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Abstract

High molecular weight polyethylene oxides {(PEOs) have recently been proposed as an alternative to hydroxypropy-
Imethylcellulose (HPMC) in controlled release matrix tablets. In this study, we compared the performance of PEO
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 sofuble drug
(diltiazem) and, altemnatively, PEQC or HPMC of two different viscosity grades. These formulations have the same
composition except for the polymer emploved. 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
PEQ 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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drugs, due to its versatility, compatibility with
many drugs and safety (Alderman, 1984). Never-
theless, high molecular weight polyethylene oxides
(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 PEOs as the

1. Introduction

Among the various hydrophilic polymers em-
ployed for drug release control, hydroxypropyl-
methylceliulose (HPMC) is the most commonly
used polymer in matrices for extended release of
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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 N&0K) 38.2
HPMC (Methocei K4M) 382
PEO (Polyox WSR 303 NF) 38.2
HPMC (Methocel K100M) 38.2
Diltiazem hvdrochloride 443
Lactose 11.0
Magnesiom stearate 1.0
Colloidal silicon dioxide 0.5
Table 2
Percent composition of different barrier formulations
Barrier bY, bM, bY, bM,
PEQ (Polyox WSR N6GK) 454
HPMC {(Methocel K4M) 45.0
PEO (Polyox WSR 303 NF) 45.0
HPMC (Methocel K100M) 450
Lactose 450
Hydrogenated castor oil 8.5
Magnesium stearate 1.0
Colloidal siticon 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 15 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 PEQOs 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®
K160M (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 (f3;5) from different core and three-layer systems (mean value, a =13}

Formulation Plain matrix no barriers Geomatrix three-layer systems

bY, bM, bY, bM,
CY, 222 505 616 624 792
CY, 246 559 687 657 946
M, 324 651 724 715 1013
CM, is7 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
Polvox 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).

22, 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 mixturgs 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 EK0, 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 + 1%.

The PEO tablets (CY, and CY.) showed a crush-
ing strength of 98.3 + 2.9 N, while this parameter
was 172452 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 PEO
cores and the four different barriers and 289 1+ 15
N for those with HPMC cores and the four
different barriers, respectively.

All systems contain 120 mg of diltiazem hy-
drochloride as active.
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Fig. 2. Release profiles of Geomatrix three-layer sysiems 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, bY, bM,

CY, Anomalous (0.994) Anomalous (0.997) Anomalous (0.999) Anomalous (0.996)
CM, Anpomalous (0.999) Anomalous (0.999) Anomalous (0.994) Anomalous ({1.998)
CY, Linear (0.997) Linear {0.999) Linear (0.999) Higuchi (0.998)
CM, Linear (0.998} Linear (0.999) Linear (0.999) Linear (0.998)

In vitro dissolution tests were performed in 11
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)

M, n
*M——kt (1)

oc

where M,/M ., is the fractional drug release, ¢ the
release time, k is a kinetics constant and n 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 (74,5) was evaluated
(Student’s ¢ 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 bottles at room
temperature.
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Fig. 3. Release profiles of Geomatrix three-layer systems with
CM, cores and the four different barrier 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. Resuits and discussion

The results of the dissolution tests performed
on the four different core formulatons showed
that the diltiazem release rate from the two ma-
trices containing HPMC is 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 systerns with
CM, cores and the four different barriers at time zero and
after 1 year of storage at room temperature.

the release rate of PEQ matrices (Fig. 1). The ¢
tests showed significant differences in 7455 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 #,,; of the plain matrices,
while the t,,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 comparabie 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 simitar (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 controiling drug delivery rate in this
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Times (min) at which 75% of the drug is released (t4,s) from different core and three-layer systems stored for 1 year at room

temperature (mean value, » = 3)

Formulation Plain matrix no barriers

Geomatrix three-layer systems

bY, bM, bY, bM,
CY, 223 528 536 632 835
CY, 278 560 708 667 951
CM, 309 616 703 765 1089
CcM, 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 dissolution 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 14,5 (Table 5).

The results 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—— FEONFGOR ~—LF— Methocel K4M
T—@— PEO WSR303 —O—  Methocel KI00M
3000 -

2500 -
2000 -

1500 -
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Time (h)

Fig. 11. Swelling study, volume increase of the tablets made of
pure polymer.

158



236 L. Maggi et al. [ International Journal of Pharmaceutics 195 (2000) 229-238

Fig. 12. Photographs of the tablets made of pure polymer during dissolution. Left column, Polyox WSR N60K; 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 column,

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

This study investigated the effects of polvmer 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 divectly compressed
tablets. Directly compressed tablets consisting of polyethylene oxides (PEQ) (MW
= 1).9, 2.0 and 4.0 » 10°) and drugs (solubility ranging from 290 to 25,000 mg/l
were formulated with or without a water-soluble excipient (lactose). For PEQ tab-
lers (MW = 0.9 % 10°%), drug release is primarily swelling/erosion controlled for
drugs for which solubility is below 1%, resulting in zero-order release kinetics. For
PEQ tablets (MW = 4.0 % 10%), drug release is controlled at a zero-order rate by
the dissolution rate of the drug at high loading (39%4). At low leading (20%,), drug
diffusion through the swollen gel layer becomes the governing release mechanism.
For a highly water-soluble drug fe.g., diclofenac Na). drug diffusion is the control-
ling mechanism regardless of the molecular weight of the PEOs. Zero-order release
kinetics can be achieved with PEO tablets (MW = 0.9 x 10% for drugs for which
solubility is below 1%. PEQ tablets (MW = 2.0 x [0} provided zero-order release
for poorly water-soluble drugs (below 0.2%} at 39% drug logding. It is possible
to atiain zero-order release kinetics with PEQ tablets (MW = 4.0 x [(°) using a
drug which has a solubility of less than (.1%.
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INTRODUCTION

Extended release of biologically active drugs is highly
desirable for drugs that have characteristically short half-
lives. There are a number of approaches for preparation
of extended-release dosage forms (1,2). Although mono-
lithic systems, composed of hydrophobic polymers and
excipientis, 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 zero-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, monolithic matrix systems governed by the swelling

and erosion processes of the polymers provide a zero-
order raie resulting from the synchronization of the
swelling and erosion 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 erosion).

