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Abstract

High molecular weight polyethylene oxides (PEOs) have recently been proposed as an alternative to hydroxypropy-
Imethylcellulose (HPMC) in controlied release matrix tablets. In this study, we compared the performance of PEQO
and HPMC polymers when employed in the Geomatrix® ! technology, a versatile, well-known method to achieve
extended release of drugs at a constant rate. Four core formulations were prepared, containing a soluble drug
{(diltiazem) and, alternatively, PEQ or HPMC of two different viscosity grades. These formulations have the same
composition except for the polymer employed. Similarly, four barrier formulations were also prepared, which only
differ in the kind of polymer employed. Three-layer Geomatrix® systems were then prepared using these core and
barrier formulations. The release profiles of the different three-layer systems obtained were compared, to verify if
PEO could efficiently replace HPMC in this type of dosage form. The results show that slower release rates can be
obtained from the plain matrices containing HPMC compared to PEO, moreover HPMC, used in the barrier
formulations, is generally more efficient in controlling drug release rate in three-layer Geomatrix systems. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction drugs, due to its versatility, compatibility with
many drugs and safety (Alderman, 1984). Never-

Among the various hydrophilic polymers em- theless, high molecular weight polyethylene oxides
ployed for drug release control, hydroxypropyl- (PEOs) have recently been proposed as an alter-

native to HPMC for controlled drug delivery
(Royce, 1993; Kim, 1995, 1998). Apicella et al.
prepared extended release hydrophilic matrices,
which contain high molecular weight PEQOs as the

methylcellulose (HPMC) is the most commonly
used polymer in matrices for extended release of

* Corresponding author. Tel.: 4+ 39-382.507374; fax: + 39- hydrophilic polymer, and demonstrated that this
382-507382, : .

E-mail address: cupa@chifar.unipv.it (U. Conte) kind of dellver}f system shows a non constant

! Geomatrix® is a registered trademark of Skye Pharma AG, release rate (Apicella et al., 1993). Yet, drug re-
Muttenz, CH. lease at a constant rate is often desirable, to
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maintain the plasmatic levels of the drug in the
therapeutic range, thereby avoiding the peak and
valley profile characteristics of conventional
dosage forms in a multidose regimen.

Table 1
Percent composition of different core formulations

Core CY, CM, CY. CM,
PEO (Polyox WSR N60K} 182

HPMC (Methocel K4M) 318.2

PEO (Polyox WSR 303 NF) 18.2
HPMC (Methocel K100M) 38.2
Diltiazem hydrochloride 49.3

Lactose 11.0

Magnesium stearate 1.0

Colleidal silicon dioxide 0.5

Table 2

Percent composition of different barrier formulations

Barrier bY, bM, bY; bM,
PEO (Polyox WSR N6&60K) 45.0
HPMC (Methocel K4M) 45.0
PEQ (Polyox WSR 303 NF} 450
HPMC (Methocel K100M) 45.0
Lactose 45.0
Hydrogenated castor oil 8.5
Magnesium stearate 1.0
Colloidal silicon dioxide 0.5
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Fig. 1. Release profiles of the core formulations CY,, CM,,
CY, and CM,.

Geomatrix® technology is widely employed to
obtain constant drug release (Conte and Maggi,
1998). This drug delivery system consists of two
or three-layer tablets in which the outer layers are
drug-free modulating barriers, while the active
ingredient is contained in the central layer (or
core). All the layers contain a hydrophilic poly-
mer, usually HPMC (Conte et al, 1994). The
multi-layer design and the use of polymeric barri-
ers allow the drug release profile to be modulated
in a wide range. The barrier layers reduce the
surface of the core exposed to the outer environ-
ment and, by controlling water penetration in the
matrix, they modulate the drug release rate
(Conte et al., 1993).

In this study, high molecular weight PEOs were
used as the hydrophilic polymer in the core and/
or in the barrier layers of Geomatrix systems, in
particular, Polyox® WSR N60K (molecular
weight 2 x 10%) and Polyox® WSR 303 (molecular
weight 7 x 10°), which are believed to be com-
parable to Methocel® K4M and Methocel®
KI00M (Union Carbide bulletin, 1993). These
four polymers were used to prepare two PEO and
two HPMC plain matrices (cores of the Geoma-
trix systems), which have the same composition
except for the kind of polymer contained. As a
model drug, a well-known soluble drug (diltiazem
hydrochloride) was employed. The dissolution be-
haviour of these formulations in the form of plain
matrices without barrier layers was compared.
Three-layer Geomatrix tablets were then pre-
pared, employing the previously detailed core for-
mulations and four different types of barriers
containing PEO or HPMC. The release profiles of
the different three-layer systems were compared to
verify if PEO could efficiently replace HPMC in
this type of drug delivery system. The influence of
polymer type and viscosity grade on drug release
rate and kinetics was evaluated.

2. Experimental
2.1. Materials

Diltiazem hydrochloride was supplied by Pro-
farmaco S.p.A. (Milan, Italy). HPMCs (Methocel
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Table 3

Times (min) at which 75% of the drug is released (1,;5) from different core and three-layer systems (mean value, n=13)

Formulation Plain matrix no barriers

Geomatrix three-layer systems

bY, bM, bY, bM,
cy, 22 505 616 624 792
CY, 246 550 687 657 946
CM, 324 651 724 715 1013
CM, 357 629 782 761 1199

K4M and Methocel K100M) were supplied by
Colorcon (Orpington, UK} while PEOs (Polyox
WSR 303 and Polyox WSR N60K) were supplied
by Union Carbide Corp. (Danbury, CT, USA).

Polyox WSR N60K (molecular weight 2 x 10%)
is characterised by a viscosity grade comparable
to Methocel K4M. A 2% {p/v) water solution of
Polyox WSR N60K has a viscosity range of 2000
and 4000 cP (Brookfield viscometer, with a No 3
spindle at 10 rpm, 25°C, Union Carbide bulletin,
1993), and a 2% (p/v) water solution of Methocel
K4M has a viscosity of 4000 cP (Ubbelohde tube,
20°C, Colorcon bulletin, 1992). Polyox WSR 303
(molecular weight 7 x 10°) is believed to be com-
parable (Union Carbide bulletin, 1993) to
Methocel K100M.

The other excipients were lactose and magne-
sium stearate (C, Erba, Milan, Italy), hydro-
genated castor oil (Cutina HR, Henkel Chimica,
Milan, Italy) and colloidal silicon oxide (Syloid
244, Grace GmbH, Worms, Germany).

2.2. Methods

The four cores and the four barrier formula-
tions were prepared by mixing the drug (only in
the case of core formulations), the hydrophilic
polymer and the excipients for 30 min (Turbula,
Bachofen, Basel, CH Switzerland). The composi-
tions of the various mixtures are reported in
Tables 1 and 2.

The core matrices were prepared by direct com-
pression of the powder mixtures. A single punch
reciprocating tablet machine (Korsh EKO, Berlin,
Germany), equipped with convex punches of 10
mm in diameter was used. The tablets weighed
244 mg + 1% and the thickness is 3.63 mm -+ [%.

The PEO tablets (CY, and CY,) showed a crush-
ing strength of 98.3 4+ 2.9 N, while this parameter
was 172 4+ 5.2 and 195+ 7.1 N for the core ma-
trices containing Methocel K4M or K100M, re-
spectively. To prepare three-layer (Geomatrix
tablets, the die was accurately and progressively
filled with weighed amounts of the different mix-
tures (barrier, drug formulation and barrier
again). The powders were manually layered and
the compression cycle was activated. The resulting
tablets weighed 504 mg + 1% and the tablet thick-
ness was 6.30 mm + 2%. The crushing strength
was 177 + 14 N for Geomatrix tablets with PEQ
cores and the four different barriers and 289 + 15
N for those with HPMC cores and the four
different barriers, respectively,

All systems contain 120 mg of diltiazem hy-
drochloride as active.

100
80
®
n 60
2
¥
o 40
CY1bY1
20 CY1bMt
CY1bY2
CY1bM2
0

y Y T Y T ¥ T T T T
0 240 480 720 960 1200
Time {min)

Fig. 2. Release profiles of Geomatrix three-layer systems with
CY, cores and the four different barrier formulations.
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Table 4

Prevailing release kinetics (correlation coefficients, R?) of the different three-layer Geomatrix systems

Formulation bY, bM,

bM,

CY, Anomalous {0.994)

Anomalous {0.997)

CM, Anomalous {0.999) Anomalous (0.999)
CY, Linear (0.997) Linear (0.999)
CM, Linear (0.998) Linear {0.999)

Anomalous (0.999)
Anomalous (0.994)
Linear (0.999)
Linear (0.999)

Anomalous (0.996)
Anomalous {0.998)
Higuchi (0.998)
Linear (0.998)

In vitro dissolution tests were performed in 1 |
of distilled water at 37°C, with the USP apparatus
2 (paddle), at 100 rpm (three replicates}. The
amount of drug released was assessed by UV
detection at 236 nm (Spectracomp 602, Advanced
Products, Milan, Italy).

