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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 soluble drug 
(diltiazem) and, alternatively, PEO 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 Geomatrixfi 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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I. Introduction 

Among the various hydrophilic polymers em-

ployed for drug release control, hydroxypropyl-

methylcellulose (HPMC) is the most commonly 

used polymer in matrices for extended release of 

* Corresponding author. Tel.: + 39-382-507374; fax: + 39-
382-507381 

E-mail address: cupa@chifar.unipv.it (U, Conte) 
IGeomatrixfi is a registered trademark of Skye Pharma AG, 

Muttenz, CE. 

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 

hydrophilic polymer, and demonstrated that this 

kind of delivery system shows a non constant 

release rate (Apicella or al., 1993). Yet, drug re-

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 I 
Percent composition of different core formulations 

Core CY1 CM, CV, CM, 

PEO (Polyox WSR N60}C) 38.2 
HPMC (Methocel K4M) 38.2 
PEO (Polyox WSR 303 NP) 38.2 
HPMC (Methocel 1(10GM) 38.2 
Diltiazem hydrochloride 49,3 
Lactose 11.0 
Magnesium stearate 1.0 
Colloidal silicon dioxide 0.5 

�Table 2 
Percent composition of different barrier formulations 

Barrier bY1 bM1 bY2 bM2 

PEO (Polyox WSR N60K) 45.0 
HPMC (Methocel K4M) 45.0 
PEO (Polyox WSR 303 NP) 45.0 
HPMC (Methocel KI0OM) 45.0 
Lactose 45.0 
Hydrogenated castor oil 8.5 
Magnesium stear ate 1.0 
Colloidal silicon dioxide 0.5 
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Pig. I. Release profiles of the core formulations CY1, CM,, 
CY2 and CM2. 

Geomatrixfi 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 bath-
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, Polyoxfi WSR N60K (molecular 
weight 2 x 106) and Polyoxfi WSR 303 (molecular 
weight 7 x 106), which are believed to be com-
parable to Methocelfi K4M and Methocelfi 
K100M (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 thug (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 (175) from different core and three-layer systems (mean value, n = 3) 

231 

Formulation Plain matrix no barriers Geomatrix three-layer systems 

by, bM1 by, bM2 

CY1 222 505 616 624 792 
CY2 246 559 687 657 946 
CM1 324 651 724 715 1013 
CM2 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 106) 
is characterised by a viscosity grade comparable 
to Methocel K4M. A 21/o (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 21/o (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 106) is believed to be com-
parable (Union Carbide bulletin, 1993) to 
Methocel K1 00M. 

The other excipients were lactose and magne-
sium stearate (C. Erba, Milan, Italy), hydro-
genated castor oil (Cutina BR, 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 mm (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 – 1%. 

The PEO tablets (CY1 and CY2) showed a crush-
ing strength of 98.3 – 2.9 N, while this parameter 
was 172 – 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 PEO 
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. 
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Fig. 2. Release profiles of Geomatrix three-layer systems with 
CY1 cores and the four different barrier formulations. 
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Table 4 
Prevailing release kinetics (correlation coefficients, R2) of the different three-layer Geomatrix systems 

Formulation by1 bM, by2 bM2 

CY1 Anomalous (0.994) Anomalous (0.997) Anomalous (0.999) Anomalous (0,996) 
CM, Anomalous (0.999) Anomalous (0.999) Anomalous (0.994) Anomalous (0.998) 
CY2 Linear (0.997) Linear (0.999) Linear (0.999) Higuchi (0.998) 
CM2 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). 

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

(1) 
M. 

where M,/M,3 is the fractional drug release, t 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 

0 
form of Eq. (1) was carried out, and a correlation 
coefficient (Al) >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 (1d75) was evaluated 
(Student’s I 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 
CY2 cores and the four different barrier formulations. 
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,Fig. 5. Release profiles of Geomatrix three-layer systems with 
CM2 cores and the four different barrier formulations, 
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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 is slower compared to 
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Fig. 7. Release profiles of Geomatrix three-layer systems with 
bM1 barrier and the four different core formulations. 
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Fig. 6. Release profiles of Geomatrix three-layer systems with 80 
bY1 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, 
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Fig. 8. Release profiles of Geomatrix three-layer systems with 
bY2 barrier and the four different core formulations, 
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’Fig. 9. Release profiles of Geomatrix three-layer systems with 
W, 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 875 between 
Cl’1 and CM, and between CY2 and CM2 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 
KJ0OM, no significant difference between the dis-
solution profiles of these formulations can be 
evidenced. Similar considerations can be made in 
the case of CY1 and CY2 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 (R2 >_ 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 thug release rate 
in all the core formulations (Table 3). In particu-
lar, the application of bM1 barriers to the differ-
ent cores, doubles the tdls of the plain matrices, 
while the td75 of Geomatrix systems with bM2 
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 CY1 as core layer and with the four different 
barrier formulations are compared in Fig. 2. As 
expected, barriers containing polymers of higher 
viscosity (bY2 and bM2 barriers) are more effi-
cient in controlling thug release rate compared to 
those containing polymers of lower viscosity (bY5 
and bM1, F .c 0.01). Moreover, diltiazem release 
from the devices with Cl’1 cores and HPMC 
barriers is slower than the release from systems 
with CY1 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 bY2 and bM2 barriers, while 
0.05 cF <0.1 between bY1 and bM1 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 bY1, bM1 or bY2 
barriers are very similar (Fig. 3). On the contrary, 
the application of the barrier layers containing 
HPMC of higher viscosity (bM2), causes a 
stronger reduction in thug release rate compared 
to the other CM, three-layer tablets (P<0.05). 
Similar behaviour was shown by the three-layer 
systems containing CY2 cores and the four differ-
ent barrier formulations (Fig. 4). CY2bY1, 

