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bstract

The objective of this investigation was to explore the effects of drug solubility on the evolution of matrix dimensions and gel layer’s during drug
elease and investigate the relationship between these effects and the mechanism and the rate of drug release.

Two hydrophilic swellable polymers Polyox (POL) and cross-linked Carbopol (CARB) were employed as carriers. Caffeine (CAF) and
heophylline (THE), two drugs having similar chemical structure but different aqueous solubility, were used as model drugs.

Both drug and polymer characteristics were found to influence the dimensional changes of matrices and the development of the gel layer formed
round the glassy core. The dimensional expansion in CAF matrices was always more pronounced than the THE matrices. Also the CARB matrices
emonstrated greater maximum expansion and lower drug release than the POL matrices, due to a smaller degree of erosion of CARB.

The dimensions of CARB/CAF matrices, unlike all the other matrices studied, exhibited a biphasic increase at early times, which was attributed to
he cross-linked structure of CARB and the high solubility of CAF. With both polymers, a thinner gel layer was developed in the matrices containing
he less soluble THE compared to the CAF matrices. The thickness of the gel layer increased continuously with time in the CAF matrices whereas
t increased initially and after reaching a maximum started to decrease in THE matrices. All formulations except those of CARB/THE exhibited

urst release, which depended on drug and polymer characteristics. The gel layer thickness and erosion rate appeared to determine the rate of drug
elease from the CARB and POL formulations. The results clearly indicate that for these matrices gel thickness and fluctuation of gel thickness
ffect the release rate/h of drug proportionally. Analysis of the release kinetics indicated that CAF was released mainly through diffusion whereas,
HE was released mainly through matrix erosion.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The characteristics of the hydrophilic polymers employed
or the preparation of matrix systems and especially their exten-
ive swelling and erosion influence considerably the behavior
f these controlled release drug delivery systems. They also
etermine the extent of drug release and its kinetics. It has
een suggested that matrix geometry (Reynolds et al., 2002;
iepmann et al., 1999, 2000) and the dimensional changes

Colombo et al., 1995; Moussa et al., 1998) of the matrix, in
ddition to the formation-growth of gel layer (Colombo et al.,
987), can affect the drug release of these systems. Swelling and
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rosion define the gel layer thickness, which is formed around
he tablet. This layer and its thickness play a very important role
nd is considered to be the controlling factor of drug release from
ydrophilic matrices. The thickness of the gel is determined by
he relative position of the moving (swelling and erosion) fronts.

number of studies have shown that the solubility of the drugs
ffects the rate and mechanism of drug release from the swellable
elivery systems.

Nevertheless, the discussion on these studies was mainly
ocused on the effects of drug solubility on the evolution of the
el layer (Conte et al., 1988; Zuleger et al., 2002) and the change
f the release mechanism from a drug diffusion-controlled in

he matrices loaded with water-soluble drugs to an erosion-
ontrolled mechanism in the case of matrices loaded with poorly
ater-soluble drugs (Bettini et al., 2001). In addition, most of the

iterature concerns the study of swelling and the gel thickness

mailto:efentakis@pharm.uoa.gr
dx.doi.org/10.1016/j.ijpharm.2007.02.023
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hanges of hydroxypropylmethyl cellulose matrices (Bettini et
l., 2001; Gao and Meury, 1996; Colombo et al., 1999), but there
s a lack of information for other polymers involved in controlled
elease systems.

Several methods have been considered for the study of
welling, axial and radial expansion and the assessment of tablet
imensions. These methods include the tablet weighing, occa-
ional photography of the tablet against a calibrated graticule
nd recently image analysis (Papadimitriou et al., 1993; Gao and
eury, 1996; Fyfe and Blazek, 1997; Rajabi-Siahboomi et al.,

994). The image analysis method allows a regular and accurate
ssessment of the tablet’s dimensions employing a non-invasive
echnique, also permits an overall evaluation of the material
sed. Finally it ensures a reliable documentation of the dimen-
ional changes, of the swelling process and provides excellent
nformation for the gel layer thickness and erosion.

The objectives of the present work are two-fold. First, to
tudy the effect of drug solubility on matrix swelling and dimen-
ion changes. Second, to investigate the relationship between
hese effects and drug release. The drugs utilized, were two
hioxanthine derivatives, i.e., caffeine and theophylline, which
ave similar chemical structure but different aqueous solubil-
ty. This is a more scientific approach of studying the effects
f drug solubility than using drugs of quite different chemical
tructure or the base (acid) form of a drug and its salt, since
n the latter case the different chemical nature of the drugs

ay lead to different drug–polymer interactions, rendering the
nterpretation of the results difficult. Two hydrophilic swellable
olymers with different properties, Polyox and Carbopol were
mployed as matrix-forming materials (Efentakis and Vlachou,
000; Efentakis et al., 2000).

