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Abstract Purpose: The objective of this work was to
prepare theophylline sustained release matrix tablets
based on the combination of hydroxypropyl methyl-
cellulose (HPMC K4M and K100M) and different melt-
able binders by melt granulation in a high-shear mixer.
Methods: Dissolution profiles of each formulation
were compared to those of TheoDur® 200 mg tablets
and the mean dissolution time (MDT) and similarity
factor (f, factor) were calculated. The matrices swelling
behavior was investigated by texture analysis. Results:
The results obtained show that the type of excipient
influenced the drug release rate. In particular, the disso-
lution rate was delayed when lipophilic binders were
used and only formulations containing Gelucire® 50/
13 or PEG 6000 with HPMC K4M had a profile simi-
lar to the commercial formulation. The release mecha-
nism of theophylline from the formulations was
described by Peppas’s equation showing a non-Fickian
release mechanism. The investigation of matrices swell-
ing behavior showed that the gel layer thickness
increased continuously over the time period studied.
Moreover, a correlation between gel layer thickness
and strength with the percentage released was found.
Conclusions: These results suggest that melt granula-
tion could be an easy and fast method to formulate sus-
tained release tablets.

INTRODUCTION

Development of sustained release oral dosage forms is
beneficial for optimal therapy regarding efficacy, safety
and patient compliance (1). Frequently
approaches to achieve adequate control of drug release
include hydrophilic and lipophilic matrix systems, in
which the mechanism of drug release is based on a
combination of diffusion and erosion processes (2, 3).
Among the numerous hydrophilic carrier materials

used
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tested for the development of hydrophilic matrices, the
most commonly used is hydroxypropylmethylcellu-
lose (HPMC), which has been used since the early
1960s (4, 5). Their properties as gelling agents are very
important in the formulation because they are respon-
sible for the formation, by hydration, of a diffusion
and erosion-resistant gel layer which is able to control
drug release (6). Studies reported from this laboratory
in recent years have demonstrated the possibility of
obtaining sustained release formulations of different
drugs such as salbutamol and ketoprofen from hydro-
philic matrices prepared with HPMC (7).

On the other hand, lipophilic materials have been also
employed as matrix carriers for sustained release solid
dosage forms (8, 9). In addition to direct compression
and wet granulation, wax matrices can be prepared by
solid dispersion (10) and melt granulation methods,
suitable for granulation of hygroscopic drugs and
hydrophilic materials such as HPMC. Melt granula-
tion in a high-shear mixer (MG) is a single-step tech-
nique that converts fine powders into granules
combining several processing steps into a single opera-
tion unit (11). The powder agglomeration is promoted
by the addition of a low melting point binder, which is
solid at room temperature and melts at relatively low
temperatures (50-80°C). The binder is liquefied by the
heat generated either by a heating jacket or by the fric-
tion of the impeller blades during the mixing phase
(12). This technique is a good alternative to the con-
ventional wet granulation process when the use of sol-
vents is not indicated. Moreover, it offers several
advantages since the drying phase is eliminated and the
process is less consuming in terms of time and energy
(13). Besides, this procedure brings the possibility of
preparing sustained release formulations by selecting
the suitable binder and excipients (14).

Based on these observations, in the present study
hydrophilic matrix systems were designed by compres-
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sion of granules obtained by a high-shear melt granula-
tion process. The purpose of this work was to develop
sustained release tablets using theophylline, as a model
drug, and HPMC in combination with different binder
agents as sustained release excipients to tailor drug
release to that of the commercial formulation. Due to
the important role of swelling on drug release from
water-swellable matrix systems (15, 16), texture analy-
sis has been applied to investigate the swelling behavior
of tablets during the hydration process.

MATERIALS AND METHODS

MATERIALS

Anhydrous theophylline obtained from Vencaser, S.A.
(Bilbao, Spain) was used as model drug. HPMC (Meth-
ocel” K4M Premium and Methocel” K100M Premium,
kindly supplied by Colorcon (Kent, U.K.), were used
as starting materials and magnesium stearate (Kirsch
Pharma, Madrid, Spain) as a lubricant. Gelucire” 50/
13, Compritol® 888 Ato, Precirol” Ato 5 (Gattefosse,
Barcelona, Spain), PEG 6000, Stearic acid and Glycerol
monostearate (Vencaser, S.A., Bilbao, Spain) were used
as meltable binders.