Recently, Apicella et al. (5) and Kim (6) have dem-
onstrated that a pelvethylene oxide (PEQ) matrix ¢an
generate balanced rates of swelling and erosion. In PEQOs
of 0.6, (.9, and 2.0 x 10% synchronization of the swell-
ing and erosion processes was observed. In contrast,
PEOs possessing a molecular weight of 4.0 x 106 did not
furnish the balanced processes of swelling and erosion;
rather it was observed that the swollen gel layer kept
increasing until the eatire 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 eresion of the polymers having a2 molecu-
lar weight of less than 2.0'% 108, zero-order release pro-
files have been observed from theophylline and
acetophylline, whereas anomaloys release kinetics were
reported for the polymérs 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 from the polymers of
MW = 4.0 = 108,

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 kinetics of PEO tablets, and elucidated the re-
lease mechanisms of drugs from directly compressed
tablets,

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). Theophylline anhydrous 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 sulfathiazole were
purchased from Sigma Chemical Co. (St. Lows, MO).
Ethanol {200% proof) was obtained from Pharmaco Co.
{Bayonne, NJ). All materials were used as received,

Preparation of Tablets

The ingredients (PEQ, drug, and magnesium stearate)
were blended and then compressed using a Carver press
machine (model C, Wabash, IN). All tablets contained |
wt% magnesiuin stearate as a Jubricant. Tablet punches
with flat surfaces were used to prepare all of the tablets
with an 11.]1 mm diameter and a weight of 550 mg, ex-
cept for the sulfathiazele tablets (400 mg and 9.5 mm
diameter), in order to finish the experimenis within 2
reasonable time frame. All tablets were charged with
forimulation, and a compression of 4000 1b was exerted
by hand,

Testing of Tablets

In vitro release of drugs from the PEOQ tablets was
carried out in distilled/deionized water by using the USP
basket procedure at a stirring rate of 100 rpm at 37°C.
Theophylling, diclofenac Na, salicylic acid, sulfapyni-
dine, and sulfathiazole were chosen as model drugs. The
release of diclofenac Na, theophylline, salicylic acid,
sulfathiazole, and sulfapyridine was assayed by an
HP8252A diode-array spectrophotometer (Hewlett
Packard) at 230, 244, 298, 268, 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 conditions
during the in vitro dissolution test.

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

In-—%—zink+n]nt (0
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where M, M., &, and n are the amounts of drug refeased
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 < n < 0,89, e~
spectively, for a swellable cylindrical matrix (). A lin-
car regression analysis was performed and a correlation
coefficient (/) 2 0.99 was obtained. Duplicate or tripli-
cate experiments were carried out for each fermulation,
but only a representative experiment is shown in this
study for the clarity of figures because data were found
1o he very close {or superimposed) to each other.

RESULTS AND DISCUSSION

Preliminary reports show that high molecular weight

PEOs are good candidates for oral extended-relcase 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),
resufting in difficuities in identifying the fundamental
release mechanisms of drugs from the PEO rablet matri-
ces. In this study, PEQ tablets of 550 mg and dimensions
of 3.5 % 1.1 mm were used. The release profiles of
drugs from PEO tablets of MW = 4.0 x 10° (PEOA4) are
shown in Fig. 1. Apicella et al. (5) and Kim {6} reported
that the synchronization of the sweiling and ¢rosion of
the polymer (PEO4) was not observed under a stereomi-
croseope. Drug release from PEO4 tablets is controlled
by the swelling of the poivmer 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 reiease time so
that the release 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 kinctics toward zero-order kinetics. While PEO4
is fully swollen, drug release is carried out by diffusion
through the gel and erosion of the swollen gel. The sur-
face area of the swollen gel that accommodates drug
release diminishes with time. Figure 1 illustrates the ef-
fect of drug solubility on the drug release from PEO4
tablets (39% loading). As drag solubility decreases, the
duration of drug release increases. The release of diclo-
fenac Na (2.5% solubility in water) is characierized as
non-Fickian kinetics where # = 0.72 up to 70% release
fallowed by a long tailing at the later stage of refease. In
this case, drug diffusion through the swollen gel matrix

FRACTIONAL RELEASE

OG p A i a 1 e 1 i 1 A
0 400 BOO 1200 1600 2000
TIME {min)

Figure 1. Bffect of drug solubility on the release of drugs
from PEQ4 tablets (39% loading): (O} diclofenac Na; (3, A)
theophylline; (7, W) salicylic acid; (@) sulfathiazole; (&) sul-
fapyridine.