The release data were fitted using the well-
known empirical equation proposed by Ko-
rsmeyer and Peppas (1983)

=kt (1)

where M, /M _ is the fractional drug release, ¢ the
release time, & 15 a kinetics constant and » the
diffusion exponent, characteristic of the release
mechanism. For a cylindrical matrix that can
swell, 0.89 < n < 1.0 indicates a zero order release,
while 0.45 < n < 0.89 shows anomalous release ki-
netics (Ritger and Peppas, 1987. Peppas and
Sahlin, 1989).

A linear regression analysis of the logarithmic
form of Eq. (1) was carried out, and a correlation
coefficient (R?) > 0.99 was obtained in all cases.

The significance of the differences between the
various formulations in terms of time at which
75% of the drug is released (#4,} was evaluated
{Student’s r test).

It is known that polyethers can undergo chain
cleavage through autooxidation (Union Carbide
bulletin, 1993). This degradation causes a reduc-
tion of the molecular weight of the polymer and,
as a consequence, may influence the controlled
release efficiency of the matrix. For this reason,
the dissolution profiles of all the systems consid-
ered were evaluated after the tablets had been
stored for 1 year in polyethylene botties at room
temperature.
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Fig. 3. Release profiles of Geomatrix three-layer systems with
CM, cores and the four different barrter formulations.
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Fig. 4. Release profiles of Geomatrix three-layer systems with
CY, cores and the four different barrier formulations.
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Fig. 5. Release profiles of Geomatrix three-layer systems with
CM, cores and the four different barrier formulations.
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Fig. 6. Release profiles of Geomatrix three-layer systems with
bY, barrier and the four different core formulations.

To study the morphological behaviour of the
different type of polymeric material during the
dissolution test, some plain tablets, made of pure
polymers, were also prepared. These tablets were
placed in dissolution in the same conditions as
previously detailed, sampled after different time
intervals and sectioned. The photomicrographs of
these pure polymeric tablets were evaluated ac-
cording to a method previously described (Conte
and Maggi, 1996), using a video microscope and
an image analyser (CV9000, FKV SRL, Sorisole,

BG, Italy). From the images the height and di-
ameter of the tablets can be measured to evaluate
the volume increase during dissolution test.

3. Results and discussion

The results of the dissolution tests performed
on the four different core formulations showed
that the diltiazem release rate from the two ma-
trices containing HPMC 1s slower compared to
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Fig. 7. Release profiles of Geomatrix three-layer systems with
bM, barrier and the four different core formulations,
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Fig. 8. Release profiles of Geomatrix three-layer systems with
bY, barrier and the four different core formulations.
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Fig. 9. Release profiles of Geomatrix three-layer systems with
bM, barrier and the four different core formulations.
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' Fig. 10. Release profiles of Geomatrix three-layer systems with

CM, cores and the four different barriers at time zero and
after 1 year of storage at room temperature.

the release rate of PEO matrices (Fig. 1). The ¢
tests showed significant differences in t475 between
CY, and CM, and between CY, and CM, formu-
lations (P < 0.01, Table 3). On the other hand, by
comparing the dissolution behaviour of the core
formulation containing Methocel K4M to that of
the core composition containing Methocel
K100M, no significant difference between the dis-
solution profiles of these formulations can be
evidenced. Similar considerations can be made in
the case of CY, and CY, cores. Thus, the viscos-

ity grade of the polymer contained in these ma-
trices seems to have slight influence on the release
profile of the core formulations. For all the core
tablets, the kinetics which best fits the release data
is the Higuchi (R? > 0.999). This means that the
drug is mainly released by Fickian diffusion.

The application of the different barrier layers
causes a strong reduction in the drug release rate
in all the core formulations (Table 3). In particu-
lar, the application of bM, barriers to the differ-
ent cores, doubles the 14,5 of the plain matrices,
while the f4;5 of Geomatrix systems with bM,
barriers are three-fold compared to that of the
core tablets. On the other hand, the barriers made
of PEO of comparable viscosity are less efficient
in reducing drug release rate.

The release profiles of the three-layer tablets
with CY, as core layer and with the four different
barrier formulations are compared in Fig. 2. As
expected, barriers containing polymers of higher
viscosity (bY, and bM, barriers) are more effi-
cient in controlling drug release rate compared to
those containing polymers of lower viscosity (bY,
and bM,, P <0.01). Moreover, diltiazem release
from the devices with CY, cores and HPMC
barriers is slower than the release from systems
with CY, core and PEO barriers of comparable
viscosity. This trend is more evident for the barri-
ers containing polymers of higher viscosity (P <
0.05 between bY, and bM, barriers, while
0.05 < P< 0.1 between bY, and bM, barriers).

The above mentioned systems show anomalous
release kinetics as shown in Table 4, and also the
Geomatrix systems with CM, cores and the four
different barriers show anomalous release kinetics
(Table 4). The dissolution profiles of three-layer
matrices with CM, cores and bY,, bM, or bY,
barriers are very similar (Fig. 3). On the contrary,
the application of the barrier layers containing
HPMC of higher viscosity (bM,), causes a
stronger reduction in drug release rate compared
to the other CM, three-layer tablets (P < 0.05).
Similar behaviour was shown by the three-layer
systems containing CY, cores and the four differ-
ent barrier formulations (Fig. 4). CY,bY,,
CY,bM, and CY,;bY, dissolution patterns are
very similar, while bM, barrier seems to be more
efficient in controlling drug delivery rate in this

\66
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Table 5

Times (min) at which 75% of the drug is released (f4;s) from different core and three-layer systems stored for 1 year at room

temperature (mean value, n=3)

Formulation Plain matrix no barrers

Geomatrix three-layer systems

bY, bM, bY, bM,
CY, 223 528 586 632 835
cY, 278 560 708 667 951
CM, 309 616 703 765 1089
CM, 357 632 759 792 1186

core formulation. On the contrary, the release
profiles of three-layer matrices with CM, cores
and the four different barriers compared to CM,
and CY, three-layer devices are more differenti-
ated (Fig. 5).

The three-layer devices containing in the core
the polymers of higher viscosity, release the drug
at a lower rate compared to the systems contain-
ing the polymers of lower viscosity (Table 3; Figs.
4 and 5). For all cases, the best fit was determined
to be linear (Table 4) except for CY,bM, which
best fit is the Higuchi type.

The barriers made of HPMC seem more effi-
cient in reducing drug delivery than PEO barriers,
and their efficiency in drug release modulation
depends on the viscosity grade of the polymer
(Table 3).

By comparing the dissolution behaviour of the
Geomatrix three-layer systems with the same bar-
rier but with cores containing the four different
polymers, very similar dissolution patterns were
obtained (Figs. 6—8). This means that the core
composition has less influence on the drug deliv-
ery modulation in this kind of device, while the
barriers play the leading role in controlling drug
release from the Geomatrix three-layer systems.
Only in the case of the barrier containing HPMC
of higher molecular weight a rank order can be
evidenced as a function of the viscosity grade of
the polymer contained in the core (Fig. 9).

The stability test does not evidence any prob-
lem related to possible oxidation of the PEO
chain, The dissclution profiles of all the systems
considered at time zero and after 1 year of storage
at room temperature, are completely superimpos-
able (three-layer systems with CM, cores and the

four different barriers are reported in Fig. 10 as
example). No significant difference could be evi-
denced in ¢4, {Table 5).

The resuits of the swelling studies performed on
the plain tablets made of pure polymer evidence
quite different morphological behaviour of
HPMCs and PEOs during hydration. In fact,
HPMCs tablets showed a slow and continuous
volume increase, up to four-fold (Methocel K4M)
or six-fold (Methocel K100M) the volume of the
dry tablet, after 20 h in distilled water (Fig. 11).
On the other hand, tablets made of pure PEOs
swell rapidly (up to six-fold or two-fold in the
case of Polyox WSR 303 or Polyox NF-60K
tablets, respectively, after 8 h}, but these polymers
form a weaker gel, tend to be eroded much more
quickly and the tablet volume decreases progres-
sively (Fig. 11).

3500 T PFONFGOK —LF— Methocel KaM
T—®— PEO WSR303 —CO— Methocel K100M
3000 1

2500
2000 -

1500 -

Volume (mm3)

1000

-

500

0+ T T T T ¥ T ¥ T T
0 4 B 12 16 20
Time (h)

Fig. 11. Swelling study, volume increase of the tablets made of
pure polymer.
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Fig. 12. Photographs of the tablets made of pure polymer during dissolution. Left column, Polyox WSR N6OK; Right column,

Methocel K4M. From top to bottom, after 8, 15 and 20 h.