CY2bM1 and CY2bY2 dissolution patterns are 
very similar, while bM2 barrier seems to be more 
efficient in controlling drug delivery rate in this 
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Table 5 
Times (mm) at which 75% of the drug is released (td,,) from different core and three-layer systems stored for 1 year at room 
temperature (mean value, n = 3) 

Formulation Plain matrix no barriers Geomatrix three-layer systems 

bY bM1 bY2 bM2 

CY1 223 528 586 632 835 
CY2 278 560 708 667 951 
CM, 309 616 703 765 1089 
CM2 357 632 759 792 1186 

core formulation. On the contrary, the release 
profiles of three-layer matrices with CM2 cores 
and the four different barriers compared to CM, 
and CY2 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 CY2bM2 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 CM2 cores and the 

four different barriers are reported in Fig. 10 as 
example). No significant difference could be evi-
denced in td75 (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 It 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). 
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Fig. II. 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 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 
K lOOM 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 It 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, 
Methocel KIOOM. 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 Polyoxfi Tablets 

, Cherng-ju Kim 

School of Pharmacy. Temple University, 3307 North Broad Street, 
Philadelphia, Pennsylvania 19140 

ABSTRACT 

This study investigated the effects of polymer molecular weight. drug soluhilitv, 
addition of a water-soluble excipient, and drug loading on zero-order release ki-
netics and elucidated the release mechanism of a drug from direct)v compressed 
tablets. Directly compressed tablets consisting ofpolyethylene oxides (PEO) (MW 
= 0.9, 2.0 and 4.0 x 10’) and drugs (solubility ranging from 290 to 25,000 mg/1) 
were formulated with or without a water-soluble excipient (lactose). For PEO tab-
lets (MW = 0.9 x 10’), drug release is primarily swelling/erosion controlled for 
drugs for which so) uhility is below 1%, resulting in zero-order release kinetics. For 
PRO tablets (MW = 4.0 < 1069, drug release is controlled at a zero-order rate by 
the dissolution rate oj’ihe drug at high loading (39%). Al low loading (2(%), drug 
diffusion through the swollen gel layer becomes the governing release mechanism, 

4 For a highly water-soluble drug (e.g., diclofenac Na). drug diffusion is the control-
ling mechanism regardless of the molecular weight of the PROs. Zero-order release 
kinetics can be achieved with PRO tablets MW = 0.9 x JQo) for dru gs for which  �
solubility is below 1%. PEO tablets ’MW = 2.0 x 106) provided zero-order release 
for poorly water-soluble drugs(below 0.2%) at 39% drug loading. It is possible 
to attain zero-order release kinetics with PRO tablets (MW = 4.0 x 106,) using a 
drug which has a solubility of less than 0.] %. 
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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 
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 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 rate 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 polyethylene oxide (PEO) matrix can 
generate balanced rates of swelling and erosion. In PEOs 
of 06, 0.9, and 2,0 x 106, 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 entire 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 a molecu-
lar weight of less than 2.0 x 106, zero-order release pro-
files have been observed from theophylline and 
acetophylline, whereas anomalous release kinetics were 
reported for the polymers of MW = 4.0 x 106 (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 x 106. 

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 FF0 tablets, and elucidated the re-
lease mechanisms of drugs from directly compressed 
tablets. 

MATERIALS AND METHODS 

Materials 

Kim 

Polyox-WSR NF (PEO) of average molecular 
weights 0.9, 2,0, and 4.0 x 106 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). Dielofenac Na and sulfathiazole were 
purchased from Sigma Chemical Co. (St. Louis, MO). 
Ethanol (200% proof) was obtained from Pharmaco 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 Caner press 
machine (model C, Wabash, IN). All tablets contained I 
wt% magnesium stearate as a lubricant. 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 sulfathiazole tablets (400 mg and 9.5 mm 
diameter), in order to finish the experiments within a 
reasonable time frame. All tablets were charged with 
formulation, and a compression of 4000 lb was exerted 
by hand. 