is the goveming step for the drug release, and the swell-
ing of the polymer causes the release kinetics to shift to
anomalous transport. As drug solubility decreases below
1% (theophylline and salicylic acid}, drug release slows
because 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 smaller,
and the swelling of the polymer and the dissolution of
the drug are comparable to control the release kinetics of
theophyliine and salycilic acid. Drug release takes place
by the digsolution of the dmg followed by drug diffu-
sion. This results in further linear non-Fickian kinetics in
which # = 0.79 and » = 0.31 for theophylline and sali-
cylic acid, respectively. Linear release kinetics of theo-
phylline can also be obtained from highly swellable/
nonerodible tablets (111,

As drug solubility decreases further below 1000 mg/
1, the dissolution of the drug becomes a dominant pro-
cess in comtrotling the drug release from PEO4 tablets.
This accounts for a constant release with » = 0.96 and »
= 1.10 for sulfathiazole and sulfapynidine up to 85-90%
release, respectively. Upon contact with- water, the PEO4
polymer goes through a transition, and swollen 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 1012 hr to complete the hydration pro-
cess (swelling) of the entire PEO tablet. The solid/dis-
sobved drug 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 Tol-
lowed by the dissolution of the drug in large volumnes of
the dissolution medinm along with the diffusion of the
digsolved drug, which is a smaller portion. Because of
the low solubility of sulfsthiazole (590 mg/], the drug re-
lease shows a slightly sigmoidal profile, and for much
lower solubility drugs a time lag was observed (not
shown in Fig. 1) (12). Smaller tablets (9.5 mm diameter)
were used for the release of sulfathiazole in order to fin-
ish the release test within a reasonable time frame. How-
gver, it is justiftable to draw a conclusion {rom release
data based on the smaller tablets and extend it to the
regular size tablets (11.0 mm diameter) because the ra-
tio of diameter 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
postulate that PEOs may foun 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 systems controlied by the
dissolution of the drug (13,14). A mathematical model
describing dissolution controlled systems can be ex-
pressed by

de ! (%Dx” -gi-) - ¥, (¢, —¢)
where ¢ is the dissolved drog concentration in the matrix,
{ is the tiroe, D is the diffusion coefficient, ¢, 15 the drug
solubility, &, is the dissolution rate constant, x is the dif-
fusional distance, and » = 0, 1, and 2 for a slab, cylin-
der, and sphere, respectively. If the dissolution rate con-
stant is very small, the second term on the right side of
Eqg. (2) is the rate-limiting process for overall release
behavior,

When the drug diffusion coefficient is time dependent
and/or position dependent, drug release is zero-order
along with a drug dissclution contribution {14). Even if
the dissolution front advances further toward the core of
the matrix, the increasing time of drug diffusion from the
drug dissotution front to the dissolution mediam is faster
than the rate of drug dissolution. The increase in the
drug diffusion coefficient can be accounted for by the
swelling of the polymer in this study. Also, the erosion
of swollen polymer shortens the travel distance of the
dissolved drug from the dissolution front to the sur-

YR )]
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rounding medium. It has been reported that the higher
the polymer swells, the more linear the release kinetics
(1G,11). In the extreme case, zero-order release kinetics
can be obiained purely by the polymer swelling (9).
However, in this study the drug in the polymer matrix is
suspended until the swollen polymer erodes at the gel/
dissolution medium interface. As the molecular weight
of the PEQ decreases, however, the release mechanism
shifts to the swelling/erosion-controlling processes of
polymer. The synchromzation gel layer of PEO of MW
= {1.9 = 10% (PE0O.9) and PEQ 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,
A 6)

‘ e

where a and [} are constants. Eq. (3) describes that drug
release takes place by a combination of drug diffusion
fthe first term on the right side) and polymer erosion (the
second term oo the right side). However, polymer relax-
ation does not take place at the swelling front bacause
PEQs are not glassy polymers (glass transition ternpera-
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 erosion. Except for diclofenae Na, the
release profiles of theophylline, salicylic acid, and sul-
fathiazole from PEO0.9 and PEO2 tablets vield zero-
order kinetics (75-85% releasc), as illustrated in Figs. 2
and 3. The influx of water into the polymer matrix is
enhanced by the presence of highly water-soluble drugs,
such as diclofenac Na. Water penetration becomes rch
faster than the rate of swelling, leading to the rapid dif-
fusion of the drug even through the unswollen polymer
matrix. As a result, anomalous kinetics prevail over zero-
order kinetics. However, the release Kinetics of
diclofenac Na from PEO0O.9 and PEOZ tend to favor a
tinear release changing from » = .72 for PEO4 tablets
to # = 0.85 and 0.9] for PEO2 and PEOD.9 tablets, re-
spectively. The values of the release exponent n for
PEO?Z tablets are (.83, 0.86, and 1.12 for theophylline,
salicylic acid, and sulfathiazole, respectively, whereas
those for PEO0.9 tablets are 1.01, 0.97, and 1.17 for
theophylline, salicylic acid, and sulfathidzole, respec-
tively. This results from the greater contribution of the
swelling/eroston (synchronization) processes of the poly-
mer in comparison to drug diffusion in the swollen gel.
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Figure 2. Effect of drug solubility on the release of drugs

from PEQ? tableis (39% loading): (O} diclofenac Na; {A) theo-
phvlline; (T3 slicylic 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
release of diclofenac Na from the PEO4 tablets becomes

1.6

FRACTIONAL RELEASE

5 i A 3,
g 200 400 600 800 1000
TIME (min)
Figure 3. Effeéct of drug solubility on the relcase of drugs

from PEQQ.9 tablets (39% loading): (Q) diclofenac Na; (A)
theopliyliine; (I7) salicylic acid; (@) sulfathiazole,

FRACTIONAL RELEASE

1 4 L A 1
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Figure 4. Effects of drug loading and a water-soluble addi-
tive on the release of drugs from PEO4 tablets: {4) diclofenac
Na (39% drug, 0% lactose}; (x) diclofenac Na (20% drug, 19%
lactose); {+} diclofenac Na (20% drug, 0% lactose); (O) sali-
cvlic acid (39% drg, 19% lactose); () salicylic acid (20%
drug); (a) salicylic acid (39% drug); (@) sulfathiazole (20%
drug); (M) salfathiazole (39% drug).