. Materials and methods

.1. Materials

Caffeine (CAF) and theophylline (THE) (Sigma, St. Louis,
O, USA) were used as obtained. Polyethylene oxide [Polyox,

OL] of 9 × 105 MW (Union Carbide, CT) and Carbopol 974
CARB) (BF Goodrich Chemix) were chosen as model poly-
ers. For the determination of viscosity (1%, w/w, at 24 ◦C) and

ontact angles of Polyox and Carpool 974 polymers, a Brook-
eld digital viscometer model DV-II (Brookfield Engineering
ab., Massachusetts, USA) and a Kruss G40 contact angle mea-
uring system (Kruss GmbH, Hamburg, Germany) were used,
espectively.

.2. Tablet preparation

Drug free tablets were made from POL and CARB by weigh-
ng 450 mg of the material and directly hand filling into the die
f a Carver press (Fred S. Carver Inc., Memomonee Falls, WI,
SA) and compressed. Drug tablets of 450 mg were prepared

y mixing together polymer and drug. The mixture consisted
f 70% (w/w) of polymer and 30% (w/w) of drug. They were
ixed for 10 min in a Turbula–T2C mixer (Willy A. Bachofen
G. Basel, Switzerland), then the tablets were compressed to a

w
(
w
U
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rushing strength of 9–10 kg, measured in the Erweka hardness
ester (Erweka Heusenstamm, Germany). The diameter of the
at face tablets was 13 mm and the height was 4 mm.

.3. Release studies

Drug release studies were carried out according to the pro-
edure described in USP using a dissolution tester (Pharmatest,
ainburg, Germany), paddle method, in 900 ml deionized water

t 37 ± 0.5 ◦C with the stirring at 100 rpm. Samples were with-
rawn in selected time interval, filtered and analyzed at 272 nm
or caffeine and 273 nm for theophylline using a Perkin-Elmer
V spectrophotometer (Norwalk, CT, USA). An equivalent vol-
me of temperature-equilibrated fluid was replaced into the
issolution bath following the removal of every sample. The
ata represent the mean values of at least three separate exper-
ments and the mean cumulative percentage of drug calculated
±standard deviation) and plotted against time.

.4. Uptake and erosion studies

Weighed drug-free tablets were placed in flat bottom dissolu-
ion vessels, containing deionized water under the conditions of
emperature and stirring described in the dissolution studies sec-
ion above. To prevent floating, tablets were placed under a bell
hape “tent” formed by a pre-weighted 4 cm × 4 cm metal mesh
no. 10) square. At selected time intervals (30, 60, 90, 120, 180,
40, 300, 360 and 420 min) an individual tablet was withdrawn
sing the mesh “tent”. The mesh and the tablet were blotted to
emove excess water and then weighed on a Sartrorius analytical
alance. Then the wetted tablets were dried in an oven at 105 ◦C
or a 24 h period after that, before weighing. They were cooled
n a desiccator and finally weighed. This process was repeated
ntil a constant weight was achieved (final dry weight). Three
ifferent tablets were measured at each time point, and fresh
ablets were used for each individual time point. The extent of
rosion (E) was determined by,

(%) = 100(Wi − Wf)

Wi
(1)

here Wi and Wf are the initial starting dry weight and final dry
eight of the same dried and partially eroded tablet, respectively.
lso, the increase in weight (uptake) due to absorbed liquid (A)
as calculated at each time point by

(%) = 100(Ww − Wf)

Wf
(2)

here Ww is the mass of the wet tablet before drying.

.5. Optical image analysis

The method we used was similar to the method described in
previous study (Gao and Meury, 1996). The recorded images

ere collected and analyzed with a Leica image analysis system

Leica Q 5001 W). A video camera (JVC TK-C11381, Japan)
as fitted with a zoom lens (Century Precision Optics AD-5870,
SA) and connected to a monitor. The light system consisted
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f a fluorescent tube fitted under the beaker. The beaker was
overed to prevent external light. The tablet was held on a pin
nd placed in a dissolution beaker (of a dissolution apparatus)
ith 900 ml of deionized water at 37 ± 0.5 ◦C at 100 rpm. The

ablet was mounted in a vertical or horizontal direction to allow
he observation of swelling in the axial or radial direction. The
eaker was removed, at predetermined time intervals from the
issolution apparatus and was transferred to the optical image
et up. The tablet was photographed by means of a video camera
o record the axial and radial changes of the swelled tablet and to
stimate the gel thickness growth. The gel layer appears as a light
hite ring due to the scattering of light by the hydrated polymer.
he glassy core and the medium appear black, as they do not
ermit scattering of the incoming light. The swelling values of
xial, radial and gel layer were obtained by calibration of the
btained image. The dimensional scale was calibrated from the
nown tablet size and measurement of the image obtained at
= 0. Results reported are averages for three different tablets.