Testing of Tablets 

In vitro release of drugs from the PEO tablets was 
carried out in distilledldeionized water by using the USP 
basket procedure at a stirring rate of 1.00 rpm at 37°C. 
Theophylline, diclofenac Na, salicylic acid, sulfapyri-
dine, and sulfathiazole were chosen as model drugs. The 
release of diclofenae Na, theophylline. salicylic acid, 
sulfathiazole, and sulfapyridine was assayed by an 
HP8252A diode-array spectrophotometer (Hewlett 
Packard) at 250, 244, 298, 268, 288, and 296 rim, 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 phenomenological equation (8): 

ln�= lnk+nlnt 
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where M, Al,, k, and ii are the amounts of drug released 

at time t, 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 C n C 1.0 and 0.45 <ii <089, re-

spectively, for a swellable cylindrical matrix (8)’A lin-

ear regression analysis was performed and a correlation 

coefficient (,.1) ;? 0.99 was obtained. Duplicate or tripli-
cate experiments were carried out for each formulation, 

but only a representative experiment is shown in this 

study for the clarity of figures because data were found 

to be very close (or superimposed) to each other. 

RESULTS AND DISCUSSION 

Preliminary reports show that high molecular weight 

P}-,,0s are good candidates for oral extended-release dos-

age forms (6). PEOs of’MW = 0.9 and 2.0 x Lao provide 

a constant release of drugs from compressed tablets. 
However, those tablets were of smaller size (t 180 mg), 
resulting in difficulties in identifying the fundamental 
release mechanisms of drugs from the PEO tablet matri-
ces. In this study, P130 tablets of 550 rug and dimensions 
of 3.5 x 11.1 Into were used. The release profiles of 
drugs from PEO tablets of MW = 4,0 x 1 O(PE04) are 
shown in Fig. I Apicella of al. (5) and Kim (6) reported 
that the synchronization of the swelling and erosion of 
the polymer (P1304) was not observed under a stereomi-
croscope. Drug release from P1304 tablets is controlled 
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 release kinetics are anomalous because of the 
high swelling of P1304, It was shown (9,10) that the high 
swelling of the polymer furnishes an increase in drug 
diffiisivity, resulting in the deviation from the Fickian 
release kinetics toward zero-order kinetics. While P1304 
is hilly swollen, drug release is carded 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 I illustrates the ef-
fect of drug solubility on the drug release from PE04 
tablets (39% loading). As drug solubility decreases, the 
duration of drug release increases. The release of diclo-
fenac Na (2.5% solubility in water) is characterized as 
non-Fickian kinetics where a = 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 
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Figure 1. Effect of drug solubility on the release of drugs 
from P1304 tablets (39% loading): (0) diclofenac Na; (0, A) 

theophylline: (0, ) salicylic acid: (�) sullathiazole; (s) sul-
fapyridine. 

is the governing step for the drug release, and the swell-
ing of the polymer causes the release kinetics to shift to 
anomalous transport. As thug 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 P1304 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 
theophyllinre and salycilie 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 it = 0.79 and a = 0.81 for theophylline and sali-
cylicc acid, respectively. Linear release kinetics of theo-
phylline can also be obtained from highly swellable/ 
nonerodible tablets (II). 

As drug solubility decreases further below 1000 mg/ 
1, the dissolution of the drug becomes a dominant pro-
cess in controlling the drug release from P1304 tablets. 
This accounts for a constant release with a = 0.96 and a 
= 1.10 for sulfathiazole and sulfapyridine up to 85-90% 
release, respectively. Upon contact with water, the P1304 
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 10-12 hr to complete the hydration pro-
cess (swelling) of the entire PEO tablet. The solid/dis-
solved drug is suspended in the swollen gel and is re-
leased 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 is a smaller portion. Because of 
the low solubility of sulfathiazole (599 mg/I, the drug re-
lease shows a slightly siginoidal profile, and for much 
lower solubility drugs a time lag was observed (not 
shown in Fig. 1) (12). Smaller tablets (9.5 min diameter) 
were used for the release of sulfathiazole in order to fin-
ish the release test within a reasonable time frame. How-
ever, it is justifiable to draw a conclusion from 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 target tablets. Unexpectedly, a much 
shorter release time was observed for sulfapyridine. We 
postulate that PEOs 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 systems controlled by the 
dissolution of the drug (13.14). A mathematical model 
describing dissolution controlled systems can be ex-
pressed by 

dc = _L(-– Dt i)_ kd (c �c) (2) at x ai 
ar 

where c is the dissolved drug concentration in the matrix. 
I is the time, 0 is the diffusion coefficient, c is the drug 
solubility, lcd is the dissolution rate constant, x is the dif-
fusional distance, and n = 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 
Eq. (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 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 front to the dissolution medium 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-

Kim 

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 (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 PEO decreases, however, the release mechanism 
shifts to the swelling/erosion-controlling processes of 
polymer. The synchronization gel layer of PEO of MW 
= 0.9 x 106 (PEOO,9) and PEO of MW = 2.0 x 
(PE02) 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,l5) 

M 
(3) 

where a. and 0 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 erosion (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, T5, 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 diclofenac Na, the 
release profiles of theophylline, salicylic acid, and sul-
fathiazole from PEOO.9 and PE02 tablets yield zero-
order kinetics (75-85% release), 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 much 
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 PEOO.9 and PE02 tend to favor a 
linear release changing from n = 0.72 for P1204 tablets 
to n = 0.85 and 0.91 for PE02 and P1200,9 tablets, re-
spectively. The values of the release exponent ii for 
P1202 tablets are 0.83, 0.86. and 1.12 for theophylline, 
salicylic acid, and sulfathiazole, respectively, whereas 
those for P1200.9 tablets are 1,01, 0.97, and 1.17 for 
theophyfline, salicylic acid, and sulfathiazole, respec-
tively. This results from the greater contribution of the 
swelling/erosion (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 PE02 tablets (390/4 loading): (0) diclofenac Na; (A) iheo-
plwlline; (O slicylic acid; (t) sulfathiazole, 