(min}

faster because when the loading becomes higher, drug
diffusion controls the release kinetics, In other words,
the properties of the polymer, such as swelling and ero-
sion, become lesser contributing factors in the release
kinetics. However, as drug loading increases for salicylic
acid and sulfathiazole, drug release slows, resulting in
more favorable release kinetics, exhibiting 1 = 0.81 and
n = (.94 for salicylic acid and sulfathiazole, respectively,
For the 20% drug-loading PEO4 tablets, thie release ki-
netics exponent »# is 0.72 and (.78 for salicyhe acid and
sulfathiazole, respectively. This observation was also
found for PEO2 and PEO0.9 tablets. This indicates that
drug diffusion plays a more important role in the release
kinetics at the 20% 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 is sus-
pended in the matrix. Therefore, as long as a high drug
toading is maintained for poorly water-soluble drugs
{i.e., salicylic acid), the addition of a water-soluble ex-
cipient to the matrix does 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 8  Summary of effécts of drug solubility, PEO mo-
lecular weight, and deug loading on the release of drugs from
PEQ tablets: {—) 20% loading; (—-) 39% loading.

from the 20 and 39% loaded PEO4 tablets c¢ross over
cach other at the middle of the release profile. It seems
that the rate of drug diffusion is faster than the rae of
drug disselution. 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 PEO2 tablets
occurs at a slightly higher drug solubility (salicylic acid).

However, when drug solubility is about 290 mg/l,
drug release kinetics become zero-order regardless of the
drug loading {20 and 39%), and the drug release rate
becomes faster at the higher loading. This is atiributable
to the release mechanism for a drug with very low wa-
ter solubility, for which the dryg relcase occurs by the
erosion of the polymer followed by the dissolution of the
drug in the dissolution medium. As a result, the higher

Kim

loading in the matrix and the smaller fractions of poly-
mers in the matrix give rise to the faster erosion rate of
the polymer. For PEO0.9 tablets, drug release is gov-
erned by the swelling/erosion processes of the polymer,
giving rise 1o the faster disselution of the polymer with
zero-order kinetics as the drug loading increases. For the
release of diclofenac Na from the PECG0.9 tablets, drug
diffusion is a controlling factor for the release 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-
lets should be designed with a different formulation to
achieve the same release profiles. This can be achieved
by adding a water-soluble excipient in a wblet (low
dose). Figure 4 also presents the effect ol a water-soluble
componeni 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 PEO4 tablets, displaying that drug release is en-
hanced by the higher drug loading, is increased by the
addition of a water-soluble excipient (Jactose). As a re-
sult, the release of diclofenac Na from a PEO4 tablet
containing 39% loading is superimposable, except in the
final stage of release, with that from a PEO4 tablet con-
taining 20% drug/19% lactose, provided each tabiet has
the same total weight,

In conclusion, the controlling mechanism of drug re-
lease from PEO tablets is dependent upor the drug solu-
bility, drug loading, the addition of a water-soluble ex-
cipient, and the molecular weight of PEOs. For a highly
water-soluble drug (e.g., diclofenac Na), drug diffusion
is the rate-controlling step for the PEOs investigated in
this stady. 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 x 105, resulting in zero-order ki-
netics. For a PEQ of MW = 4 x 10%, drug release is
governcd by drug dissolution for poorly water-soluble
drugs (salicylic acid and sulfathiazole) with aid from the
swelling of the polymer for which the diffusion coeffi-
cient is enhanced by the swelling of polymers. For low
loading levels (20%) of poorly water-soluble drugs, the
effect of dissolution of the drug on the linear release
kinetics diminishes, resulting in anomalous transport
behavior.
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ABSTRACT

¢ framine maleate [CPM) from matrix
by hot-melt extrusion. During the hot-melt extrusion propess, a dry powder blend
of drug, polymer, and other adjuvants was fed inio the exiruder and‘_mehed inside the barrel of
the machine. The molten mass was extruded throug : a
400-mg tablets. CPM and PEQ were shown to be stable under the pmcessmg conditions, The molecu-
lar weight of the PEO, the drug loading pérceniage, and the inclusion of polyethylene glycol as a
processing aid, were all found to influence the processing conditions and the drug release properties
of 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 matrix at low drug
lpading level and recrystallization of CPM was observed at high drug loading levels. Hot-melt extru-
sion was demonstrated to be a viable novel method to prepare sustained-release tablets. PEC was
shown to be g suitable polymeric carrier for this process.