Moreover, the photomicrographs of the tablets
made of pure HPMCs evidenced a slow hydration
rate: after 20 h a bulky glassy core could still be
evidenced in both Methocel K4M (Fig. 12) and
Methocel K100M tablets (Fig. 13). Methocel
K100M showed a stronger resistance to erosion
compared to Methocel K4M, as evidenced by the
presence of a gel layer characterized by a consid-
erable thickness at the tablet surface (Fig. 13).

On the other hand, PEOs showed a faster hy-
dration rate: after 15 h in water only a small
portion of the tablet made of Polyox WSR 303
was still in the glassy state (Fig. 13), and the

Polyox NF-60K tablet was completely gelled (Fig.
12). After 20 h both polymers were fully gelled,
but Polyox WSR 303 was eroded at a slower rate
because it seems to form a stronger gel compared
to Polyox NF-60K. The volume of the Polyox
WSR 303 tablet was about five-fold compared to
that of the tablet made of PEO of lower viscosity
after 20 h in water (Fig. 11).

As expected, HPMC and PEO of higher viscos-
ity grade are characterised by a slower hydration
rate and by a stronger resistance to erosion com-
pared to the corresponding polymers of lower
viscosity.
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Fig. 13. Photographs of the tablets made of pure polymer during dissolution. Left column, Polyox WSR 303NF; Right colummn,

Methocel K100M. From top to bottom, after 8, 15 and 20 h.

4. Conclusions

PEOs appear to be less efficient when compared
to HPMCs in reducing the delivery rate of a
soluble drug as diltiazem hydrochloride, probably
because they form a weaker gel layer than
HPMCs of comparable viscosity. A softer gel can
be more rapidly removed by the dissolution
medium, and therefore, the matrix system more
easily susceptible to an erosion process.

However, the active core and barrier layer de-
sign of the Geomatrix technology allows a
stronger control of the release kinetics and an
optimal modulation of the dissolution profiles can
be easily achieved whether PEOQs or HPMCs are

used. The storage at room temperature has little,
if any, influence on the controlled release effi-
ciency of all the systems considered.
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RESEARCH ARTICLE

Effects of Drug Solubility, Drug Loading,
and Polymer Molecular Weight on Drug
Release from Polyox® Tablets

Cherng-ju Kim

|| School of Pharmacy, Temple University, 3307 North Broad Street,
Phitadelphia, Pennsylvania 18140

ABSTRACT

This study investigated the cffects of polymer molecular weight. drug solubility.
addition of a water-soluble excipient, and drug loading on zero-order release ki-
netics and elucidated the release mechanism of a drug from directly compressed
tablets. Directlv compressed tablets consisting of polvethviene oxides (PEO) (MW
= 0.9, 2.0 and 4.0 * 10°) and drugs (solubility ranging from 290 10 25,000 mg/l)
were formulated with or without a water-soluble excipient flactose). For PEO tah-
lets (MW = 0.9 x [(P). drug release is primarily swelling/erosion controlled for
drugs for which solubility is below 1%, resulting in zero-order release kinetics. For
PEO tablets (MW = 4.0 x [0%), drug release is controlled at a zero-order rate by
the dissolution rate of the drug at high loading (39%). At low loading (20%), drug
diffusion through the swollen gel layer becomes the governing release mechanism.
For a highly water-soluble drug (e.g., diclofenac Naj. drug diffusion is the control-
t ling mechanism regardless of the molecular weight of the PEOs. Zero-order release
kinetics can be achieved with PEQ tablets (MW = 0.9 x 10°%) for drugs for which
solubility is below 1%. PEO tablets (MW = 2.0 x| (%) provided zero-order release
‘ Jor poorly water-soluble drugs (below 0.2%) at 39% drug loading. It is possible
(o attain zero-order releuse kinetics with PEO tablets (MW = 4.0 % 10°) using a
drug which has a solubility of less than 0.1%.
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INTRODUCTION

Extended releasc of biologically active drugs s highly
desirable for drugs that have characteristically short half-
lives. There are a number of approaches for preparation
of extended-release dosape forms {1.2). Although mono-
lithic systems, composed of hydrophobie polymers and
excipients. are commonly used for extended-release dos-
age forms because they are not costly or difficult to pro-
duce, they provide a square-root of time (sqrt) kinetics.
There are several ways to improve the release kinetics of
these extended-release dosage forms ranging from non-
Fickian to zcero-order release. Incorporation of hydro-
philic polymers into monolithic matrices modifies sqrt
kinetics to anomalous kinetics attributable to the swell-
ing and erosion of the hydrophilic polymers. In particu-
lar, monoiithic matrix systems governed by the swelling
and erosion processes of the polymers provide a zero-
order rate resulting from the synchronization of the
swelling and eroston which causes boundaries to move
(3,4). However. it is rare to find hydrophilic and phar-
maceutically applicable polymers that furnish the syn-
chronization of the two processes {swelling and erosien).

Recently, Apicella et al. {3) and Kimn (6) have dem-
omstrated that a polycthylene oxide (PO} matrix can
generate balanced rates of swelling and erosion. In PEOs
of 1.6, 0.9, and 2.0 x 10% synchronization of the swell-
ing and erosion processes was obscrved. In contrast,
PEOs possessing a molecular weight of 4.0 x 10 did not
furnish the balanced processes of swelling and erosion;
rather it was observed that the swollen gel layer kept
increasing unti!l the ¢ntire polymer was hydrated, fol.
lowed by a decrease in size because of the erosion of the
swollen gel {5,6). Because of the synchronization of the
swelling and erosion of the polymers having 4 molecu-
Jar weight of less than 2.0 x 10°, zero-order releasc pro-
files have been observed from thcophylline and
acctophylline, whereas anomalous release kinetics were
reported for the polymers of MW = 4.0 x 10% {5,6).
Apicella et al. (5) and Kim {6) used laminated film tab-
lets and smaller compressed tablets, respectively. Fur-
thermore, Kim (7} developed donut-shaped tablets to
achieve zero-order release kinetics {Tom the polymers of
MW = 4.0 = [

In this study. we investigated the effect of polymer
molecular weight, drug solubility, addition of a water-
soluble excipient, and drug loading on the zero-order
release kineucs of PEO tablets, and elucidated the re-
lease mechanmisms of drugs from directly compressed
tablets.

(3
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MATERIALS AND METHODS

Materials

Polyox®™WSR NF (PEQ) of average molecular
weights 0.9, 2.0, and 4.0 x 10° was supplied by Union
Carbide {(Danbury, CT). TheophyHiue anhvdrous USP,
salicylic acid USP_ sulfapyridine, and lactose USP were
purchased from Amend Co. {Irving, NJ}. and magnesium
stearate USP was obtained from Mallinckrodt Chemical
(Jersey City, NJ). Diclofenac Na and suitathiazole were
purchased from Sigma Chemical Co. (St. Louis, MO).
Ethanol (200% proof) was obtained from Pharmace Co.
{Bayonne, NJ). All materials were used as received.

Preparation of Tablets

The ingredients (PEO, drug, and magnesium stearate)
were blended and then compressed using a Carver press
machine (maodel C, Wabash, IN). All tablets contamed |
wths magnesium stearate as a Jubricant. Tablet punches
with flat surfaces were used to prepare all of the tablets
with an [1.] mm diameter and a weight of 550 mg. ¢x-
cept for the sulfathiazole tablets (400 mg and 95 mm
diameter), in order to finish the expertments within a
reascnable time frame. All tablets were charged with
formulation, and a compression of 4000 Ih was exened
by hand.

Testing of Tablets

In vitro release of drugs from the PEO tablets was
carmied out in distilled/deionized water by using the USP
basket procedurc at a stirring rate of 100 rpm at 37°C.
Theophylline, diclofenac Na, salicylic acid, sulfapyri-
dine, and sulfathiazole were chosen as model drugs, The
release of diclofenac Na, theophylline, salicylic acid.
sulfathiazole, and sulfapynidine was assaved by an
HPR252A diode-array spectrophotometer {(Hewlett
Packard) at 250, 244, 298, 208, 288, and 296 nm, re-
spectively. Because of the low solubility of the drugs
{sulfathiazole and sulfapyridine), the dissolution medium
was replaced a few times to maintain sink cenditions
during the in vitro dissolution test.