The effect of drug loading on the kinetics from the 
PE04 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 395/0, the 
release of diclofenac Na from the PE04 tablets becomes 
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Figure 3. Effect of drug solubility on the release of drugs 
from PEOO.9 tablets (39% loading): (0) diclofenac Na: (A) 
theophylline; (D) salicylic acid; (�) sulfathiazole. 
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Figure 4. Effects of drug loading and a water-soluble addi-
tive on the release of drugs from PE04 tablets: (A) diclofenac 
Na (39% drug, 0% lactose); (x) diclofenac Na (20% drug. 19% 
lactose); (+) diclofenac Na (20% drug, 0% lactose); (0) sali-
cylic acid (39% drug, 19% lactose); (0) salicylic acid (20% 
drug); (A) sa.licy[ic acid (39% drug); (S) sulfathiazole (20% 
drug); (�) salfathiazole (39% drug). 

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 a = 0.81 and 
it = 0.94 for salicylic acid and sulfathiazole, respectively, 
For the 20% drug-loading PE04 tablets, the release ki-
netics exponent it is 0.72 and 0.78 for salicylic acid and 
sulfathiazole, respectively. This observation was also 
found for PE02 and P1300.9 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 
loading is maintained for poorly water-soluble drugs 
(i.e., salicylic acid), the addition of a water-soluble cx-
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 5. Summary of effects of drug solubility, P110 mo-
lecular weight, and drug loading on the release of drugs from 
P110 tablets: (�) 20% loading; ( --- ) 39% loading. 

from the 20 and 39% loaded PE04 tablets cross over 
each other at the middle of the release profile. It seems 
that the rate of drug diffusion is faster than the rate of 
drug dissolution. In this case, the diffusion of the dis-
solved drug (a large portion) in the 20% loaded PE04 
tablets is more rapid at the early stage of release than 
that (a small portion) of the 39% loaded PE04 tablets. 
The crossover of two release profiles from PE02 tablets 
occurs at a slightly higher drug solubility (salicylic acid). 

However, when drug solubility is about 290 mg/I, 
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 attributable 
to the release mechanism for a drug with very low wa-
ter solubility, for which the drug release 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 P1100.9 tablets, drug release is gov-
erned by the swelling/erosion processes of the polymer, 
giving rise to the faster dissolution of the polymer with 
zero-order kinetics as the drug loading increases. For the 
release of diclofenac Na from the P1100.9 tablets, drug 
diffusion is a controlling factor for the release kinetics, 
so that at the lower drug loading a linear release  
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 sane release profiles. This can be achieved 
by adding a water-soluble excipient in a tablet (low 
dose). Figure 4 also presents the effect of a waler-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 P1104 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 P1104 tablet 
containing 39% loading is superimposable, except in the 
final stage of release, with that from a P1104 tablet con-
taining 20% drug/19% lactose, provided each tablet has 
the same total weight. 

In conclusion, the controlling mechanism of drug re-
lease from PLO tablets is dependent upon 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 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 x 1061 resulting in zero-order ki-
netics. For a PLO of MW = 4 x 106, drug release is 
governed 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 thug on the linear release 
kinetics diminishes, resulting in anomalous transport 
behavior. 
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ABSTRACT 

The objectives of the present study were to investigate the properties oJppJthylene adele (PEO) as 
a dnçg cqrner and to study the release mechanism of ..lo he  malease (CPM) from matrix 
tab" ijSd by hot-melt extrusion. During the hot-melt extrusion process, a thy powder blend 
of drug, polymer, and other adjuvants was fed into the exiruder, and melted inside the barrel of 
the machine The molten mass was extrudedthrough a .ro4 shaped die and then cut manually into 
400-mg tablets CPM and FEC) were shown to be stable under the processing conditions. The molecu-
lar weigh: of the PRO, the drug loading percentage, and the inclusion of polyethylene glycol as a 
processing a14 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 FEC) 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 PRO matrix at low drug 
loading 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. PRO was 
shown to be a suitable polymeric carrier for this process. 
KEY WORDS: Chiorphenirainine ma/eate; Hot-melt extrusion; Polyethylene oxide; Sustained-release 
tablets. 