KEY WORDS: Chlorpheniramine maleate; Hol-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

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 effests
(1). The vse of slowly eroding matrix tablets has been one

most widely used processes to manufacture rapid and
sustained-release tablets include the wet granulation and
direct compression techniques. The wet granulation pro-
cess is a labor. and equipment-intensive techmigue in-
volving several steps. Excipieats such as binders, lubri-
cants, and glidants are required to facilitete processing,

Address correspondence to Feng Zhang. Fax: (512) 471-7474, E-mail: second@mail.utexas.cdn
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' o-vinyl acetate

(Danbury “CT) under the trade pame Polyox® WSR,

" The direct compression and dry granulation techniques

are subject to content uniformity and segregation prob-
lems during the tableting process. Poor compressibility
of the tabiet cxc1picnts or the drugs may introduce addi-

portantpr" . mngtechmqucsmtheplasncmdus&y Dur-
ing the process, polymer and excipients are transferred
by a rotating screw through a heated bamrel of the ex-
truder. The polymer relts at the elevated temperature and
the molien mass is continuously

amached at the end of barzel

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 pharmaceutical-grade polymer must be selected that
¢an 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 duration of the heating process.
Several hers have successfully usedfhetht
Bl X s que. -Follonier et al. (3) ex

rlvatives without ignificamt degradauon of the drug.

extrysion oéess t_o fabticate a solvent-free
fiim Based. ori the Edrigs

the properties of polyethylens oxide (PEO) as a drug car-
rier and to study the release mechanism of chlorphenira-
mige maleate (CFM) from matrix tablets prepared by hot-
melt extrusion. Polyethylene glycol 3350 (PEG 3350)
was included as a plasticizer in this system to facilitate
the pracessing. The influence of PEG 3350 on the drug
release properties of the tablet and the stability of PEO
wers 2lso investigated. Wide-angle x-ray diffraction
{(WAXD), differential scanning calotimetry (DSC), and
IR spectroscopy were used to characterize the crystalline
and thermal properties of the extruded tablets.

MATERIALS AND METHODS
Materials

_ gh ;
prc_mded by the Union Carbld:- Corp.

CPM and PEG 3350 were purchased from Spectrum
Chemical Manufacturing Corp. (Gardena, CA).

l:ionand assedthmughthcdwm_nvarletyofshapes*‘-

Zhang and McGinity
Processing Method

The types of extruders currently available for hot-melt

extrusion include the single- and twin-screw extmders
Dependmg on the geometric design and function, the

screw is generally composed of three different sections:

fesding section, meking section, and the metering sec-
tion, The functon of the feeding section is 1o wansfer
the solid material forward into the melting section. The
polymer gradually melts as it enters the melting section,
Initially, melting results from the heat transferred 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 polymer melt becomes
an additional source of heat, Ingide the metering section,
materials primarily exist in the molten state. The molten
mass is continuously pumped through the metering sec-

) 3} er (-
‘bender Instrument Inc., S Hackensack, NJ) The extmder
was driven by a plasti-corder® (model EPL-V5501) elec-

wonic wrque rheometer tait. The length-tofdimneteﬂauo e

(L1 of the barmre]l with two heating zones wai’13%
iform pitch was used in the pres-
ent study, ‘A 7o0-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 to minimize any
degradation that might occur as a result of absorbed mois-
ture. All components were mixed homogeneously in a
twin-ghell blender for 20 min. These materials were then
transferred into the feeding hopper of the extruder. The
temperature setting for the different heating zones and
the extrusion torque during processing were recorded.

! the polymer inside the barrel was ap-
The extrudate was cooled to 50~
ytablets (10 mm in diame-

ter and 4.5 mm in thu:kmss)
In Yitro Release Properties

Dissolution studies were performed according to
Method 11 of the USP 23. The analysis of the CPM was
conducted on a Waters® (Milford, MA) high-pressure lig-
uid chromatography (HPLC) system with a Waters 486
vltraviolet (UV) detector, together with a Waters pump
(model 501). The data were collected with Millennivm
software, The HPLC column was a Nucleosil® C-18 {5
wm), 250 mm X 4.6 mm jnner diameter (i.d.) from All-
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Sustained-Release Tablets Prepared by Hot-Melt Extrusion

tech Associates, Inc. (Deerfield, IL). The mobik phase
consisted of 30% acetonitrile with 70% pH 2.0 buffer
solution (50 mM potassivm phosphate monobasic) at a
flow rate of 1.5 mU/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 calorimater used in
the. present study was a DSC model 2920 (TA Instn-

- ments, New Castle, DB). Ulirahigh pure nitrogen was
used as the purge gas at a flow rate of 150 ml/min. Ap-
proximately 10-20 mg of sample was weighed and
sealed in a nonhermetic aluminum pan. The temperature
ramp speed was sef at 10°C/min for all studies,

WAXD was performed to characterize the erystalline
properties of the excipients and the exirudate. A vertical
scanming diffractometer (type 42273, Philips Electronic
Instroments, Moont Vernon, NY) was used in the present
experiments. The x-ray source was CuKet radiation under
35 kV and 20 maA. The angle of the scan ranged from
10° to 40° in increments of D.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 Instrument In¢,, Madison, W,

Gel permeation chromatography 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 ao-
tosampler, model 510 solvent delivery system, TNtrahy-
drogel® 1000 and 2000 columns connected in series, and
2 mode! 410 differential 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 mi/rmin,

RESULTS AND DISCUSSION

PEO resins are pon-lonic, water soluble, high moleeu-
lar weight homo-polymers manufactured by the heteroge-
neous catalytic polymerization of ethylens oxide. The
resin meets all the specifications of the official compen-
dia and is available in a broad range of molecula:
weights, i.e., as low as 100,000 dupa
ins with molecular weights ‘of

Eof:theophyllme via direct compressior, Theophylline has
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were investigated in the present study. PEO 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 exiruded or
therm:

screw imposed shear stress to the polymar melI dunng
the extrusion process. Because of the elastic property of

susmned releasc table.ts‘

been widely used as a model drug in previons research
concerned with sustained-release matrix tablets (5). The-
ophylline is & high-dose drug and possesses good com-
pactlon properties {6-8). Generelly, the drug is released

-from the water-soluble polymer matrix tablets by diffu-

sion through the polymer as well as by the srosion and
dissolution of the polymer. Both mechanisms depend on
the nydrophilicity and the molecular weight of the poly-
mer ot retardant.