The release kinetic data (up to 60% release) were
treated by the following phenomenological equation (8):

MM,
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where M., M.k, and » arc the amounts of drug released
at time £, the total amount of drug in the tablet, the con-
stant, and the exponent for the release kinetics, respec-
tively. Zero-order and anomalous release kinetics are
represented by 0.89 < n < 1.0 and 0.45 < » < 0.89, re-
spectively, for a swellable cylindrical matrix (8). A lin-
car regression analysis was performed and a correlation
cosflicient (#2) 2 0.99 was obtained. Duplicate or inipli-
cate experiments were carmied vut for each formulation,
bul only a representative experiment 15 shown in this
study for the clarity of figures because data were found
10 be very close (or superimposed) to cach other.

RESULTS AND DISCUSSION

Preliminary reporls show that high molecular weight
PEQs are good candidates for oral extended-release dos-
age forms (6). PEOs of MW = 0.9 and 2.0 x 10° provide
a constant release of drugs from compressed tablets,
However. those tablets were of smaller size (= 180 mg),
resutting in difficultics in identifying the fundamental
release mechanisms of drugs from the PEO tablet matri-
ces. In this study, PEO tablets of 550 my and dimensions
of 3.5 » 11.1 mm were used. The release profiles of
drugs from PEQ tablets of MW = 4.0 x 10" (PEO4) are
shown in Fig. 1. Apicella et al. (5) and Kim (6) reported
that the synchronization of the swelling and erosion of
the polymer (PEO4) was not observed under a stercomi-
croscope. Drug release from PEQ4 tablets is controlied
by the swelling of the polymer at the early stage of re-
lease followed by the erosion of the polymer at the later
stage of release. Drug release takes place through the
swollen gel layer for almost half of the release time so
that the rclease kinetics are anomalous because of the
high swelling of PEO4. It was shown (9,10) that the high
swelling of the polymer furnishes an increase in drug
diffusivity, resulting in the deviation from the Fickian
release kinetics toward zero-order kinetics. While PEO4
s fully swollen, drug release is carried out by diffusion
through the gel and erosion of the swollen gel. The sur-
face arca of the swollen gel that accommodates drug
release diminishes with time. Figure | illustrates the ef-
fect of drug solubility on the drug release from PEO4
tablets (39°% loading). As drug solubility decreascs, the
duration of drug release increases. The release of diclo-
fenac Na (2.5% solubility in water) is characterized as
non-Fickian Kinetics where n = 0.72 up to 70% release
followed by a long tailing at the later stage of release. In
this case, drug diffusion through the swollen gel matrix

FRACTIONAL RELEASE
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Figure 1. Effect of drug solubility on the release of drugs
frem PO 1ablets (39% loading): () diciofenac Na: (21 A}
theophyliing; (2, B salicylic acid: (@) sulfathiazole; (A} sul-
fapyrdine.

is the goveming step for the drug release, and the swell-
ing of the polymer causes the release kinetics to shift 1o
anomalous transport. As drug solubility decreases below
1% {theophylline and salicylic acid), drug release slows
beeause of the longer dissolution time of the drug in the
matrix. Because of this slow dissolution of the drug, the
contribution of drug diffusion on the drug release from
the PEO4 tablets with 39% loading becomes smailer,
and the gwelling of the polymer and the dissolution of
the drug are comparable to control the release kinetics of
theophylline and salvcilic acid. Drug release takes place
by the dissolution of the drug followed by drug diffu-
sion. This results in further linear non-Fickian kinetics in
which n = 0.79 and »n = (.81 for theophylline and sali-
cylic acid, respectively. Linear release kinetics of theo-
phylline can also be obtained from highly swellable/
nonerodible tablets (11).

As drug solubility decreases further below 1000 mg/
i, the dissolution of the drug becomes a dominant pro-
cess in controlling the drug release from PEO4 tablets.
This accounts for a constant release with 1= 0.96 and n
= 1.10 tor sulfathiazole and sulfapyridine up to 85-90%
release, respectively. Upon contact with water, the PEO4
polymer goes through a transition. and swoilen polymer
is formed. The swelling front penetrates inwardly to the
core of the matrix, leaving the suspended drug behind.
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It takes about 10—12 hr to complete the hydration pro-
cess (swelling) of the entire PEQ tablet. The solid/dis-
solved drmg is suspended in the swollen gel and is re-
teased through the erosion of the hydrated polymer
during the hydration process. This erosion is then fol-
lowed by the dissolution of the drug in large volumes of
the dissolution medium along with the diffusion of the
dissolved drug, which t$ a smaller portion. Because of
the low solubility of sulfathiazole (590 mg/l, the drug re-
lease shows a slightly sigmordal profile, and for much
lower solubility drugs a time lag was observed {not
shown in Fig. 1) (12). Smaller tablets (9.5 mm dameter)
were used for the release of sulfathiazole in order to fin-
ish the release test within a reasonable dme frarme. How-
ever, it 15 justifiable to draw a conclusion from release
data based on the smaller tablets and extend it to the
regular size tabiets (11.0 mm diameter) because the ra-
tio of diamneter to thickness of the smaller tablets is less
than that of the larger tablets. Unexpectedly, a much
shorter release time was observed for sulfapyridine. We
postutate that PEQOs may form an associate complex with
sulfapyridine, evidenced by the lower swelling of the
polymer,

A constant release of drug from an inert matrix was
reportedly obtained for these svstems controlled by the
dissolution of the drug (13.14). A mathematical model
describing dissolution controlled systems can be ex-
pressed by

A i(él Dx" fi) —k, (e, ~0) ()

dr o x" L dx ax /
where ¢ is the dissolved drug concentration in the matrix,
1 is the time, £ is the diffusion coefficient, ¢, is the drug
solubthity, &, is the dissolution rate constant, x is the dif-
fusional distance, and n =, 1, and 2 for a slab, cylin-
der, and sphere, respectively. [f the dissolution rate con-

gszam is very srmall, the second term on the right side of

Eq. (2} is the raic-limiting process for overall release
hehavior.

When the drug diffusion coeffictent 1s time dependent
and/or position dependent, drug release is zero-order
along with a drug dissolution contribution (14). Even if
the dissolution front advances further toward the core of
the matrix, the increasing time of drug diffusion {from the
drug dissolution {ront to the dissolution medium is faster
than the rate of drug dissolution. The increase in the
drug diftusion coefficient can be accounted for by the
swelling of the polymer in this study. Also, the crosion
of swollen polymer shortens the travel distance of the
dissolved drug from the dissohution front to the sur-
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rounding medium. It has been reported that the higher
the polymer swells, the more linear the release kinetics
{10.11). In the extreme case, zero-order release kinetics
can be obtained purely by the polymer swelling (49).
However, in this study the drug in the polvmer matrix is
suspended until the swollen polymer erodes at the gel/
dissolution medium interface. As the molccular weight
of the PEQ decreases, however, the release mechanism
shifts to the swelling/erosion-controlling processes of
polymer. The synchromzation gel layer of PEQ of MW
= 0.9 x 105 (PEOD.9) and PEO of MW = 2.0 x 10°
{PEO2) was reportedly established between the rate of
swelling and the rate of erosion of the swollen polymer
{6). A mathematical expression for this process is given
by £3.15)

M ~
"_{r“ = fiv’f + Bf (

i

3)

where « and {5 are constants. Eq. (3) describes that drug
release takes place by a combination of drug diffusion
(the first term on the right side) and polymer erasion (the
second term on the right side). However, polymer relax-
ation does not take place at the swelling front because
PEOs are not glassy polymers (glass transition tempera-
ture, 7., below zero) in the dry state. When synchroni-
zation of the two fronts is obtained, the second term on
the right side dominates, resulting in linear release kinet-
ics via polymer crosion. Except for diclofenac Na, the
release profiles of theophylline, salicylic acid, and sul-
fahiazole from PEOO.9 and PEO? 1ablets yield zero-
order kinetics (75-85% release), ay illustrated in Figs. 2
and 3. The influx of water into the polymer matrix is
enhanced by the presence of highly waier-soluble drugs,
such as diclofenac Na. Water penctration becomes much
faster than the rate of swelling, leading to the rapid dif-
fusion ot the drug even through the unywollen polymer
matrix. As a result, anomalous kinetics prevail over zero-
order kinetics. However, the release kinctics of
diclofenac Na from PEOO.Y and PEO2 tend 10 favor a
linear release changing from o = 0.72 for PEO4 wblets
to 7 = 0.85 and 0.9} for PEO2 and PEOO.Y tablets, re-
spectively. The values of the release exponent a for
PEOZ tablets are 0.83, 0.86, and 1.12 for theophyiline,
salicylic acid, and sulfathiazole, respectively, whereas
those for PEDO.9 tablets are 1.01, .97, and 1.17 for
theophylline, salicylic acid, and sulfathiazole, respec-
tively. This results from the greater contribution of the
swelling/erasion (synchronization) processes of the poly-
mer in comparison to drug diffusion in the swollen gel,

\ M




Drug Release from Polyox® Tablets

1.0
w 08
(i}}
o
w
A
& os
-
-8
-
QO 04
-
Q
&
w oz

Og et L 5 1 L i L "

0 30C 600 900 1200 1500
TIME (min)

Figure 2. Effect of drug solubility on the relcase of drugs

from PEOZ tablets {39% loading): (C) diclofenac Na; (A) theo-
phylling; (23 sticylic acid; (#) sulfathiazole.