During the past 30 years, extensive research has been 
Pursued with modified- and sustained-release drug deliv-
ery systems. The advantages of such systems over tratli-
dons] 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). The use of slowly eroding matrix tablets has been one 

of the most common approaches for preparing sustained-
release dosage forms. Water-swellable polymers or poly-
saccharides have been used as binders and retardants. The 
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 technique in-, 
volving several steps. Bxcipients such as binders, lubri-
cants, and glidants are required to facilitate processing. 
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The direct compression and dry granulation techniques 
are subject to content uniformity and segregation prob-
lem during the tableting process. Poor compressibility 
of the tablet exciplents or the drugs may introduce addi-
tional problems into theaiipacu...process. 

b*trusiqn technolog"is one of The most ire 
oce Sinttechniqucs in the plastic industry. Dur-

ing the process, polymer and excipients are transferred 
by a rotating screw through a heated barrel of the ex-
truder. The polymer melts at the elevated temperature and 
the molten mass is c atm imped .ugh*c. *. 
attached at the end of barrel The molten polymer rapidly 
solidifies wI(en’the axtrudate exits the maclime through 
the die, Wheti dspeS die is changed, the final prod-
uct may take the form of a film, pipe, tube, or granule 
(2).Toproducegranules or tablets via bot-meltextrusion, 
a pbarmaceutical-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 duration of the heating process. 

Several researchers have successfully used’ihe.Wot
. ..:Follonier et at. (3) 

IN&VISMluazôin  ’hydrochloride pellets with poly (ethylene-
co-vinylacetate) poltiÆAczilate and cellulose de-
rivatives without significant degradation of the drug. 
Aitken-Nicho1etal (2) successfully applied th&lx*-ni[elt 
Cxtflzs3gfl process to fabricate a solvent free 1?âocaine 
hyd?hlonde41lm based on the Eiibrigdt E 100 resin 

The objectives of the present study were t&iæethe
 properties of polyethylene oxide (PEG) as a drug car-

rier and to study the release mechanism of chlorphenira-
mine maleate (CPM) from 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 PEO 
were also investigated. Wide-angle x-ray diffraction 
(WAXD), differential scanning calorimetry (DSC), and 
IR spectroscopy were used to characterize the crystalline 
and thermal properties of the extruded tablets. 

MATERIALS MW METHODS 

Maak 

PEe cesms of" molecular weights 1000000 and 

-7,0 D0.,,QW:....p0Yded by the Union Carbide Corp. 
CT) "under the trade name Polyox’ WSR 

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

Thug and McGinity 

Processing Method 

The types of extenders.punentlypallabit for hot-melt
extrusion include the single- and twin-screw extrudes 
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 transfer 
the solid material forward into the melting section. The 
polymer gradually melts as it enters the melting section. 
Initially, melting results from the beat 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. Inside the metering section, 
materials primarily exist in the molten state. The molten 
mass is continuously pumped through the metering sec-
tion and passed through the die in a variety of shapesfTh 

In the present study, the dry blend of drug and polymer 
was processed using a single-screw extnider (C W Bra-
bender Instrument Inc., S. Hackensack, NJ). The extruder 
was driven by a plasti-corder5 (model EPL-V5501) elec-
tronic torque rheometer unit. The length-to-diametenatio 
(LID) of the barrel with two heating zones was....LA 
single eight screw çj uniform pitch was used in the pres-
ent study. AS-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-
tire. All components were mixed homogeneously in a 
twin-shell blender for 20 mm. These materials were then 
transferred into the feeding hopper of the extruder. The 
temperature setting for the different heating zones and 
the excision torque during processing were recorded. 
The dwell ...fthe polymer inside the barrel was ap-
ptâxnnately 2-3 nun, The extrudate was cooled to 50-
60oC and then manu1ly cptihto tablets (10mm in diame-
ter  and 43 awn in thic)ness). 

In Vitro Release Properties 

Dissolution studies were performed according to 
Method II of the USP 23. The analysis of the CPM was 
conducted on a Waters (Milford, MA) high-pressure liq-
uid chromatography (IIPLC) system with a Waters 486 
ultraviolet (UV) detector, together with a Waters pump 
(model 501). The data were collected with Millennium 
software: The BPLC column was a Nucleosil C-I 8(5 
pm), 250 mm X 4.6 mm inner diameter (i.d.) from All-
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tech Associates, Inc. (Deerfield, 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 mI/mit,. The retention time of the (PM 
was 3 mm. The content uniformity studies were per-
formed on six tablets using }IPLC 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-
meats, New Castle, OF). Ultrahigh pure nitrogen was 
used as the purge gas at a flow rate of 150 jul/mb,. Ap-
proximately rproximately 10-20 mg of sample was weighed and 
sealed in a nonherinetic aluminum pan. The temperature 
ramp speed was set at 10°C/nt for all studies, 

WAXI) was performed to characterize the crystalline 
properties of the excipients and the extrudate. A vertical 
scanning diffractometer (type 42273, Philips Electronic 
Instruments, Mount Vernon, NY) was used in the present 
experiments. The x-ray source was CuJCa radiation under 
35 kV and 20 mA. The angle of the scan ranged from 
100 to 400 in increments of OcOS°fsec. 

JR spectroscopy was used to study the possible corn-
plexation between the CPM and the polyethylene oxide. 
A potassium bromide disk of the sample was prepared 
and the JR scan was conducted on a Magna-111 Spectrom-
eter (model 550. Nicolet Instrument Inc., Madison, WI). 