Granulation

The granules were prepared in a laboratory scale “one-
step” high-shear mixer Rotolab” (Zanchetta, Italy)
equipped with an electrically heated jacket using differ-
ent lipophilic and hydrophilic binders.

The granulation procedure was standardized on the
basis of preliminary trials. The mixture composed of
theophylline (50 %), HPMC K4M or K100M (30 %)
and a binder agent (20 %) were mixed at an impeller
speed of 250 rpm for 5-10 min. Successively the mix-
ture was heated with the heating jacket up to the melt-
ing point of the binder and the impeller speed was
increased in order to obtain granules. At the end of the
granulation process the granules were cooled at room
temperature by decreasing the jacket temperature to
25°C and tilting the bowl.

Granule characterization
a) Differential Scanning Calorimerry (DSC)

The DSC analyses were performed using a DSC-50 cal-
orimeter/ TAC-50 (Shimadzu Corp., Kyoto, Japan).

Samples of about 5 mg were sealed in a 30 pl alumin-
ium pan and were scanned between 10°C and 300°C at
a heating rate of 10°C/min.

b) Particle size

The granules obtained were sieved in order to remove
lumps larger than 1 mm. The particle size distribution
was determined using a Sympatec Helos/Rodos laser
diffraction particle size analyzer (Sympatec GmbH.,
Clausthal-Zellerfeld, Germany) with dry powder dis-
persion capability and a vibrating conveyor feeder.
The powder dispersion pressure was varied between
1.0 and 2.0 bars with direct feed into the dispersion
funnel. Measurements were carried out in triplicate
(n=3).

¢) Flow properties

The flow properties of the granules can be evaluated by
repose angle (o), Carr Index (CI) and Hausner ratio
(HR). Repose angle was measured pouring the granules
through a glass funnel onto a flat surface. The Carr
Index and Hausner ratio were obtained by using a SBS
Instruments tap density apparatus with a 250 ml glass-
measuring cylinder.

Manufacture of tablets

The granules were mixed with 0.5 % magnesium stear-
ate for 10 min using a rotating V-blender (Emjuvi, Bar-
celona, Spain) and compressed into tablets on a
reciprocating single punch tablet machine (BONALS,
Barcelona, Spain) at a breaking strength of 70-80 N.
The breaking strength was determined using a Pharma-
test GmbH PTB-311 model (Hainburg-Germany)

durometer.

Tablets weighted around 400 mg + 5% and contained
200 mg of theophylline. The tablet shape, size and
hardness were held constant for all formulations.

In vitro dissolution studies

Drug release was performed using the USP 25 type II
apparatus (Sotax AT7 dissolution tester, Allschwil,
Switzerland) at a rotation speed of 50 rpm in 1000 ml
distilled water at 37 + 0.5°C. Samples were extracted
at regular time intervals during 24 h. The amount of
drug released was assayed spectrophotometrically at
272 nm.
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Dissolution kinetic

In order to characterize the mechanism of drug release
from the matrices, the data were fitted to the following
mathematical model (17, 18):

M
f:kl_n

e}

Eq. 1

where Mt/Moo is the fraction of drug released up to
time t, K is the kinetic constant and n is the release
exponent indicative of the release mechanism.

The mean dissolution time (MDT) was also calculated.
MDT is the mean ratio of the first to zero moments of
the dissolution rate-time curve and is expressed by the
following equation:

MDT:ﬂ
M

®©

Eq.2

where ACC is the complementary area under the accu-
mulated dissolution curve and Moo is the maximum
accumulated dissolution amount.

Experimental data were fitted to Peppas’s equations by
using the WINNONLIN® program (19), and MDT cal-
culations were performed with the same program.

The similarity factor (f,) is used to compare the dissolu-
tion profile of each formulation with that of marketed
formulation. In this approach, recommended by the
FDA Guidance for Industry, a value between 50 and
100 indicates similarity between two dissolution pro-
files. If the £, value is close to 100, the two profiles are
nearly identical (20, 21).