The effect of drug loading on the kinetics from the
PEO4 tablets is illustrated in Fig. 4, which shows that
the effect of drug loading is dependent upon drug solu-
bility. As drug loading increases from 20 to 39%, the
rolonea nf diclofenac Na from the PEO4 tablets becomes

04k /
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Figure 3. Effect of drug selubility on the release of drugs
from PEOD.Y 1ablcts (39% loading): (72) diclofenac Na: (A)
theophylline; (27} saticylic acid; (@) sulfathiazole.
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Figure 4. Effects of drug loading and a water-soluble addi-

tive on the release of drugs from PEO4 tablets: (&) diclofenac
Na {39% drug, 0% lactose); (x) diclofenac Na (Z0% drug, 19%
lactase); (+) diclefenac Na (20% drug, 0% lactose): () saii-
cylic acid (39% drug. 19% lactose); {2} salicylic acid (20%
drug); {A) salicylic acid (39% drug); (@) sulfathiazole (20%
drug); (M) salfathiazole (39% drug).

faster because when the loading becomes higher, drug

For the ZU%o Qrug-todaing Fouks gy, IS 1CIC4ase se-
netics cxponent # is 0.72 and 0.78 for salicylic acid and
sulfathiazole, respectively. This observation was also
found for PEQ2 and PEOO0.9 tablets. This indicates that
drug diftusion plays a more important role in the release
kinetics at the 209% loading level where the majority of
drug in the matrix is in the dissolved state, whereas at
the 39% loading level a smaller portion of drug 15 sus-
pended in the matrix. Therefore, as long as a high drug
loading is maintained tor poorly water-soluble drugs
{i.c., salicyhc acid), the addition of a water-soltuble ex-
¢ipient to the matnx dves not influence the release kinet-
ics other than to cause shortened release time as shown
in Fig. 4. Figure 5 summarizes the effects of drug load-
ing. drug solubility, and polymer molecular weight on
release kinetics. For sulfathiazole, the release profiles
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Figure 5. Summary of effects of drug selubility, PEO mo-
lecutar weight, and drug loading on the release of drugs from
PEOQ tablets: (—) 20% loading; (---) 39% loading.

from the 20 and 39% loaded PEO4 tablets cross over
cach other at the middic of the releasc prefile. It seems
that the rate of drug diffusion is faster than the rare of
drug dissolution. In this case. the diffusion of the dis-
solved drug (a large portion) in the 20% loaded PEO4
tablets is more rapid at the early stage of release than
that {a small portion} of the 39% loaded PEO4 tablets.
The crossover of two release profiles from PEOZ tablets
occurs at a slightly higher drug solubility (salicylic acid).

However, when drug solubility is about 290 mg/l,
drug release kinctics become zero-order regardless of the
drug loading (20 and 39%), and the drug release rate
becomus faster at the higher toading. This is attributable
1o the release mechanism for a drug with very low wa-
ter solubility, far which the drug release cccurs by the
erosion of the polymer followed by the dissoluiion of the
diug in the disselution medium. As a result, the higher

Kim

loading in the matrix and the smaller fractions of poty-
mers in the matrix give rise to the faster crosion rate of
the palymer. For PEO0.9 1ablets, drug releasc 15 gov-
erned by the swelling/crosion processes of the polymer,
giving rise o the faster dissolution of the polymer with
zero-urder kinetics as the drug loading increases. For the
release of diclofenac Na from the PRO0S tablets, drug
diffusion is a controlling factor for the releasce kinetics.
so that at the lower drug loading a lincar release (n =
0.93) results.

Like capsules that produce dosage forms that can re-
lease different doses with the same release kinetics, tab-
tets should be designed with a different formulation to
achieve the same release profiles. This can be achieved
by adding a water-soluble cxcipient in a tablet (low
dose}. Figure 4 also presents the effect of a water-soluble
component on the drug release kinetics. An additional
water-soluble component in the matrix reduces the poly-
mer content and enhances the hydration of the polymer
matrix by osmotic pressure. The release of diclofenac Na
from PEQG4 tablets, displaying that drug release is en-
hanced by the higher drug loading, is increased by the
addition of a water-soluble excipient {lactose). As a re-
sult, the release of diclofenac Na from a PEO4 1ahlet
containing 39% loading is superimposable, except in the
final stage of release, with that from a PEO4 tablet con-
tatning 20% drug/19% lactose, provided each tablet has
the same total weight.

In conclusion, the controlling mechanism of drug re-
lease from PEQ 1ablets is dependent upon the drug solu-
bility, drug loading, the addition of a water-soluble cx-
cipient, and the molecular weight of PEOs. For a highly
water-soluble drug (c.g., diclofenac Na), drug diffusion
is the rate-controlling step for the PEOs investigated in
this study. This leads to anomalous transport behavior
with aid from the swelling of the polymer. whereas for
poorly water-soluble drugs the swelling/erosion process
of the polymers is the dominating mechanism for PEOs
of MW = 0.9 and 2.0 = 10 resulting in zero-order ki-
netics. For a PEQ of MW =4 x 10% drug release is
governed by drug dissolution for poorly water-soluble
drugs (salicylic acid and sulfathiazole) with aid from the
swelling of the potymer for which the diffusion coeffi-
cient is enhanced by the swelling of polymers. For low
loading levels (20%) of poorly water-solubic drugs, the
effect of disselution of the drug on the linear release
kinetics diminishes, resulting in anomalous transport
behavior.
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ABSTRACT

The objectives of the presens study were io investigate the properties of po_ ygfhy!me ax:de (PEO,I as
“ddrug-carrier and to study the release mechanism of chlorp_hemrammc maleaie {CPM) from matrix
tablets prepamd by hot-melt extrusion. During the hot-melt extrusion process, a dry powder blend
af drug, polymer, and other adjuvants was fed into the exiruder and melted inside the barrel of
. the machine. The molten mass was extruded through' shiped die and then cut manually into
400-mg tablets. CPM and PEQ were shown to be stable under the processing conditions. The molecu-
lar weight of the PEO, the drug loading pércentage, and the inclusion of polyethylene glycol as a
processing aid, were all found to influence the processing conditions and the drug release properties
af the extruded tablets. Faster release of CPM from the matrix tablets was observed in acidic medium
than in purified water and phosphate buffer (pH 7.4). Drug release from the matrix tablet was con-
trolled by erosion of the PEQ matrix and the diffusion of the drug through the swollen gel layer at
the surface of the tablets. CPM was dispersed at the molecular level in the PEQ marrix at low drug
loading level and recryswallization of CPM was observed at high drug loading levels. Hot-meit extru-
sion was demonstrated to be a viable novel method o prepare sustained-release tablets. PEQ was
shown jo be a sultable polymeric carrier for this process.
KEY WORDS: Chlorpheniramine maleaie; Hot-melt extrusion; Polyethylene oxide; Sustained-release
tablets.

INTRODUCTION | of the most common approaches for preparing sustained-

release dosage forms. Water-swellable polymers or poly-

’ During the past 30 years, extensive research has been saccharides have been used as binders and retardants, The

4

pursued with modified- and sustained-release drug deliv-
ery systems. The advantages of such systems over tradi-
tional dosage forms include improved patient compliance
and more constant blood levels of drug, which can sig-
nificantly increase the efficacy and reduce the side effects
(1). Theuse of slowly eroding matrix tablets has been one

most widely used processes to manufacture rapid and
sustained-release tablets include the wet granuiation and
direct compression techniques. The wet grenulation pro-
cess is a labor- and equipment-intensive tecimique in-
volving several steps. Excipients such as binders, ubri-
cants, and glidamts are required o facilitete processing.
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" The direct compression and dry granulation techniques

are subject to content uniformity and segregation prob-
lems during the tableting process. Poor compressibility
of the tablet excipients or the drugs may mtroduce addi-
tional problems into the compaction. process.

xtrigion. leclmo]ogy is one-of the most im-
portant processing techniques in the plastic industry, Dur-
ing the process, polymer and excipients are transferred
by a rotating screw through a hested barrel of the ex-
truder. The polymer melts at the elevated temperature and

the molten mass is continuously. pumped through the die

attached et the end of barrel. The molten polymer rapnd]y
sohdlﬁm When ‘the 2Xtrudate exiis the machine through
the die. When the shape of die is changed, the final prod-
vet may take the form of a film, pipe, tube, or granule
(2). To produce granules or tablets via hot-melt extrusion,
a phammaceutical-grade polymer must be selected that
can be processed at a relatively low temperature because
of the thermal sensitivity of most drugs. All components
must be thermally stable at the processing temperature
during the short doration of the heating process.

