 1): the
ionizing radiation does not significantly modify the
dissolution trend of the dosage form.

On the other hand, the diltiazem release trends of

the PEO tablets exposed to increasing doses of gamma

swelling, in fact the mechanism of the drug release irradiation show quite different behaviour compared

process is anomalougax, = 0.771,nx7 = 0.767).

to the origina PEO matrices: the drug release rate

On the contrary PVA samples yield a square root of was strongly affected by the radiation dose received.

time kinetics Higuchi, 1963: in fact, the release ki-

In particular, the dissolution rate of the irradiated

netics exponemnt is 0.569 and it indicates a prevailing samples dramatically increases as a function of the

diffusive mechanism for drug release process.

irradiation dose (Figs. 2 and 3). After exposure to the
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Fig. 1. Release profiles of diltiazem from PVA matrices (W40) before and after exposure to gamma radiation.
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Table 1

Times needed to release 90% of drug content (tqooe) Of the two PEO formulations (X2 and X7) before and after exposure to increasing

doses of gamma rays

Dose of gamma-rays OkGray 7.5kGray 25kGray 50kGray
formulation tdeove(min) tdgove(mMin) tdgoue(mMin) tagove(mMin)
X2 300 50 38

X7 369 38 39

lowest dose of radiation (7.5kGy), for both X2 and
X7 tablets, the efficacy of the system in controlling
and modulating the drug release is dramatically re-
duced. Thisreduction is confirmed by the tgog, value,
that is the time at which 90% of the drug is released
(Table 1). This effect is already evident at the lowest
dose of gamma irradiation; then the X2 and the X7
matrices irradiated to 25 and to 50kGy completely
loose their ability to control drug delivery, in fact the
active compound is completely dissolved in less than
1h or even in few minutes.

This extreme release performance can be explained
by a dramatic difference in the dissolution behaviour
of the PEO tablet after irradiation (compared to the
original matrix tablet). A comparison of the photos
of X2 samples during dissolution (before irradiation
and irradiated with the lowest dose), at different time
intervals, is reported in Fig. 4. The origina tablets
(non-irradiated) slowly hydrate, swell and giverise to
athick gel layer, which is responsible for controlling
the drug release process. On the contrary, the X2 ma-
tricesirradiated even at the lowest dose, does not show

100
80
g 60 -
T
N
K 40 —o—X70kGy
X —A— X7 7.5kGy
20 - —o— X7 25 kGy
! —— X750 kGy
0 T T
0 120 240 360 480

Time (min)

Fig. 3. Release profiles of diltiazem from the matrices containing
the PEO of higher molecular weight (X7) compared to the release
profiles of X7 matrices gamma irradiated with doses of 7.5, 25
and 50kGy.

any firm gel layer. A strong erosion/dissolution of the
matrix is evident thus the system is no longer able to
modulate the drug release process causing a marked
increase in drug dissolution rate. For example, the X2
matrices after 30 min in dissolution show a solid core
(in the photo dull and opaque) and a visible thick gel
layer (transparent and glossy). The samples exposed
to adose of 7.5kGy, on the other hand, after the same
time in dissolution, show only a bulky core without
any gel phase. The ephemera gel layer formed at
the tablet surface is not able to maintain its structural

7.5kGy

Fig. 4. Photographs of the X2 tablets during dissolution: first
column before irradiation, second column samples exposed to
7.5kGy of irradiation. From top to bottom: after 15, 30, 45 and
60min of dissolution test.



348 L. Maggi et al./International Journal of Pharmaceutics 269 (2004) 343-351

7.5kGy

Fig. 5. Photographs of the X7 matrices during dissolution: first
column before irradiation, (from top to bottom: after 10, 30, 120
and 240 min of dissolution test); second column samples irradiated
with a dose of 7.5kGy of gamma irradiation (from top to bottom:
after 10, 20 and 30min).

integrity and is rapidly removed by the dissolution
fluid. As a consequence of this process the irradiated
tablets dissolve rapidly and their dimensions decrease
quickly compared to the references. The same be-
haviour can be observed in X7 formulation and as
they contain a higher molecular weight PEO, the
morphological differences between the irradiated and
the not irradiated samples are more marked (Fig. 5).
In the case of PVA samples no significant differences
can be detected in the dissolution behaviour of the
tablets before and after exposure even to the highest
dose of radiation (50kGy). In fact, by observing the
photos of the origina matrices and of the irradiated
ones (Fig. 6), it is evident that their morphological
behaviour is practically comparable. In both cases the
tablets swell and form a gel layer, which controls the
drug release process. The results of the swelling stud-

Fig. 6. Photographs of the W40 tablets during dissolution: first
column before irradiation, second column samples exposed to the
higher dose of irradiation (50kGy). From top to bottom: after 1,
4 and 6h.

ies are reported also in Fig. 7, obtained by plotting
the matrices volume percent modification versus the
matrices gel layer increase. Observing this graph, it
is easy to identify the process that characterized the
matrices dissolution behaviour: when a swelling be-
haviour prevails, a continuous and contemporary in-
crease of tablets volume and gel layer thickness can be
observed (trends towards right side of the graph). On
the other hand, if the erosion rate prevails on swelling,
a volume decrease is coupled to a very thin and con-
stant gel layer formation (Conte et al., 1993). PVA
tablets, whether exposed to gamma rays, show a vol-
umeincrease and simultaneous gel thicknessincrease,
which are indicative of the presence of a swelling
process that characterises the dissolution behaviour
of the samples for a given time, then the systems start
to dissolve when the erosion process prevails (trend
elbow). X2 and X7 tablets show a swelling behaviour
only before exposure to the radiation; after gamma
irradiation the swelling process is replaced by a fast
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Fig. 7. Volume percent modification vs. gel layer thickness mea-
sured on matrices made with the three different hydrophilic poly-
mers (PEO MW = 2 x 108, PEO MW = 7 x 10° and PVA). The
gamma irradiation doses reported are 7.5kGy for PEO samples
and 50kGy for PVA samples.