CPM is a low-dose crystalline drwg. Such low-dose
drugs may present content uniformity problems in matrix
tablets prepared by direct compression. Both PEG and
PED are manufactured via the polymerization of the eth-
ylene oxide monomer, Becausc of the linear and regular
structure, they exist as semicrystalline polymers under
room temperature, The solid structure consists of en inti-
mate mixture of ordered crystals and randomly structured
amorphous regior. 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 melting peaks of CPM and PEG were
both observed for the physical mixtures al all drug-load-
ing Isvels. The multitude of peaks observed in the x-ray
diffraction pattern of PEQG and CPM powder also verified
their crystailine propesties (Fig. 2). The most intensive
peaks for PEO and CPM were found at 28 anples equal
te 23.30° and 20.20°, respectively. The x-ray diffraction
profile of the PEQ was actually the superimposed sharp
diffraction lines of the ordered crystels and the diffusion
lines of amorphous regions of the material, The x-ray dii-
fraction peaks of PEO were much broader than the peaks

_ of CPM, which is a erystalline material.

PEC has been reported 10 be susceptible to oxidation
either in bulk or in solution during long-term storage (%),

:processmg tech- :

the polymer meJL thc exu'udatr. swe.l}ed upon leavm,g the. 7
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Figare 1. DSC profiles of CPM, PEG, PEO and physical mix-
ture of CPM aad PEO. (a) CPM; (b) PEO (1.0 m); (c) PEG
{3350); () 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
temperature could contribute to the depolymerization of

‘of the extruded tablets demonstrated a decrease of ap-
- proximately 4°C in the melting point of PEO after extru-
* slon, which was probably due to = decrease in the molec-

uim' we:ght of the polymer dusing the processing. With
theid PEG:3350, the extrusion process can pro-
cesd at  lower tempetature 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 0o significant difference in the weight average
moiecular weight of PEO following the processing, when
the 40% PEG 3350 was included as a processing aid.
Without the sddition of PEG, a 15% decrease in the mo-
lecular weight of PEO and slightly longer retention times
were detected.

minimnm rotation
rpm The maximum

(N - m). For each formulation, 2 minimum zone tempera-
ture was required for the materisl to be processed. The
processing conditions for the hot-melt extruded CPM for-
mulations arésshowiAniTable" 1 The polymer melt vis-
cogity was primarily influenced by the molecular weight
of polymer and the temperature of the melt. As the molsc-

the polymer cham whereas sheaﬂng effect,g mthe::

'was 50 Newton-Meter -

Zhavg and McGinity

ular weight of the polymer was incressed, the interchain
friction and entanglement also increased. Friction and en-
mnglements functioned to restrict the flow and movement
of the polymer chains with respect to each other. Once
beyond a critical molecular weight, the chains were long
enough to be entangled, making flow more difficult. This
critical molecular weight of PEQ was reported 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 molecnlar weight, the viscosity
of the polymer melt at low shear rate has been reported
1 depend on the weight average molecular weight up to
a power of 3.5 (11).
High viscosity will uontribute 1o an increase in tha
extrusion torque and m jatiy

M

degradation JCause of the mechanical s“ttength imposed

. When FEO with a molecular weight of
(Table 1, formalation (3) was substituted for
PEO witha mo]ecular we:ght of 1 miltion (Tabie 1, for-

_.mulahon C); the orqie: el'x“&eeded ﬂm_mpaclty nf r.he -

the processing under the same zone temperature
settings as formulation C nonfeasible. The zone tempera
tures wers increased to decrease the melt viscosity in or-
der for the polymer to b€ processed (formulation H). An
increase in the zone temperature by approximately 20°C
significantly lowered the extrusion torque (forrnulation
H). Increasing the temperature is the most comimion prac-
tice to facilitate a polymer extrusion process in the plastic
industry, The melt viscosity decreases exponentially with
respect to the increase jn the temperature and has been
reported to follow the Arrhening equation (11):

1=K X o o)

In this equation, K is a constaat that depends on the strue-
ture and the molecular weight of the polymer, E is the
activation energy of the polymer for the flow process and
itis a constant for the same type 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 structaral unit as
PEQ, but has a lower molecnlar weight than PED. Be-
cause PEQ and PEG have the same repeating unit, they
were completely miscible in the solid state, as demon-
strated by a single melting point when FEG end FEO
were both present in the extrudate [Fig. 3(a)]. Because
the molecutar weight of PEG 3350 is much Jower than the
reporied critical mofecular weight of polyethylene oxide,
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—

Tntensity (Comnts)

—— Extruded tablets (12% CPM, 88% PEO)

e Extruded tablsts (6% CPM, 54% PEC)
———  Polysthyleac oxide (M Wae1,000,000)

e Phiysical mixture (6% C2M, 94% PRO)

Tiewr
'
Extruded tablets (20% 80% PEO)
Chlarphanizanine malsate
16 5 20 25 ) 35 4
2-Theta (Degree)
Figure 2. Wide sngle x-ray diffraction profiles of CPM, PEO, physical mixture, and the extruded tablets.