Seversl researchers have successfully used the ot -

mg].g;ﬂh:uman'&hmqm Follonier et al. (3) extruded
~diltiaze

‘ydrochloride pellets  with poly (ethylene-
co-vinyl ecetate), pélymetham‘ylate and cellulose de-
rivatives without significant degradation of the drug.
Aitken-Nichol €2 al. (2) successfuily applied the; ‘Botmel

extrusion . process to fabricale a solvent-free lidocaine

hydrochlonde-ﬁlm based. on the Eudramt' E 100.resin:

“"The objectives of the present study were torinvestigate
the properties of polyethylene oxide (PEQ) as a drug car-
rier and to study the release mechanism of chlorphenira-
mine maleate (CPM) frorm matrix tablets prepared by hot-
melt extrusion. Polyethylene glycol 3350 (PEG 3350)
was included as a plasticizer in this system to facilitate
the processing. The influence of PEG 3350 on the drug
release properties of the tablet and the stability of PEC
were also investigated. Wide-angle x-ray diffraction
{WAXD), differential scanning calorimetry (DSC), and
TR spectroscopy were used to characterize the crystalline
and thermal properties of the extruded tablets.

MATERIALS AND METHODS

) “we_n: prov:ded by the Union Carbide Corp.

“CT) under the trade pame Polyox® WSR.
CPM and PEG 3350 were purchased from Spectrum
Chemical Manufacturing Corp. {Gardena, CA).

immlinad s Tiva Biviticeh | ikrary
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Processing Method

The types of exiruders currently available for hot-melt
extrusion include the single- and twin-screw extruders.

Depending on the geometric design and function, the

screw is generally composed of three different sections:

feeding section, melting section, and the metering sec-
tion. The function of the feeding section is to wansfer
the solid material forward into the meiting section. The
polymer gradually melts as it enters the melting section.
Initially, melting results from the heat ransferred to the
barrel from the heating devices. As additional polymer
melt is formed in the barrel, the heat dissipation induced
by the constant shearing of the polyroer meit becomes
an additional source of heat. Inside the metering section,
materials primarily exist in the molten stats. The molten

mass is continuously pumped through the metering sec-

nonandpassedlhmughthcdlemavanatyo!shapes"l‘he

geometric design of the metering section is an _lmponanf".

factor in determining output raté ‘of thic extruder.

1n the present study, the dry blend of drug and polymer
was processed using 4 single-screw extuder. (C W. Bre-
bender Instrament Iric., S. Hackensack, NJ). The extmder
was driven by a plasti<corder® (model EPL-V5501) elec-

tronic torque rheometer unit. The lerigth- to—dmmcteﬂauo -

{L/D) of the barrel with two heating zones was 15: 1 A
single flight screw of uniform piich was used in the pres-
ent study. A rod-shaped ‘die was attached to the end of
the barrel, All of the excipients were dried in an oven
at 40°C for 24 hr prior to processing t0 minimiz¢ any
degradation that might cccur as a result 6f absorbed mois-
fure. Ali components were mixed homogeneously in a
twin-shell blender for 20 min. These materials were then
ransferred into the feeding hopper of the extruder, The
temperature setting for the different heating zenes and
the extrusion torque during processing were recorded,
The dwell time of the polymer inside the barrel was ap-
pro mmicly 2-3:min. The extrudate was cooled to 50—
60°C and then manually cutinto tablets (10 mun in diame-
ter and 4.5 mm in thickness).

In Vitro Release Properties

Dissolution studies were performed according to
Method 11 of the USP 23. The analysis of the CPM was
conducted on a Waters® (Milfard, MA) high-pressure lig-
uid chromatography (HPLC) system with a Waters 486
vitraviolet (UV) detector, together with a Waters pump
(model 501). The data were collected with Millenrium
software. The HPLC column was a Nucleosil® C-18 (5
im), 250 mm X 4.6 mm inner diameter (i.d.) from All-
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tech Associates, Inc. (Desrfield, IL). The mobile phase
consisted of 30% acetonitrile with 70% pH 2.0 buffer
solution (50 mM potassium phosphate monobasic) at a
flow rate of 1.5 ml/min. The retention time of the CPM
was 3 min. The content uniformity studies were per-
formed on six tablets using HPLC analysis.

Physical Characterization

DSC was used to characterize the thermal properties
of the drug and polymers, the physical mixtures, and the
extrudate, The differential scanning calorimeter used in
the present study was a DSC model 2920 (TA Instru-
ments, New Castle, DE). Ultrahigh pure nitrogen was
used as the purge gas at a flow rate of 150 ml/min. Ap-
proximaiely 10-20 mg of sample was weighed and
sealed in & nonhermetic aluminum pan. The temperature
ramp speed was set at 10°C/min for all studies.

WAXD was performed to characterize the crystalline
properties of the exciplents and the extrudate, A vertical
scanning diffractometer (type 42273, Philips Electzonic
Instruments, Mount Vernon, NY) was used in the present
experintents, The x-ray source was CuXe: radiation under
35 ¥V and 20 mA. The angle of the scan ranged from
10° to 40° in increments of 0.05%/sec.

IR spectroscopy was used to study the possible com-
plexation between the CPM and the polyethylene oxide.
A potassium bromide disk of the sample was prepared
and the IR scan was conducted on a Magna-IR Spectrom-
eter (model 550, Nicolet Instrament Inc., Madison, WI.

Gel permeation chrometography was used to study the
stability of the polymer under the current processing con-
ditions. The molecular weight was determined using a
Waters system, which included 2 WISP model 710B au-
tosampler, model 510 solvent delivery system, Ultrahy-
drogel® 1000 and 2000 columns connecied in series, and
& model 410 differemial refractometer as the detector.
The PEO standards were used in the analysis. Double-
distilled water containing 0.1 M sodinm nitrate was used
as the mobile phase at the flow rate of 1 ml/min,

RESULTS AND DISCUSSION

PEO resins are pon-ionic, water saluble, high molecu-
lar weight homo-polymers manufactured by the heteroge-
neous catalytic polymerization of ethylene oxide. The
resin meets all the specifications of the official compen-
dia and is available in a broad rapge of molecul
weights, i.e., as low as 100, P, !
ins with molecolar weights -000,000 8nd 7,000,000

| up 107,000,000 Ress
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were investigated in the present study. PEQ is a thermal
plastic polymer and depending on the molecular weight,
the melting point of the polymer ranges from 60 to 75°C.
Above the melting point, the polymer can be extruded or
molded by conventiopal thermoplastic processing tech-

niques, The exmldatc swelled . diametrically, a phenome- -
©nion known as die’ swclhng. ‘when exvuded ‘through the
"die. In the present study, the extrudatg’ a diameter of

10 mm, whereas the diameter of the dic was 6:mm. The
screw imposed shear stress to the polymer melt during
the extrusion process. Because of the elastic property of

the polymer mel, the extrudste swelled upon leaving the-

die to recover this deformation. The extent of ‘swelling
depends on’ the processing conditions and the nature of
the ‘material (4),"

PBOhasbeenusedtoprepamsusmmm release tablets
of theaphylline via:direct compression. Theophylline has
been widely used as a model drug in previous research
concerned with sustained-relesss matrix tablets (5). The-
ophylline is a high-dose drug and possesses good com-
paction properties (5-8). Generelly, the drug is released
from the water-soluble polymer matrix tablets by diffu-
sion through the polymer as well as by the erosion and
dissolution of the polymer, Both mechanisms depend on
the hydrophilicity and the molecular weight of the poly-
mer or retardant.

CPM is a low-dose crystalline drg, Such low-dose
drugs may preseat content uniformity problems in matrix
tablets prepared by direct compression. Both PEG and
PEO are manufactured via the polymerization of the eth-
ylene oxide monomer. Because of the linear and regular
structure, they cxist as semicrystalline polymers under
room temperature. The solid structure consists of an inti-
mate mixture of ordered crystals and randomly atructured
amorphous region. The DSC scans, shown in Fig. 1, dem-
onstrate the profiles for PEG 3350, PEO (1 m), and CPM
with melting points at 64.04, 72.97, and 136.90°C, re-
spectively. The melling peaks of CPM and PEO were
both observed for the physical mixtures at afl drug-load-
ing levels. The multitude of peaks observed in the x-ray
diffraction pattern of PEO and CPM powder also verified
their crystalline properties (Fig. 2). The most intensive
peaks for PEO and CPM were found at 20 angles equal
to 23.30° and 20.20°, respectively. The x-ray diffraction
profile of the PEO was actually the superimposed sharp
diffraction lines of the ordered crystals and the diffosion
lines of amorphous regions of the material, The x-ray dii-
fraction peaks of PEQ were much broader than the peaks
of CPM, which is a crystalline material.