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 a WISP model 710B air-
tosampler, model 510 solvent delivery system, Ultrahy-
drogel0 1000 and 2000 columns connected in series, and 
a model 410 differential refractometer as the detector. 
The PEG standards were used in the analysis. Double. 
distilled water containing 0.1 M sodium nitrate was used 
as the mobile phase at the flow rate of I mi/nt. 

RESULTS AND DISCUSSION 
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were investigated in the present study. PEA) is a thermal 
plastic polymer and depending on the molecular weigh 
the melting point of the polymer ranges from 60 to 750C. 
Above the melting point, the polymer can be extruded or 
molded by coveu4onal.thermopiastic .proces.ing tech-
niques.. The exttutaswelled diametrically, a phenome-
non’ knon as the swelhnCwhen extruded through the 
die In the present study, the extrudatti had a diameter of 
10 mm, whereas the diameter of the die was 6 mm The 
screw imposed shear stress to die polymer melt during 
the extrusion process. Because of the elastic property of 
the polymer melt, ó dxttudate swelled ..:1eayi4gSdie

 to recover tbi& deformanon The extent of swelling 
j4jjJj the processing conditions had the :nanzre of 
the material (4) 

PRO ba# been used
 to.

o prepare sustained release tablets 
.............t compression. Theophylline has 

been widely used as a model drug in previous research 
concerned with sustained-release matrix tablets (5). The-
ophylline is a high-dose drug and possesses good com-
paction properties (6-8). Generally, 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. 

(PM is a low-dose crystalline drug. Such low-dose 
drugs may present content uniformity problems in matrix 
tablets prepared by direct compression. Both PEG and 
PRO are manufactured via the polymerization of the eth-
ylene oxide monomer. Because of the linear and regular 
structure, they exist as semicrystalline polymers under 
room temperature. The solid structure consists of an inti-
mate mixture of ordered crystals and randomly structured 
amorphous region. The DSC scans, shown In Pig. I, dem-
onstrate the profiles for PEG 3350, PRO (1 an), and (PM 
with melting points at 64M4, 72.97, and 136S0°C, re-
spectively. The melting peaks of (PM and PBO were 
both observed for the physical mixtures at all drug-load-
ing levels. The multitude of peaks observed in the x-ray 
diffraction pattern of PEG and (PM powder also verified 
their crystalline properties (Fig. 2). The most intensive 
peaks for PEG and (PM were found at 26 angles equal 
to 2330° and 2020°, respectively. The x-ray diffraction 

PRO resins are non-ionic, water soluble, high molecu- profile of the PEG was actually the superimposed sharp 
In weight homo-polytners manufactured by the hetet-oge- diffraction lines of the ordered crystals and the diffusion 
neous catalytic polymerization of ethylene oxide. The lines of amorphous regions of the material. The x-ray dif-
resin meets all the specifications of the official compen- fraction peaks of PRO were much broader than the peaks 
dia and Is available in a broad range of molecular. of (PM, which is a crystalline material. 
weights i.e., as low as l00,00Qai$up)71O00 

. 
Ut)) Res PRO has been reported to be susceptible to oxidation 

Ins with molecular weightsbf....7QQ either in bulk or in solution during long-term storage (9 
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FIgure 1. DSC profiles of CPM, PEG, PEO and physical mix-
ture of CPM and PEG. (a) CPM (b) PEG (1.0 m); (c) PEG 
(3350); (d) physical mixture of CR1.4 and PEG (1.0 m). 

In the hot-melt extrusion processing, the polymer was 
subjected to both thertual and shearing stresses. High 
temperature could contribute to the depolymerization of 
the polymer chain, whereas shearing effeqs m the 
screw uld-esultinflymercbain dcazirçtsb  
lethcqntaining only CPM and P20 and processed by hot-
it exuuhign af 115°C, ’display  

a $light yellow color 
Łompared to the unprocessed PEG powder. DSC profiles 
Of the extruded tablets demonstrated a decrease of ap-
proximately 4°C in the melting point of PEG after extru-
sion, which was probably due to a decrease in the mdcc-
tiler, weight of the polymer during the processing. With 
theaI&ff& PEG 3350 the extrusion process can pro-
cSŁThiti1wertemperawre and torque, as shown inTable 
I. 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 
molecular weight of PEG 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 detected 

During the ex.trusion process, the ...imum rotation 
speed of the screw was set at 25 rpm. The maximum 
torque capatiky of theSi�uder was SC) Newton-Meter 
(N’ m). For each formulation, a minimum zone tempers. 
lure was required for the material to be processed. The 
processing conditions for the .frnrclt extruded CPM for-
mulations ai1h$STIb1The polymer melt vis-
cosity was primarily influenced by the molecular weight 
of polymer and the temperature of the melt. As the molec-

Zbang and McGlthty 

ular weight of the polymer was increased, the interchain 
friction and entanglement also increased. Friction and en-
tanglements ftnctioned 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 PEO 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 molecular weight, the viscosity 
of the polymer melt at low shear rate has been reported 
to depend on the weight average molecular weight up to 
a power of 3.5 (11). 