Table 1 Ak ‘_\w//f ._
: fff‘ll'é‘?lﬁ‘z"c”\u Q\' i 7'

Processing Conditions for Hot-Melt Extruded Tablets Containing CPM S
i & |
Formulation (%) Zane Temperature (°C) Screw Speed Tarque L;Qg ;
CPM* PEO-7® PEO-1¢ PEG! T T T, {rpm) N.m i‘é
A 6 — 94 0 110 s 130 25 34 [
B 6 — 88 6 100 115 130 25 29 &
c 6 - 74 20 0 70 85 40 23 ;éfi
D 6 — 54 40 70 75 85 40 10 =
B 12 - 8% —_ 100 115 120 25 2
F 20 - 80 — 100 115 120 25
Xo & 74 — 20 70 75 gs 25
H 6 74 — 20 90 90 100 40
* Chiorphenivamine maleate.
* Polyethylene oxide {7,000,000). J
¢ polyethylene oxide {1,000,000). 1
€ polyethylene glycol (3350).
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Figure 3. DSC profiles of exroded tablets, (a) 6% CPM,
20% PEG, and 74% PEO (1.0 m); (b} 6% CPM and 4% PEQ
(1.0 m); {c) 20% CPM and 80% PEO (1.0 m).

which is 10,000, the presence of PEG molecules between
the PEO chains was able to diiute and weaken the cohe-
sive interactions betwsen the PEO chains and reduce fric-
tion and entanglement by increasing the interchain space
beiween the PEO molecules.

The melt viscosity was significantly decreased via the
addition of PEG. As shown in Table 1, formulations B,
C, and D could be processed at a much lower temperature
and torque settings when the PEG 3350 was present. PEG
has a muoch higher thermal conductivity and lower melt-
ing point than PEQ. The melting of physical mixtores of
these formulations 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 using the USP Method IT appara-

Zhang snd McGinity
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Figure 4. Influence of molecular weight of PEO on the re-
lease of CPM frofn matrix teblets using USP Method IT at 37°C
and 100 rpm in 900 ml purified water. @: 6% CPM, 20% PEG
(3350), and PEO (7.0 mY; O 6% CPM, 20% PEG (3350), and
PEC (1.0 m).

tus. Samples were assayed by an HPLC method. CFM
was found to be stable under the current extrusion condi-
tions and there wes no change in the retention time before
and after the extrusion process. Complete recovery of the
drug in the dissolntion media was found after a 24-hr
study. The profiles in Fig. 4 demonstrate that drug release
was significantly reduced when the PEC (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
Stability of PEO as a Function of Processing Temperature

. Weight Peak
Formulution (%) Zone Temperature (°C) Average on
CPM' PRO-1* PEG* T Ty Ty MW (xX10% Time
A 6 94 0 110 115 130 0.71 £ 0.05 147
D 6 54 40 70 75 85 0.50 x 0,10 144
1 100 Without being processed 0.92 = 0.08 143
* Chlorpheniramine maleate.
* Polyethylene axide (1,000,000),

© Polyethylene glycol (3350).
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0 T T T . T =

0 2 4 6 8 10 12
Release time (hr)

Pigure 8. Influence of PEG (3350) on the rclease of CPM
from matrix tablets using USP Method I at 37°C and 100 rpm
in 900 ml purified water, C: 6% CPM, 0% PEQ (3330), and
94% PEO (1.0 m); # 6% CPM, 6% PEG {3350), and 88%
PEO (1.0 m); &: 6% CPM, 20% PEG (3350), end 74% PEQ
(1.0 m); I 6% CPM, 40% PEG (3350), and 54% PEO (1.0 m).

PEOQ. The hydration and dissolution rate of the entire ma-
trix system were thus accelerated 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 swrrounding the
tablets. The release of CPM from the matrlx tablet as a
function of the dissolution media is shown in Fig. 6.
Paster drug release from the tablets was seen in acidic
medium (0.1 N HCI) corapared to purified water or phos-
phate buffer (pH 7.4, 50 mM). The solubility of CPM at
37°C in all three media exceeds 1 g/mi. The difference
in the dissolution profiles could be the result of an inter-
zction between PEO and the hydrogen fons in the acidic
medium. The ether oxygen atom of PEO has two spare
pairs of electrons, and it is able to form a hydrogen bopd
with the abundantly presented hydrogen iona in the acidic
media, The interaction with the hydrogen ions would re-
sult in the strong electrostatic repulsion between the poly-
mer chains. This thermodynamically favored process in-
creases the solubility and dissolution rate of PEQ in the
sacidic media, resulting in the faster drug release rate. Bal-
ley et al. (13) also fonnd that the PEQ was more rapidly
sofuble in ecidic medium and cbserved that the upper
criticel temperature of an aqueous PEO sclution was sig-
nificantly raised in acidic media by a strong hydrogen
bonding effect,

247

0 M T T T T —
0 2 4 5 H] 10 12
Release time (br)

Figure 6. Influence of dissolution medium on the relesse of
CPM from matrix tablets (6% CPM, 6% PEG, snd PEC 1.0 m)
using USP Method I at 37°C and 100 1pm in 900 ml dissolution
mediurn. &: 0.1 N HCl withont enzyme; O siwmlated intsstinal
fiuid (pH 7.4} without enzyme; #: purified water.