.6. Statistical analysis

Results given as mean ± standard deviation (S.D.), were ana-
yzed using Student’s t-test (P < 0.05).

. Results and discussion

As mentioned earlier two frequently used polymers with
ifferent characteristics were employed and examined in this
tudy namely POL and CARB. POL are hydrophilic, swellable,
ncross-linked, non-anionic polyethylene oxide polymers, sol-
ble in water with a variety of molecular weights ranging from
bout 100,000 to 8,000,000. Since they are non-ionic materi-
ls, no significant interaction between drug and polymers is to
e expected. They have been used as controlled drug-delivery
ystems and the drug release is dependent on several factors
Efentakis and Vlachou, 2000; Kim, 1995, 1998). CARB is

synthetic, cross-linked, high molecular weight polymer of
crylic acid. It hydrates and swells fast, but its swelling is influ-
nced significantly by pH. At pH over 4.5 it swells completely.
t has low water solubility (Khan and Jiabi, 1998; Perez-Markos
t al., 1996) and its cross-link network makes possible the phys-
cal entrapment of drugs in hydrogel domains that form when
he polymer absorbs water and swells. When fully hydrated it
oes not dissolve, but osmotic pressure from inside breaks up
he structure, mainly by sloughing off disengaged particles of
he gel (Goodrich, 1994).

.1. Radial/axial dimensional changes

In Fig. 1a and b, the radial (RAD) and axial (AX) dimen-
ional changes (normalized to the dry tablet) with time for all
ypes of matrices are shown up to 5 or 6 h. After that, tablet defor-

ation occurred and it was difficult to calculate accurately the

imensional changes. All formulations underwent fast hydra-
ion, due to rapid water penetration into hydrophilic materials.
n less than 30 min, a considerable dimensional expansion was
bserved. An anisotropic swelling behavior was observed by

d
i

w

ig. 1. (a and b) Radial and axial dimensional changes for POL and CARB
atrices loaded with CAF or THE. Each point represents the mean value of the

hree samples and error bars show ±S.D.

referential expansion in the axial dimension relative to the
adial dimension for all formulations, in accordance with earlier
tudies (Papadimitriou et al., 1993; Maggi et al., 2000).

The dimensional changes of the matrix with time appeared
o be both drug and polymer dependent (Fig. 1a and b). In
ARB/CAF tablets, both dimensions reached rapidly a max-

mum in 60 min, followed by a plateau and a limited decrease
fter the fifth hour (Fig. 1a). CARB/THE matrices reached faster
he maximum increase, in 30 min, and then a similar plateau
as observed, followed (after the fourth hour) by a gradual and
rogressive decrease.

The CARB/CAF showed a greater maximum axial increase
over 2.8-fold) compared to CARB/THE 2.1-fold. In contrast the
adial increase was smaller and rather similar for both formula-
ions (1.35-fold for CARB/CAF and 1.2-fold for CARB/THE).

In parallel, POL/CAF matrices demonstrated also a greater
xpansion compared to the POL/THE matrices (Fig. 1b). The
imensional changes in both directions were comparable, but
maller (especially in axial dimension) to that of the CARB/CAF
ablets. The maximum increase of POL/CAF matrices was 2.5-
old and 1.3-fold for axial and radial dimensions, respectively,
hereas POL/THE matrices displayed 2.0-fold and 1.1-fold for

xial and radial dimensions, respectively. After the first hour,
n both dimensions, a plateau was observed between the first
nd third hours and then a relatively rapid decrease in both

imensions (more distinctive for THE) confirming earlier stud-
es (Kim, 1995).

With both polymers, the expansion in CAF-loaded tablets
as always greater compared to the expansion in THE-loaded
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undergoing hydration after 30, 60 and 120 min in the radial and
axial plane are shown in Fig. 4.