High viscosity will contribute to an increase in the 
extrusion torque and rØ.polymcuch"  scission 
degradation J,6kse of be m’eebanical sT&ength imposed 
by the saew When PEO with a molecular weight of 

fliuioà (Table 1, formulation 0) was substituted for 
PEG with a molecular weight of 1 million (ruble 1. for-
mulaton C), the torque dieeded the capacity of the cx-
truder The high torque associated with formulation 0 
me

 
the processing under the same zone temperature 

settings as immolation C non?easible. The zone tempest-
turns were increased to decrease the melt viscosity in al-
der for the polymer toroceüid (fª5EThfiuiflt). An 
increase in the zone temperature by approximately 20°C 
significantly lowered the extrusion torque (formulation 
II), Increasing the temperature is the most common prac-
tice to facilitate a polymer extrusion process in the plastic 
industry, The melt viscosity decreases exponentially with 
respect to the increase in the temperature and has been 
reported to follow the Anthenins equation (11): 

(I) 

In this equation, K is a constant that depends on the struc-
ture 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 type of polymer. It is the gas 
constant and T is the temperature in degrees Kelvin. The 
activation energy for the PEO was reported by Costagli-
ole et aL to be 6.4 Iccal/mol (12). 

PEG 3350 was used as a processing aid in the present 
study. PEG is composed of the same structural unit as 
PEG, but has it tower molecular weight than P20. Be-
cause P20 and PEG have the same repeating unit, they 
were completely miscible in the solid stale, as demon-
stated by a single melting point when PEG and PEO 
were both present in the extrudate (Pig. 3(aJ, Because 
the molecular weight of PEG 3350 is much lower than the 
reported critical molecular weight of polyethylene oxide, 
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I 

I 

&nded tablets (12% (PM, 58% FED) 

Polysbyleec oxide (.IWI,000MOO) 

Physical mIxture (6% Q&,94% PRO) 

10 15 20 25 30 35 40 
2-7beta (Degree) 

Figure 2. Wide angle x-ray diffraction profiles of CPM. PEO, physical mixture, and the extruded tablets. 
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Processing Conditions for Hot-Melt Kztn4ded Tablets Containing CEM 

tj 

Formulation (%) Zone Temperature (°C) 
Screw Speed Torque 

CPMI PEO-7t FED-I’ PEGd T1 T, T3 (rpm) Nm 

A 6 - 94 0 110 115 130 25 34 
3 6 - 88 6 100 115 130 25 29 
C, 6 - 74 20 70 70 85 40 23 
1) 6 - 54 40 70 75 85 40 10 
E 12 - 88 - 100 115 120 25 40 
F 20 

- 80 - 100 115 120 25 21 

VG 6 74 - 20 70 75 85 25 Overload 
H 6 74 - 20 90 90 100 40 21 

’Odoi$enirantine maleare. 
bpjyIyp, oxide (7,000000). 
’Polyethylene oxide (1,000.000). 
’Polyethylene Street (3350). 
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Figure 3. DSC profiles of exUuded tablets. (a) 6% CPM. 
20% PEG. and 74% LEO (1G m); (b) 6% CM and 94% LEO 
(1,0 m); (c) 20% CPM and 80% LEO (1,0 in), 

which is 10.000, the presence of PEG molecules between 
the PRO chains was able to dilute and weaken the cohe-
sive interactions between the PRO chains and reduce fric-
tion and entanglement by increasing the interchain space 
between the PRO 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 
bass much higher thermal conductivity and lower melt-
ing point than PRO. The melting of physical mixtures 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 US? Method 11 appara-

Zhar.g and McOinity 

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

Figure ’t Influence of molecular weight of PRO on the re-
lease of CM from matrix tablets using USP Method II at 37°C 
and 100 rpm in 900 ml perilled water. 1:6% CPM, 20% PEG 
(3350), and PEO (7.0 m); 0:6% CPM, 20% PEG (3350), and 
PEO (1.0 in). 

tus. Samples were assayed by an HPLC method. CPM 
was found lobe stable under 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 significantly reduced when the PRO (7 in) was used 
in the polymeric matrix. 

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

Table 2 

S:abtti’ of PEt) as a Function of Processing Temperature 

Formulation (%) Zone Temperature Ct) Weight 
Avenge 

Peak 
Retention 

PEGt T, T2 T, MW (XlO) Time 

A 6 94 0 110 115 130 0.71–0.05 14.7 

1) 6 54 40 70 75 85 0.90–0.10 14.4 
100 Without being processed 0.92 t 0.08 14.3 

Odorphethzamune malca 
P"yefltykac oxIde (1,000.000). 
Polyethylene glycol (3350). 

ay 
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Release time (he) 

Figure S. Influence of PEG (3350) on the release of GM 
from matrix tablets using USP Method flat 37°C and 100 rpm 
In 900 ml purified water.Cl: 6% CPtIL 0% PEG (3350), and 
94% PRO (1.0 m);S 6% CPM, 6% PEG (3350), and 88% 
PRO (1.0 in); A: 6% GM, 20% PEG (3350). and 74% PEG 
(1.0w); R’6%  CPM, 40% PEG (3350). and 54% PRO (1.0 nI)c 