PEC has been reponted to be susceptible to oxidation
either in bulk or in solution during long-term storage (9).
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Figure I. DSC profiles of CPM, PEG, PEO and physical mix-
wre of CPM and PEO. (a) CPM; (b) PEO (1.0 m); (c) PEG
{3350% (d) physical mixture of CPM and PEO (1.0 m).

In the hot-melt extrusion processing, the polymer was
subjected to both thermal and shearing stresses. High
temperatare could contribuie to the depolymerization of
the polymet cham whereas shearing effects,,&o

y al 1'55C dnplayed"a'shgm yellow color
the unprocessed PEO powder. DSC profiles

“of the extruded tzblets demonstrated a decrease of ap-
- proximately 4°C in the melting point of PEO after extru-
- siom, which was probably due to a decrease in the molec-

ular welght of the polymer during the processing, With
- PBG 3350, the extrusion process can pro-
ceed at'a lower temperature and torque, as shown in Table
1. No change in color of the extruded tablets was ob-
served after the addition of PEG 3350. The results from
gel permeation chromatography are shown in Table 2.
There was no significant difference in the weight average
maolecular weight of PRO following the processing, when
the 40% PEG 3350 was included as a processing aid.
Without the addition of PEG, a 15% decrease in the mo-
lecular weight of PEO and slightly longer retention times
were detec\‘.ed

15 "Fm-*’ The maximum

{N - m), For each formulation, a minimum zone tempera-
ture was required for the material to be processed. The
processing conditions for the hot-melt extruded CPM for-
mulations aréishowiihiTable-1° The polymer melt vis-
cosity was primarily influenced by the molecular weight
of polymer and the temperature of the melt. As the molec-
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ular weight of the polymer was increased, the interchain
friction and entanglement also increased. Friction and en-
tanglaments functioned to restrict the flow and movement
of the polymer chains with respect 1o each other. Once
beyond a critical molecular weight, the chains were long
enough to be entangled, making flow more difficult. This
criticel molecular weight of PEQ was reparted to be
10,000 by Porter and Johnson (10). Below the critical
molecular weight, the polymer melt viscosity was ap-
proximately proportional to the weight average molecular
weight, Above the critical molecular weight, the viscosity
of the polymer melt at low shear rate has been reported
to depend on the weight average molecular weight up o
a power of 3.5 (11).

High viscosity will conmbute to an increase in the

extrusion torque and
degradation | be"c”ause
by the séréw. When PEO with a molecular weight of
7 million (Table 1, formulation G) was substituted for
PEO with a molecular weight of 1 million (Table 1, for-

_ mulatmn C) the torque cxcecdad thc capamty of the ex-

made the processing under the same zone temperature

settings as formulation C nonfeasible. The zone lempera-
tures were increased to decrease the melt viscosity in or-
der for the polymer to be processed (formulation H). An
increase in the zone remperature by approximately 20°C
gignificantly lowered the extrusion torque (formulation
H). Increasing the temperature i the most coinmon prac-
tice to facilitate a polymer extrusion process in the plastic
industry, The melt viscosity decreases exponentialty with
respect to the increase in the temperature and has been
reported 10 follow the Arrhenius equation (11):

n = K X 5 {1

In this equation, K is a constant that depends on the strue-
fure and the molecular weight of the polymer, E is the
activation energy of the polymer for the flow process and
it is a constant for the same rype of polymer. R is the gas
constant and T is the temperature in degrees Kelvin. The
activation energy for the PEO was reported by Costagli-
ola et al. to be 6.4 keal/mol (12).

PEG 3350 was used as a processing aid in the present
study. PEG is composed of the same structural umit as
PEQ, but has a lower molecular weight than PED. Be-
cause PEO snd PEG have the same repeating unit, they
were completely miscible in the solid state, as demon-
strated by a single meiting point when PEG and PEO
were both present in the extrudate [Fig. 3{a)]. Because
the molecular weight of PEG 3350 is much lower than the
reported critical molecular weight of polyethylene oxide,
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i ———  Extruded tablots (12% CPM. 88% PEO)
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=g Phiysical mixiore (6% CPM, 94% PEO)

Intensity (Connts)
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Figure 2. Wide angle x-ray diffraction profiles of CPM, PEQ, physical mixture, and the extruded tablets.

:
i Z
Table 4 ;
Processing Conditions for Hot-Melt Extruded Tablets Containing CPM
- Formulation (%) Zone Temperature (°C) Speed 4 ,
: i] CPM*  FEO-T PEO-1¢ PEG" T, T rd {rpm} |
A 6 - 94 0 110 15 130 25 i
B 6 - 88 6 100 15 130 25 ;
C 6 — 74 20 0 70 85 40 :
D 6 - 54 40 0 7 85 4Q
E 12 — 88 — 100 115 120 25 ]
F 20 — 80 — 100 115 120 25
X s 74 — 20 70 75 85 25 .
H 6 74 - 0 90 90 100 40 \
* Chlorpheniramine maleste,
* Polyethylent oxide {7,000,000). 1
¢ Polyethylene oxide (1.000,000).
4 potyethyiene glycol (3350).
i — i
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Figure 3. DSC profiles of extruded tablets. (a) 6% CFM,
20% PEG, and 74% PEO (1.0 m); (b) 6% CPM and 9%4% PEO
(1.0 m); (¢} 20% CPM and 80% PEO {1.0 m).

which is 10,000, the presence of PEG molecujes between
the PEO chains was able to dilute and weaken the cohe-
sive interactions betwesn the PEO chains and reduce fric-
tion and entanglement by increasing the inlerchain space
between the PEQ molecules.

The melt viscosity was significantly decreased via the
additior of PEG. As shown in Table 1, formulations B,
C, and D could be processed at 28 much lower temperature
and torque settings when the PEG 3350 was present. PEG
has a much higher thermal conductivity and lower melt-
ing point than PEQ. The melting of physical mixtares of
these forrulations occurred faster in the process. When
40% PEG was included in the formulation (Table 1, for-
mulation D), the hot-melt extrusion process could func-
tion at 75°C. Most drugs are stable at this temperature
during the 2-3 min extrusion process.

Drug release properties of CPM from the matrix tab-
lets were investigated wsing the USP Method II appara-

Zhang and McGinity
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Figure 4. Influence of molocular weight of PEQ on the re-
lease of CPM from matrix 18blets using USP Method IT a1 37°C
and 100 rpm in 900 m! purified water. @: 6% CPM, 20% PEG
{3350), and PEC (7.0 m); O: 6% CPM, 20% PEG (3350}, and
PEO (10 m).

tus. Samples were assayed by an HPLC method. CPM
was found to be stable onder the current extrusion condi-
tions and there was no change in the retention time before
and after the extrusion process. Complete recovery of the
drug in the dissolution media was found after a 24-hr
study. The profiles in Fig. 4 demonstrate that drug release
was gignificantly reduced when the PEQ (7 m) was used
in the polymeric matrix,

The release rates of CPM from the PEO extruded tab-
let were influenced by the presence of the PEG (Fig. 5).
The PEG 3350 hydrated and dissolved faster than the

_ Table 2
Swability of PEO as a Function of Processing Temperaiure

; Weight Peak
Formulation (%) Zone Temperature (*C) Average R -
CPM* PEO-1* PEG® T, Tz T MW (x10%) Time
A 6 94 0 110 115 130 0.71 = 0.0% 14.7
D 6 54 40 70 75 83 050 = 0.10 144
I 100 Without being processed 0.92 = 0.08 14.3
* Chlorphenirantine maleate.
* Folyethylene oxide (1,000,000).

< Polyethylene glycol (3350).
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Figure 8. Influence of PEG (3350) on the release of CPM
from matrix tablets using USP Method 1T at 37°C and 100 rpm
in 900 ml purified water, OJ: 6% CPM, 0% PEG (3350), and
94% PEOQ (1.0 m); @:; 6% CPM, 6% PEG (3350), and 88%
PEO {1.0 m); A: 6% CPM, 20% PEG (3350), and 74% PEOQ
(1.0 m); B: 6% CPM, 40% PEG (3350), and 54% PEO (1.0 m).