The formation of the hydrated swollen polymer layer (gel
layer) and its changes around the still glassy tablet core with time
M. Efentakis et al. / International Jou

ablets. This could be attributed to the higher solubility of CAF
nd the development of an osmotic pressure, which facilitates the
enetration of an increased amount of the liquid into the tablet,
nd the creation of channels (due to rapid drug dissolution) that
llow a faster access of the liquid, increased hydration and finally
reater swelling.

As it is known, CAF, aside from its higher solubility, 21.7 g/l
Talukdar and Kinget, 1995) is less hydrophobic (contact angle
3) than the less soluble, 11.2 g/l (Freichel and Lipold, 2000),
nd more hydrophobic (contact angle 48) THE. Hence, CAF
llowed increased liquid penetration whereas THE impeded
ydration and swelling.

The presence of less soluble THE appeared to induce matrix
rosion, preventing the expansion of THE matrices to the
egree observed in the case of CAF matrices. Enhanced ero-
ion/dissolution of the polymer mass and a more abrupt decrease
f both matrix dimensions, particularly after the third hour for
OL/THE and the fourth hour for CARB/THE, was observed in

he case of THE matrices compared to CAF matrices (Fig. 1a
nd b). It was noticed that, after the fourth hour, particles were
emoved from the THE tablets. This was most likely due to
ttrition and confirmed the erosion phenomenon.

CARB/CAF matrices showed, in both dimensions, a rather
wo stage expansion at early times followed by a plateau whereas
n CARB/THE matrices a rapid expansion was observed, which
as followed by a small decrease and then a plateau. This could
e related to the different drug solubility. Thus, upon contact of
he liquid with the polymer, the soluble CAF located on and close
o the surface dissolved rapidly and facilitated an immediate and
harp liquid penetration (first phase of swelling/expansion).

The cross-linked structure of CARB withstood the osmotic
ressure generated due to surface drug dissolution and the expan-
ion of the matrix was temporarily slowed down. However,
urther liquid uptake dissolved a greater quantity of drug. Then
ore channels are formed allowing further liquid penetration.
his increased the osmotic pressure within the gelled polymer
nd induced further swelling (second expansion phase) until
quilibrium, was reached between swelling and polymer dis-
olution/erosion (manifested by the plateau phase).

In CARB/THE matrices a different profile was observed,
ue to the lower solubility of THE. After a rapid initial expan-
ion, a local erosion of the polymer surface occurred (Aldeman,
984), decreasing matrix dimensions. In this case, THE did not
nduce significant increase of the osmotic pressure and, as a
onsequence, the second expansion phase was eliminated.

From the above, it is clear that CARB/CAF matrices exhib-
ted a two phase’s expansion in dimensions and the maximum
ncrease whereas all the other matrices demonstrated one stage
xpansion and lower increase.

The uptake (Fig. 2) results of drug-free tablets show that
ARB can finally absorb and withhold greater amount of water

han POL, due to smaller erosion (Fig. 3). It is obvious that up
o the 4 h there is a rather slow water uptake in CARB matrices.

his is attributed to its cross-linked structure, which delayed
ater penetration into the tablet.
After that CARB tablets displayed further increase in liquid

ptake, while in contrast POL tablets exhibited a decrease, after

F
d
v

ig. 2. Percentage of weight change (water uptake) as a function of time in
eionised water, for POL and CARB tablets. Each point represents the mean
alue of the three samples and error bars show ±S.D.

h. The erosion of POL completed in 8 h, while CARB exhibited
nly a 75% erosion at the same time. The decreased erosion rate
f CARB compared to POL (Fig. 3) allowed for the higher (max-
mum) expansion of drug-loaded CARB matrices compared to
rug-loaded POL matrices with both drugs studied.

.2. Gel layer changes

The relative movement of the erosion and swelling fronts rep-
esents the gel layer thickness which underscores the difference
n positions between those two fronts (Colombo et al., 1987,
999). Typical images of CAF/CARB and CAF/POL tablets
ig. 3. Percentage of weight loss (erosion) from tablets dried after exposure to
einonised water for POL and CARB tablets. Each point represents the mean
alue of the three samples and error bars show ±S.D.
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ig. 4. Morphological changes of the matrix during dissolution. Typical imag
20 min in the radial (RAD) and axial (AX) plane. C = CARB; P = POL.

s clearly visible and indicates the variations in the thickness. The
ate and the extent of gel growth were different between radial
nd axial direction (not shown here).

The evolution of the gel layer (the average radial and axial
alues of the gel layer thickness were used; Gao and Meury,
996) up to 5 h for all types of matrices studied is shown in
ig. 5. Soon after, a deformation of the matrices was observed

nd the swollen gel phase started to collapse, making difficult
he accurate measurement of the gel layer thickness.