PEO. 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 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 HC1) compared to purified water or phos-
phate buffer (pH 7.4, 50 raM). The solubility of (i’M at 
37°C in all three media exceeds I g/rnl. The difference 
in the dissolution profiles could be the result of an inter-
action between PRO 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 formahydrogen bond 
with the abundantly presented hydrogen ions 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 PRO in the 
acidic media, resulting In the faster drug release rate. Bai-
ley et al (13) also found that the PEO was more rapidly 
soluble in acidic medium and observed that the upper 
critical temperature of an aqueous PRO solution was sig-
nificantly raised in acidic media by a strong hydrogen 
bonding effect 
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Release time (bw) 

Figure 6. Influence of dissolution medium on the release of 
GM from matrix tablets (6% GM, 6% PEG, and PRO 1,0 in) 
using US? Method!! at 37°C and 100 rpm in 900 ml dissolution 
medium A: 0.1 N HO without enzyme; : simulated intestinal 
fluid (pH 74) without enzyme �: purified water. 

The profiles in Fi& 7 demonstrate the influence of 
drug loading on the release of CPM from the PEO tablets 
in purified water. The reproducibility of the dissolution 
data in Figs. 5-7 was quite good, with standard devia-
tions in the 4% range. When the drug content was in-
creased from óto l2no change ia the percentage of 

Release time (hr) 

Figure 7. Influence of drug loading on the release of GM 
from matrix raMs using lISP Method U at 31°C and 100rpm 
in 900 ml purified water. �: 6% CPM and 94% PRO (1.0 in); 
U 12% CPM and 88% PRO (1.0 ni); k 20% GM and 80% 
PRO (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 
2.0%. 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 óand 12% drug loading levels 
[Fig. 3(b)]. This indicated that CPM was dispersed at the 
molecular level and formed a solid solution within the 
PEO 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 under these conditions, the CPM was able to 
dissolve in the polymer matrix. During the cooling pro-
cess. the CPM molecules were locked in between the 
polymer chains at the molecular level because of the high 
viscosity of the polymer melt. In the crystalline state, per 
fiber identity period of PRO polymer chains exists as two 
helical structures containing seven CH2CH20 units (14). 
It is expected that a significant amount of drug was 
trapped in this particular helical interstitial space of the 
PEG or FEC) crystal when the molten polymer�drug 
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 shape of the UV scan was observed, the now peak 
could not be attributed to a degradation product of CPM. 

PEO has been found to 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 drug 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 PEG. The melting 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 chlornmphenicol (15) and grlseofulvin (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 levels. The most intensive peak for CPM was 
absent at 6 and 12% thug loading levels in the extruded 
tablets. This confirmed the conclusion from the DSC pro-

Zhang and McOinity 

files that the CPM was present at the molecular level in 
the extruded tablets. However, at 20% drug loading level, 
a new - appeared at 29 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 
PRO in the CPM crystal structure. 

1k spectroscopy also showed that no chemical interac-
tion occurred between the drug and the polymer. No shift 
was observed in the JR absorption peaks of CPM after 
the drug was physically blended with the PRO. The po-
tassium bromide disk of the physical mixture of CPM 
and FEC) was stored at 85°C for 10 min to simulate the 
extrusion process. No change in the spectrum was seen 
in the sample that was subjected to the thermal treatment. 

Drug is normally released 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 generally ex-
pressed as follows (IS): 

QKXI’ (2) 

where n is the diffuslonal 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 diffusion and is described by 
the Higuehi model (19). The amount of drug released 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 time kinetics. In this case, drug is released to a 
significant extent by erosion of the swollen get 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-order 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 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 5 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 inol-
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Figure 8. Linear fitting of release data of CPM from PEG 
matrix tablets using USP Method 11 at 37°C and 100 rpm in 
900 ml purified water during the first 6 hr. S: 6% CPM, 0% 
PEG (3350), and 94% PEG (1.0 in), y = 10.303x + 6.382, 

= 0.997; 0: 6% CPM, 6% PEG (3350). and 88% PEO 
(1.0 in), y = 10.649x + 8.248," 0.997; 0:6% CPM, 20% 
PEG (3350), and 74% PEG (hO in), y = 12.158x + 6.777, 

= 0.994; A: 6% CPM, 40% PEG (3350). and 54% PEG 
(1.0 in). y = 13.819x + 8.5711 rt = 0.989, 

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

In summary, t hot-melt extrusIon technique was 
demonstrated to be i\iâi,le  method for the preparation 
of sustained-release tablets, without the use of a tablet 
press. it offei many advantages over traditional tech-
niques. Solvents and water are not used in this process. 
Fewer processing steps we 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, continuous, and efficient. The 
drug, polymer, and other ingredients must be stable at 
the elevated processing temperature during the 2-3 mm 
that the powder blend is processed through the equip-
ment FEC wardetftöiiiiije4  to ahellent theimo-
plauco1yMer fpr this process ’Because additional mix-
ing ifihi components 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 FEC. When incorporated as a 
processing aid. PEG significantly decreased the pro-

2ty&&y249 

cessing tempeinthre as well as the torque exerted Si the 
PEOJCPM blend during the extrusion process. 
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