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

T L] T 1

o 2 4 6 8 W 12
Release time (hr)

Figure 7. Influence of drug loading on the release of CPM
from matrix tablets using USP Method II at 37°C and 100 rpm
in 900 ml purified water. @: 6% CPM aod 94% PEO (1.0 m);
0 12% CPM and B8% PEO (1.0 m); &: 20% CPM and 80%
PEO (1.0 m).
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drog 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 extrizdate at the 6 and 12% drup loading levels
[Fig. 3(b)]. This indicated thut CPM was dispersed at the
molecular Jevel and formed a solid solution within the
PEQ matrix. The hot-melt extrusion process was con-
ducted at approximately 80°C. The drug and polymer
were subjected to this condition for approximately 2-3
min and onder these conditions, the CPM was able to
dissolve in the polymer matrix. During the cooling pro-
cess, the CPM molecvles were locked in between the
polymer chains at the molecular tevel because of the high
viscosity of the polymer melt, In the crystalline state, per
fiber identity period of PEC polymer chains exists as two
helical structures containing seven CH,CH,0 units {14).
It is expected that a significant amount of drug was
trapped in this particular helical interstitial space of the
PEG or PEO crystal when the molien polymer—dmg
composites were solidified. At the 20% drug loading
level, a 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 shupe of the UV scan was obsetved, the new peak
‘could not be attribuled to a degradation product of CPM.

PEO has been found to form crystalline complexes
‘with barbiturates, gusnidine hydrochloride, and urea
(143 Cur resulis dermonstrated thal complex formation
did not occur. If the complex had been formed, 2n 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 drug was able to recrystal-
lize during the cooling step from the molten mass con-
taining 20% drug. Some polymrer chains were inrcorpo-
rated into the crystal lattice of CPM and. formed a solid
solution containing CPM and PEQ. The meling point
was thus depressed from 136.9 to 114.6°C, as shown in
Fig. 3. Similar phenomena have been observed in solid
solutions of chloramphenicol (15) and gdseofulvin (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 ip the x-ray diffraction profiles at all drug
lcading levels. The most intensive peak for CPM was
ebsent at 6 and 12% drug loading levels in the extruded
tablets. This confirmed the conclusion from the DSC pro-

Zhung 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 26 equal to 20.55° in the extruded
lebleis, whereas the characteristic peak of CPM at 20.20°
was absent. The penk shift was due to the presence of
PEO in the CPM crystal structure,

IR spectroscopy also showed that no chemical interac-
tion occurred 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 FEO, The po-
tassium bromide disk of the physicel mixture of CPM
and PEO was stored at 85°C for 10 min to simulate the
exirusion process. No change in the spectrum was seen
in the sample that was subjected to the therma) treatment.

Drug is pormally reieased from hydrophilic colloidal
matrices via diffusion throogh 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):

Q=Kxr 2

where n is the giffusional exponent for drug release,
which gives an indication of the release mechanism, For
& highly water-soluble drug and relatively high-viscosity
grade of water-soluble polymer matrix, drug release is
generally controlled by the diffusion and is described by
the Higuchi model (19). The amount of drug relcased is
found to be dependent on the square root of the time in
the Hignchi model. However, drug release from low-vis-
cosity polymers often shows a deviation from the square
oot of time kinstics. In this case, drug is released to &
significant extent bry 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 ge! layer thickness. This *‘front synchro-
nization process’’ has been proposed to account for the
observed zero-order drug release mechanism from matri-
ces-conlaining hydrophilic polymers (20,21}, A linear re-
Tationship {n = |) was demonstrated to exist for the per-
cent drug released as a function of time, during the initial
stages of the dissolution studies. In the present study, an
approximate linear relationship was observed between
the percentage of drug released and the dissolution time
during the first 6 hr (Fig. 8). The deviation from linearity
after 6 hr was due to depletion 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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Figare 8. Linear fiting of release datn of CPM from PEQ
matrix tablets using USP Method il at 37°C end 100 rpm in
900 m] purified water during the first 6 he, ®: §% CPM, 0%
PEG (33507, and 94% PEQ (1.0 m), y = 10.303x + 6382,
= 0997; [} 6% CPM, 6% PEG (3350), and RR% PEO
{1.0m), y = 10.649x + 3.248, r* = 0.997; O: 6% CPM, 20%
PEG (33509, and 74% PEC (1.0 m), y = 12.158x + 6.777,
2= 0.9%; A 6% CPM, 40% PEG (3350}, and 54% PED
(1.0 m), y = 13.819x + 8.571, ! = 0.989.

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

In summary sion technique was
demonstrated to be a viable method for the preparation
of sustained-release tablets, without the use of a tablet
press. It offers many advantages over traditional tech-
nigues. Solvents and water are nat used in this process.
Fewer processing steps are needed and time-consuming
drying steps are eliminated. There are no requirements
on the compressibility of the active ingredient and the
entire procedure is simple, continnous, and efficient. The
drug, polymer, and other ingredients must be siable at

" the elevated processing temperatore during the 2-3 min

that the powder blend Js processed thmugh the eqmp-
ment. +PEQ:-was defignst b hi:

ing of the components occurrecl in the barrel of the
machine, the content uniformity of the extruded tablets
was within 99.0-101.0% of the theoretica] content. Mod-
ified releases profiles were achieved as a function of the
molecular weight of the PEO. When incorporated as a
processing aid, PEG significanily decreased the pro-

cessing temperature as well as the torque exerted on the
PEO/CPM blend during the extrusion process,

10.

i1,

12.
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