With all four formulations, the gel thickness increased rapidly
n the beginning, but later the rate of gel growth decreased con-

ig. 5. Gel thickness increase versus time in POL and CARB matrices loaded
ith CAF or THE. Each point represents the mean value of the three samples

nd error bars show ±S.D.
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CAF/CARB and CAF/POL matrices undergoing hydration after 30, 60 and

iderably in CAF matrices or began to decrease progressively
n THE matrices. It is also noted that the gel layer growth of
he soluble CAF, in both polymer tablets, increased from the
eginning to the end of the measurements.

The gel thickness was greater in the case of the CARB/CAF
atrices compared to the POL/CAF matrices, reaching 2.8 and

.0 mm, respectively, at the end of the examination period (5 h).
his could be attributed to the lower erosion of CARB com-
ared to POL (Fig. 3). With both polymers, a thinner gel layer
as developed in the matrices of the less soluble THE com-
ared to the CAF matrices. The thickness of the gel in the
HE matrices started to decrease slowly with time after reach-

ng a maximum (Fig. 5) probably because THE induced gel
rosion. The maximum thickness observed was 1.4 mm for the
ARB/THE matrices and 1.2 mm for the POL/THE matrices.

The existence of undissolved THE particles in the gel layer
robably resulted in a reduced integrity of the gel and thus it
ecame easily erodible. As a consequence the gel suffered an
ttrition phenomenon that limited the development of the gel
nd shortened the travel distance of the dissolved drug from
he dissolution front to the surrounding medium, indicating that
rug solubility considerably affects the integrity of the layer. The
ata in Fig. 5, clearly indicate that the presence of THE causes a
rofound attrition, which incites the disruption of the gel layer,
fact which was not noticed in the presence of CAF.

In addition the rate of POL swelling after the fourth hour

pparently became equal to the dissolution rate of the swollen
el (Fig. 5), resulting in synchronization of the swelling and ero-
ion fronts and stabilization of gel layer thickness (Kim, 1995).
n contrast, in CARB tablets synchronization of the swelling
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ig. 6. Gel thickness increase plotted versus the square root of time of CAF
atrices.

nd erosion fronts was not observed and the gel layer thickness
ncreased slowly.

Fig. 6 shows the growth of gel thickness, i.e., the penetra-
ion distance of the liquid into the tablet versus the square root
f time up to fifth hour. As shown, the movement of the liq-
id penetration front is dependent on the square root of time,
hich underscores a Fickian diffusion, for CARB/CAF matri-

es. POL/CAF matrices exhibited a Fickian diffusion, up to the
ourth hour, followed by a rather relaxation process. On the
ontrary, THE tablets do not display any similar behavior (not
hown).

.3. Core changes

Liquid penetration can be expressed, either as a change of
he glassy core or, as the distance of water movement toward
he center of the tablet. The length of the glassy core in the
xial and radial directions was calculated by subtraction of the
el layer thickness from the overall tablet expansion. The glassy
ore disappeared after 5 h from the tablets as it is shown in Fig. 7.

The radial direction of the core in the CARB/CAF and the
ARB/THE matrices (Fig. 7a) exhibited initially a sharp shrink-

ng, indicating an immediate and rapid water penetration. This
ovement was terminated after 30 min and then a rebound was

bserved followed by a plateau from first to the third hour
uggesting a constant phase. A progressive decrease followed
uggesting a further slower water access into the tablet. The fact
s corroborated by the change in the tablets’ dimensions dis-
layed in Fig. 1a and b. Likewise, the POL/CAF and POL/THE
atrices exhibited a similar behavior with the difference that

he liquid penetration appears rather sharper and with a smaller
lateau between the first to the second hour, followed by a
aster decrease of the glassy core. This indicates a rapid water
enetration (Fig. 7b).
With respect to the axial direction, all formulations initially
how an axial expansion of the glassy core. This could be the
esult of discharge and the relaxation of tablet compression
orces imposed during tabletting (Papadimitriou et al., 1993).

r
h
C
P

ig. 7. (a and b) Dimensional changes in the glassy core of POL and CARB
atrices loaded with CAF or THE during hydration. Each point represents the
ean value of the three samples and error bars show ±S.D.