erosion process. In fact, Fig. 7 shows clearly how,
soon afterwards the exposure to the very lowest dose
of radiation, the volume of the samples does not in-
crease very much and the gel layer grows thinner and
then it is maintained constant by erosion at the sur-
face of the X2 and X7 tablets. The very soft gel layer
is not able to withstand the action of the dissolution
medium and it is continuously removed. The erosion
process is responsible for the rapid reduction of the
dimensions of the irradiated tablets and for their quick
dissolution.

The changes of the dissolution and morphological
behaviour of PEO matrices could be explained by the
polymeric chains rupture caused by the exposure to
gammarays. This breaking determines a reduction of
PEO molecular weight that could be the determining
factor of the reduced ahility of the polymer in control-
ling and modulating the drug release process. These
assumptions can be confirmed by the viscosity tests
(Fig. 8).

A rapid decrease of viscosity of the polymer (in
water solutions) is seen after gammadirradiation. Even
after the exposure to the very lowest dose of gamma
rays (1.1kGy), whether PEO X2 and particularly PEO
X7 show arapid and drastic reduction of the viscosity,
followed by a more slow decrease with increasing the
irradiation dose. In fact, when pure PEO is irradiated
in the solid state, chain scission is prevalent leading

25
. 20 4 —— X2
= —A— X7
o
8 15 -
>
8
S 10 A
B
o
5 4
3
O T T T
0 2.2 4.4 6.6 8.8

Dose of gamma rays (kGy)

Fig. 8. Effect of the gamma dose on the reduced viscosity of PEO
X2 and PEO X7 having different average molecular weight.

to a continuous decrease of the reduced viscosity with
increasing radiation dose (Dole, 1972).

A rationale of this degradation process is obtained
when considering the nature and evolution of the
paramagnetic intermediates in the radiolysis process
as detected by EPR spectroscopy (Fig. 9). The initial
spectrum recorded at 123K after irradiation at 77K
ismainly atriplet of about 15G average peak to peak
separation centred at ¢ = 2.0033. On warming at
173K asignificant enhancement of the resolution oc-
curs presumably because of the decay of triplet signals
due to radical couples. According to the computer
simulation this latter signal can be accounted for in
terms of the interaction of one «-proton with coupling
of 154G and two non-equivalent B-protons of 11.0
and 3.8 G as expected for the radical -CH,CH®*O—.

The computer simulation isalso compatiblewith the
presence of a minor amount of a second species, the
chain scission radical -OCH»* whose relative abun-
dance, however, does not exceed ca. 10%.

Further warming to 298K causes the progressive
build up of a novel signal consisting of a doublet of
15.6 G having the centre shifted toward low field with
respect to thefree electron value (¢ = 2.0056) (Fig. 9).
These hf features are safely reckoned with the alde-
hydic radical of formula:

—O-CH*—CH(=0)

The ionization of PEO is expected to afford cation
radicals with the unpaired spin centred on the oxygen
atoms. The intra or inter-molecular proton transfer to
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Fig. 9. EPR spectra of the radiolytic intermediates obtained from PEO samples after gamma irradiation at 77 K under vacuum followed

by the progressive warming to room temperature. Gamma dose: 15kGy.

the charged oxygen would then result in the formation
of the hydrogen abstraction radicals -CH,CH®*-O—
and protonated diamagnetic ether units. The charge
neutralization of this latter species with the gected
electrons can afford H atoms which in turn are ex-
pected to contribute other -OCH,CH®O-radicals and
molecular hydrogen.
The coupling of the secondary radicals—OCH,CH®*O—

leads to the formation of crosslinks. However, such

species are thermally unstable and near room temper-
ature undergo B-scission thus causing chain scissions
and forming aldehydic chain ends —CH,C(=O)H. The
formation of the aldehydic units in close proximity
with the chain radica —-OCH»* can favour the H
abstraction with formation of the aldehydic radicals
—CH*CH(=0). The detection of CH*CH(=0) radi-
cals can thus be considered a direct EPR evidence of
the chain scission events.
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4. Conclusions

The exposure to increasing doses of gamma irradi-
ation has different effects on the polymers employed
in this work as drug modulators: PVA tablets are not
affected by this kind of radiation and are able to guar-
antee a good control of the drug release process even
after irradiation with higher dose level. On the other
hand, PEO matrices are strongly affected by gamma
irradiation and their ability to control drug release
fails. Before and after irradiation, a different dissolu-
tion and morphological behaviour is evidenced. The
swelling-gelling process, which controls the drug re-
lease from the original PEO matrices, is replaced by
aquick erosion behaviour in the case of theirradiated
samples and this causes the rapid dissolution of the
tablets.

The different dissolution and morphological be-
haviour of the PEO matrices before and after exposure
to gamma irradiation can be explained by polymeric
chain rupture to which polyethylene oxides undergo
after irradiation in the solid state. The breaking of the
polymeric molecules is responsible for the reduction
of polymer molecular weight (EPR study) and thus
of polymer viscosity. As a consequence, the efficacy
of the PEO drug delivery systems in controlling the
drug release is lost.
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