PEO. The hydration and dissolution rate of the entire tna-
trix systemn were thus acceleraied because of the presence
of the PEG. The presence of PEG also decreased the vis-
cosity of the hydrated layer, which facilitated the diffu-
sion of CPM from the swollen gel layer surrounding the
tablets. The release of CPM from the matrix tablet as a
function of the dissolution media is shown in Fig. 6.
Faster drug release from the tablets was seen in acidic
medium (0.1 N HCI) compared to purified water or phos-
phate buffer (pH 7.4, 50 mM). The solubility of CPM at
37°C in all three media exceeds | g/mi. The difference
in the dissolution profiles could be the result of an inter-
action between PEO and the hydrogen ions in the acidic
medium. The ether oxygen atom of PEO has two spare
pairs of -electrons, and it is able to form-a hydrogen bond
with the abondantly presented hydrogen ions in the acidic
media. The interaction with the hydrogen ions would re-
sultin the strong electrostatic repulsion between the poly-
mer chains. This thermodynamically favored process in-
creases the solubility and dissolution rate of PEO in the
acidic media, resulting in the faster drug release rate. Bai-
ley et al. (13) aiso found that the PEQ was more rapidly
soluble in acidic medium and observed that the upper
critical temperature of an agueous PEQ solution was sig-
nificantly raised in scidic media by a strong hydrogen
bonding effect.
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Figure 6, Influence of disgolution medium on the release of
CPM from matrix tablsts (6% CPM, 6% PEG, and PEQ 1.0 m)
using USP Method 11 at 37°C and 100 rpm in %00 mi diszolution
medizm. A: 0.1 N HC] without enzyme; [J: simulated intestinal
fiuid (pH 7.4) without enzyme; @: purified water.

The profiles in Fig. 7 demonstrate the influence of
drug loading on the refease of CPM from the PEO tablets
in purified water. The reproducibility of the dissclution
data in Figs. 5-7 was quite good, with standard devia-
tions in the 4% range. When the drug content was in-
creased from 6 to 12%, no change in the percentage of

T T RN L) T -
0 2 4 6 8 10 12

Release time (hr)

Figure 7. Influence of drug loading on the release of CPM
from matrix tablets nsing USP Method 1T at 37°C and 100 rpm
in 900 m! purified water, @: 6% CPM and 94% PEO (1.0 m);
{1: 12% CPM and 88% PEO (1.0 m): A: 20% CPM and 80%
PEO (1.0 m).
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drug release with respect to time was observed. There
was only a slight increase when the drug loading reached
20%. Drug loading levels greater than 20% were not in-
vestigated because a solid cylindrical extrudate could not
be obtained.

The melting peak of CPM was not present in the DSC
scan of the extrudate at the 6 and 12% drug loading levels
[Fig. 3(b)]. This indicated thut CPM was dispersed at the
molecular level and formed a salid solution within the
PEQ malrix. The hot-melt extrusion process was con-
ducted at spproximately 80°C, The drug and polymer
were subjected to this condition for approximately 2-3
min and under these conditions, the CPM was able to
dissolve in the polymer matrix. During the cooling pro-
cess, the CPM molecoles were locked in hetween the
polymer chains at the molecular leve] because of the high
viscosity of the polymer melt. In the crystalline state, per
fiber identity period of PEQ polymer chains exists as two
helical structures containing seven CH,CH,0O units (14).
It s expected that a significant amoumt of drug was
trapped in this particular helical interstitial space of the
PEG or PEO crystal when the molten polymer—drug
composites were solidified. At the 20% drug loading

level, & new melting point was detected at 114°C [Fig.

3(c)]. Because no degradation products were observed
from HPLC analysis and no shift in the peak or change

-in the shape of the UV scan was observed, the new peak

could not be attributed to a degradation product of CPM.

PEO has been found 1o form crystalline complexes
with barbiturates, guanidine hydrochloride, and urea
(14). Our results demonstrated that complex formation
did not occur. If the complex had been formed, an ex-
pected exothermic peak because of the complexation be-
tween drug and polymer should have been observed in
the DSC scan of the physical mixture [Fig. 1{d)]. DSC
results demonstrated that the drog was able to recrystal-
lize during the cooling step from the molten mass con-
taining 20% drug. Some polymer chains were incorpo-
rated into the crystal lattice of CPM and. formed a solid
solution containing CPM and PEO. The melting point
was thus depressed from 136.9 1o 114.6°C, as shown in
Fig. 3. Similar phenomena have been observed in solid
solutions of chloramphenicol (15} and griseofulvin (16).

The results of the x-ray diffraction analysis (Fig. 2)
were in good agreement with the DSC data. For the phys-
ical mixtures, characteristic peaks of both substances
were present in the x-ray diffraction profiles at all drug
loading Jevels. The most intensive peak for CPM was
absent at 6 and 12% drug loading levels in the extruded
tablets. This confirmed the conclusion from the DSC pro-

Zhang and McGinity

files that the CPM was present at the molecular level in
the extruded tablets. However, at 20% drug loading level,
anew peak appeared at 20 equal to 20.55° in the extruded
tablets, whereas the characteristic peak of CPM at 20.20°
was absent, The peak shift was due to the presence of
PEQ in the CPM crystal structure,

IR specroscopy also showed that no chemical interac-
tion occutred between the drug and the polymer, No shift
was observed in the IR absorption peaks of CPM after
the drug was physically blended with the PEO, The po-
tassium bromide disk of the physical mixture of CPM
and PEO was stored at 85°C for 10 min to sirnulare the
extrusion process. No change in the spectrum was seen
in the sample that was subjected 10 the therma! treatment.

Drug is normally reteased from hydrophilic colloidal
matrices via diffusion through a swollen gel layer and
erosion of the gel layer (7,17). To account for both re-
lease mechanisms, drug release can be penerally ex-
pressed as follows (18}

g=Kxr @)

where » is the diffusional exponent for drug release,
which gives an indication of the release mechanism. For
a highly water-soluble drug and relatively high-viscosity
grade of water-soluble polymer matrix, drug release is
generally controlled by the ditfusion and is desctribed by
the Higuchi model (19). The amount of drug relcesed is
found to be dependent on the square root of the time in
the Higuchi model. However, drug release from low-vis-
cosity polymers often shows a deviation from the square
root of {ime kinetics. In this case, drug is released to a
significant extent by erosion of the swollen gel layer, in
addition to diffusion. At the beginning of the dissolution
process, because the swelling is much faster than the dis-
solution of the polymer, the thickness of the gel layer
increases as a function of time. At some later point, these
two processes could proceed at the same rate, thus lead-
ing to a constant gel layer thickness. This *‘front synchro-
nization process'’ has been proposed to account for the
observed zero-osder drug release mechanism from matri-
ces-containing hydrophilic polymers (20,21). A linear re-
lationship (n = 1) was demonstrated to exist for the per-
cent drug released as a functior of time, during the initial
stages of the dissolution studies. In the present study, an
approximate linear relationship was observed between
the perceniage of drug released and the dissolution time
during the first 6 hr (Fig. 8). The deviation from linearity
after 6 hr was due to dapletion of the polymer reservoir
from the swelling process. The incorporation of PEG in
the extrudate facilitated the penetration of the water mol-
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Figure 8. Linear filting of release data of CPM from PED
matrix tablets using USP Method II at 37°C and 100 rpm in
900 ml purified waier during the first § hr, @: 6% CPM, 0%
PEG (3350), and 94% PEQ (1.0 m), y = 10309x + 6382,

= 0.997; [ 6% CPM, 6% PEG (3350), and 88% PED
(1.0 m), y = 10.640x + 8.248 7~ = 0.997: O: 6% CPM, 20%
PEQ (33350), and 74% PEO (10 m), y = 12.158x + 6.777,
rl = 0.994; &: 6% CPM, 40% PEG {3350}, and 54% PEQ
(1.0 m), y = 13.819x + B.57], r = 0.989.

ccules and the swelling process, resulting in drug release
at a faster rate,

In summary,: lt extrus:on technique was
demonstrated to & method for the preparation
of sustained-release tablets, without the use of a tablet
press. It offers many sdvantages over traditional tech-
niques. Solvents and water are not used in this process.
Fewer processing steps are needed and time-consuming
drying steps are eliminated. There are no requircments
on the compressibility of the active ingredient and the
entire procedure is simple, continuous, and efficient. The
drug, polymer, and other ingredients must be stable at
the elevated processing temperature during the 2~3 min
that the powder blend is | is processed through the equip-
ment:PEQ:was Y ,'ed o be an exceliént thermo-
s process. Because additional mix-
mg “of the cowmponents occurred in the barrel of the
machine, the content uniformity of the extruded tablets
was within 99.0-101.0% of the theoretical content. Mod-
ified releases profiles were achieved as a function of the
molecular weight of the PEO. When incorporated as
processing aid, PEG significantly decreased the pro-
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cessing temperature as well as the torgue exerted on the™”

PEC/CPM blend during the extrusion process.
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