ollowing the expansion, at later times, the core decreases
robably due to further liquid penetration. The core of both
ARB/CAF and CARB/THE matrices exhibited a similar small
xpansion/increase up to the first hour followed by a continu-
us but slow progressive decrease (Fig. 7a). Analogous behavior
as demonstrated by the POL/CAF and the POL/THE matrices

Fig. 7b).
In both cases, the CAF tablets showed faster radial core

hrinking compared to the THE tablets. This is due to the
ncreased liquid penetration, and could be attributed to faster
issolution of the CAF particles that consecutively facilitates
apid water penetration. In addition, a more intense liquid pene-
ration was observed into the POL tablets (corresponding to the
aster disappearance of the glassy core), in contrast to the CARB
nes, since the liquid penetrates into the cross-linked material
ather slower. The results are in agreement with earlier studies
Rajabi-Siahboomi et al., 1994), even though different findings
eported elsewhere (Maggi et al., 2000).

.4. Drug and polymer effects on drug release

Drug release profiles are shown in Fig. 8. The amount of drug
eleased at a certain time point is, irrespective of the polymer,
igher for CAF matrices compared to THE matrices. Further-
ore, the rate of drug is higher from the POL matrices and the
ate of CAF release was higher than that of THE, due to the
igher aqueous solubility of CAF. All formulations, except the
ARB/THE matrices, exhibited burst release in the first 30 min.
OL/CAF matrices exhibited the highest burst release (27%),
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Fig. 8. CAF and THE release profiles from POL and CARB matrices.

ollowed by CARB/CAF (21%) and the POL/THE (12%). The
igher burst release of CAF can be attributed to the fact that its
atrices are more hydrophilic than the THE matrices, since CAF

s more hydrophilic (contact angle with water 43◦) than THE
contact angle 48◦), thus CAF matrices are expected to exhibit
higher wettability and water penetration rate. Finally, the POL
atrices (Figs. 9 and 10), exhibited higher a burst release than
ARB matrices (with CAF or THE) probably due to the higher

nitial hydration and erosion rate of POL matrices.
THE has approximately half the solubility of CAF, 11.2 and

1.7 g/l, respectively. Although their solubility differs consider-
bly their release is not that different and in 8 h 100% of CAF
nd 92% of THE was released from POL matrices. Similarly
7 and 85% was released from CARB matrices. In view of
hese results and in order to explore how drugs with consid-
rably different solubility demonstrate comparable release from
heir matrices, we examined dimensional changes, changes of
he glassy core and development of gel layer thickness, since
hese characteristics are important and play a decisive role in

rug delivery.

From the findings presented above, it is obvious that signif-
cant changes were observed during the dissolution process in

ig. 9. Change of drug release rate/h and gel thickness with time from CAF
atrices.
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ig. 10. Change of drug release rate/h and gel thickness with time from THE
atrices.

ablet dimensions and characteristics. The CARB tablets dis-
layed greater dimensional expansion and gel layer thickness
ompared to the POL ones. The faster penetration of liquid into
he POL tablet mass (Fig. 7b) resulted in a rapid shrinking of
he glassy core, in contrast to the CARB tablets (Fig. 7a). This
ehavior may explain the initially enhanced drug release rate
rom POL tablets. Also, the increased penetration of liquid into
he CAF tablets (Fig. 7a) might have affected its faster release.
he findings indicate that these changes affect the release of a
rug and may be responsible for differences in release between
he formulations.

Overall, it appears that among all the characteristics exam-
ned, gel layer thickness changes may play the most important
ole. As can be seen in Fig. 5, the gel thickness of CARB/CAF
ablets was greater than that of POL/CAF tablets. This fact
xplains the smaller rate of release of CAF from the former,
ince in these tablets the diffusion path length appears to be
onger and the drug molecules have to travel a greater distance.
n parallel, THE tablets displayed less gel growth within the
ome time period (i.e., up to the 30th minute), followed by a
radual and progressive decrease. This was due to erosion of
he gel layer. The phenomenon of less gel growth/thickness may
xplain the increased release of THE (given its limited solubil-
ty) compared to CAF, i.e., the THE molecules have to travel
long a shorter diffusion path length. The difference in gel layer
rowth/thickness between the two polymers could be attributed
o their different chemical characteristics and structure. POL is
linear polymer soluble in water. These materials (particularly

hose with lower molecular weight), form softer gels that are
ore liable to erosion (Kim, 1995). Therefore, they erode and

issolve faster than the CARB ones that consist of a cross-linked
olymer with limited solubility in water (Goodrich, 1994). The
rosion studies confirmed this finding (Fig. 3).

Gao and Meury (1996), have suggested that gel layer growth
epends on polymer viscosity. In addition Bonferoni et al. (1992)

eported that higher polymer viscosity reflects a stronger ability
f the polymeric chains to produce entanglements and conse-
uently matrices with slower erosion. Our measurements show
hat POL has a viscosity of 180 cP, while CARB has a viscosity
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f 6800 cP. It appears that POL (with lower viscosity) displayed
lower gel growth and a thinner gel layer due to increased erosion
nd dissolution, whereas CARB exhibited the exact opposite
haracteristics. These findings suggest that the high viscosity
el layer that formed around the CARB tablets is more resistant
o extended erosion. In contrast, the POL tablets with a more
rodible gel showed greater drug release. The presence of less
oluble THE particles in the gel layer reduced the entanglement
f polymer chains and affected gel integrity and erosion. As a
onsequence the THE matrices became more erodible (Bettini
t al., 2001). From visual observations it was noticed that after
he fourth hour, particles were released from the THE tablets.
his is most likely due to attrition and confirms the erosion
henomenon.

As shown, in Fig. 9, the drug release rate from CARB/CAF
atrices appears to increase rapidly up to 60 min when the thick-

ess of the gel layer is still rather small. As a result the release
rom these matrices reached a total 32%, while that from the
OL/CAF matrices was 37%. As gel thickness increased with

he passage of time, a decrease in the release rate was observed in
oth cases. This corresponds to a small but progressive increase
n thickness after the second hour.

Thus, as can be seen in Fig. 9 the release rate/h from
OL/CAF matrices is 12.5, 11, 10 and 10% at 2, 3, 4, and 5 h,
espectively. While, on the other hand the release rate/h from
ARB/CAF matrices was 11, 10.5, 9 and 8%, respectively.

In parallel the gel thickness in THE matrices (Fig. 10), after
n initial increase was followed (2 h) by a progressive decrease.
he release rate was lower, than that of the CAF tablets in 1 h, i.e.,
6% from CARB/THE and 19% from POL/THE, respectively.
fter the second hour, when the gel layer starts to decrease,
progressive small increase in release rate was demonstrated.
OL/THE matrices exhibited 13, 14 and 15% release for 3, 4
nd 5 h.

Similarly the release rate for CARB/THE matrices was 13.5,
4.5 and 15%, respectively. These results clearly indicate that
el thickness and its fluctuation inversely affect the rate of drug
elease from these matrices. Moreover, it is obvious that the
uctuation of gel’s thickness is reflected quantitatively in the
ate of drug release/h.

In order to describe the mechanism of drug release the n
alues were obtained from the following well known Peppas
quation (Korsmeyer et al., 1983)

Mt

M∞
= kt (3)

here Mt is the amount of the drug released at time t, M∞ the
mount of drug released over a very long time that corresponds
n principle to the initial loading, k the kinetic constant and n
s the diffusional exponent which depends on the release mech-
nism. For a cylindrical matrix values n = 0.5 indicate Fickian
elease, values 0.45 < n < 0.89 indicate anomalous release kinet-
cs (coupled diffusion/relaxation) and 0.89 < n < 1 indicate a zero

rder release also known as purely relaxation-controlled drug
elease.

The n values for the POL/CAF and CARB/CAF, were 0.52
nd 0.58, respectively, indicating mainly diffusional drug release

C
(
7
t
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n combination with erosion release mechanisms for the CAF.
his coincides with our findings above, in which a Fickian

iquid penetration process characterized these systems. On the
ther hand, the n values for POL/THE, CARB/THE matrices are
.90 and 0.94, respectively, indicating that the drug release was
ainly governed by swelling/erosion and show a rather constant

elease rate. These findings match well with the data shown in
ig. 1, where it is obvious that drug properties affect the matri-
es’ dimensional changes and that the THE matrices suffered
ncreased erosion.

The above suggests that in the systems studied, drug solu-
ility noticeably influences release rates and mechanisms. The
ifference in release is more distinctive at the beginning, while
owards the end (eighth hour), the total fraction released is not
onsiderably different.

Regarding drug release from the POL matrices, earlier stud-
es show that it is complex and depends on a number of factors,
uch as drug solubility, drug loading, the recipient’s charac-
eristics and probably more importantly the molecular weight
f the polymer. The release mechanism could be attributed
ither to polymer swelling and diffusion or to swelling and ero-
ion/dissolution. Further, it was demonstrated that in matrices
repared from low molecular weight POL and containing water
oluble drugs, diffusion is the controlling factor from release
inetics. Correspondingly, for less soluble drugs the swelling
nd erosion process is the dominating step (Maggi et al., 2000;
im, 1995, 1998). These findings are in full agreement with
ur results with n = 0.52 and 0.90 for the POL/CAF and the
OL/THE tablets, respectively. Our n values also suggest analo-
ous release kinetics with those reported in the existing literature
nd strengthens their validity.

Previous studies with CARB have shown that the release
echanism and n values are affected by the pH values (Kim,

995). The n = 0.49–0.70 for soluble propranolol HCI at pH 4.5
s in agreement with our value n = 0.58 for soluble CAF (at the
H 5.8), implying diffusion dominated release mechanisms. Fur-
her, Durani et al. (1994) reported n = 1.08 for THE at pH 6.5
hich is not far from our n = 0.94, indicating erosion controlled

elease.
The relative contribution of each of these two mechanisms,

rug diffusion or matrix erosion, was quantified by applying the
wo-terms release equation (Catellani et al., 1988)

Mt

M∞
= k1t

1/2 + k2t (4)

or a given time t, the first term of the right part represents the
ickian (diffusion) contribution and the second term is the case
I relaxational (erosion) contribution.

The drug release data (Fig. 8) were fitted to Eq. (4) and
he calculated release constants and the fraction (%) of drug
eleased through diffusion or erosion for a total of 60% drug
elease are presented in Table 1. In accordance with the conclu-
ions drawn based on the n values, the dominant mechanism of

AF release from both types of polymers was drug diffusion

the fraction of CAF released through diffusion was 97.30 and
1.00% for the POL and CARB tablets, respectively) whereas
he dominant mechanism for THE release from both types of
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Table 1
Results from fitting the release data in Eq. (4)

Type of tablet Release
constant, k1

Release
constant, k2

Correlation
coefficient (R2)

Fraction of drug released
by diffusiona (%)

Fraction of drug released
by erosiona (%)

POL/CAF 4.569 0.010 0.9916 97.30 2.70
CARB/CAF 2.825 0.075 0.9847 71.00 29.00
POL/THE 1.070 0.155 0.9960 28.50 71.50
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ARB/THE 0.208 0.173 0.9958

a Correspond to a 60% total drug release.

olymers was polymer erosion (the fraction of THE released
hrough erosion was 71.50 and 94.00% for the POL and CARB
ablets, respectively).

Since diffusion was the dominant release mechanism for
AF, the rate of CAF release was higher in the case of POL matri-
es compared to CARB matrices (Fig. 9) because the thickness
f the gel layer was lower in the case of POL/CAF matrices com-
ared to CARB/CAF matrices and, consequently, in this case,
AF molecules had to travel a smaller distance before being

eleased into the surrounding liquid. In the case of THE, ero-
ion of the gel layer was the dominant release mechanism. The
imilarity of gel development (Fig. 5), indicates that gel erosion
roceeded at similar rates in POL/THE and CARB/THE matri-
es. This is probably the reason why the release rate of THE
rom the POL/THE matrices was not essentially different from
hat from CARB/THE matrices (Fig. 10).

. Conclusions

Both drug and polymer characteristics were found to influ-
nce the dimensional changes with time of the drug/polymer
atrices as well as the evolution of the gel layer formed around

he glassy core when the matrices were immersed in the dis-
olution medium. Through their effects on matrix dimensions
nd gel layer thickness, drug solubility and polymer structure
onsiderably influence the rate and mechanism of drug release.
he dimensional expansion in CAF matrices was always more
ronounced than that of the THE matrices. The CARB matrices
xhibited greater maximum expansion and lower drug release
han the POL matrices. The dimensions of CARB/CAF matri-
es, unlike all the other matrices studied, exhibited a biphasic
ncrease at early times, due to the cross-linked structure of CARB
nd the high solubility of CAF. With both polymers, a thinner gel
ayer was developed in the matrices containing the less soluble
HE. The thickness of the gel layer increased with time in the
AF matrices whereas in the THE matrices it increased initially
nd after reaching a maximum started to decrease. All formu-
ations except these of CARB/THE exhibited burst release. The
el layer thickness and erosion rate appeared to determine the
ate of drug release from these formulations. The results sug-
est that gel thickness and its changes affect the release rate/h
f the drug proportionally. In addition, the fluctuation of gel’s

hickness is reflected quantitatively in the rate of drug release/h.
nalysis of the release kinetics and mechanism indicated that
AF was released mainly through diffusion whereas THE was

eleased through matrix erosion.

M

6.00 94.00
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