Gel texture analysis

In order to avoid deformation during the determination
of core/gel interface, one planar base of the tablets was
covered with an organic water insoluble coating (14 mg
Eudragit® RS PO in a 1:1 mixture of isopropanol and
acetone) and glued to a microscope slide. The samples
were placed in dissolution vessels filled with 1000 ml
distilled water at 37 + 0.5°C in the USP paddle apparatus
at 50 rpm to simulate the in vitro dissolution process.
The swollen tablets were taken out at predetermined
intervals over a period of 12 h for texture analysis.
Expansion of tablets during swelling process was inves-
tigated in triplicate using the Texture Analyzer
(TA.XT2, Stable Micro System, Goldalming, UK),

which provided information not only on gel layer thick-
ness but also on the texture (strength) of the gel, as com-
plete force-distance curves are recorded during the
penetration process.

The penetration of a flat-tipped round steel probe (2 mm
diameter and 30 mm height) into swollen matrices was
determined at a test speed of 0.1 mm/s under increasing
load, and data collection and analyses were performed
by a computer equipped with the Texture Expert® soft-
ware. A predetermined maximum force of 800 g was
established in order to differentiate the glassy polymer
from gelled polymer.

RESULTS AND DISCUSSION

Differential Scanning Calorimetry studies

The DSC curves were obtained for theophylline,
excipients, their physical mixture with the same pro-
portion of the tablets, and granules obtained by melt
granulation. The DSC analysis of theophylline showed
a single endothermic peak at 273.20 + 2°C, due to the
melting of the drug. HPMC K4M and K100M did not
show any characteristic peak, and binder agents
showed their respective peak at their melting range
(Compritol®: 69-74°C, Glycerol monostearate: 55-
60°C, Stearic acid: 55-60°C, Gelucire® 50/13: 46-50°C,
Precirol®: 53-57°C and PEG 6000: 55-63°C). In the
DSC curves of physical mixtures and melt granules the
characteristic peaks of theophylline and binder agents
were almost unchanged indicating the absence of
strong interactions between the components and sug-
gesting drug-excipient compatibility in all the formula-

tions examined.
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Figure 1: DSC thermograms obtained for theophylline,
the physical mixture with Compritol® or HPMC K4M and
the corresponding granules.
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Figure 1 shows an example of the thermograms
obtained for theophylline, its physical mixture with
Compritol® or HPMC K4M and the corresponding
granules.

Particle size and flow properties

As shown in table 1, particle size distribution measure-
ments showed that 90% of the granules elaborated had
diameters <690 um, and the mean particle size values
of the granules ranged between 130-290 pum for all the
batches prepared. The particle size distribution was
unimodal showing that the different excipients used
did not influence the granules particle size. Taking
flow properties into account, satisfactory values for
Hausner Ratio (HR), Carr Index (CI) and repose angle
(o) were obtained for all formulations. The HR values
obtained were below 1.25 and repose angle was around
34°, indicating that the granules showed good flowabil-
ity (22). Moreover, the values of CI were below 15%,
which means that the granules have good flow proper-
ties, thus suggesting the possibility of continuous
tabletting (23). However, it was not possible to com-
press the granules prepared with Gelucire® 50/13 and
HPMC K100M.

Table 1: Size distribution of granules.

Formulation VMD(m) Xso (um) Xop (um)
HPMC K4M 203.42 183.60 385.95
Stearic acid
HPMC K100M 137.49 106.91 283.25
. HPMC K4M 133.40 11236 260.96
Compritol®
HPMC K100M 209.20 152.47 480.12
HPMC K4M 214.68 185.98 405.34
Glycerol
monostearate HPMC K100M 22751 189.01 435.83
. HPMC K4M 288.38 199.93 688.44
Precirol”
HPMC K100M 176.11 147.18 359.78
HPMC K4M 244.60 193.70 488.24
PEG 6000
HPMC K100M 282.47 217.23 606.91
Gelucire® 50/13 HPMC K4M 150.38 121.06 319.47

VMD: average volume mean diameter
Xso: particle size diameter, 50% bellow this range

Xoo: particle size diameter, 90% bellow this range

Drug release profiles

Figures 2 and 3 show the dissolution profiles of theo-
phylline for the formulations prepared with different
binders and HPMC K4M or K100M, respectively, and
TheoDur® 200 mg.
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Figure 2: Cumulative percentage of theophylline released
from different formulations prepared with HPMC K4M.
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Figure 3: Cumulative percentage of theophylline released
from different formulations prepared with HPMC K100M.

The marketed formulation was found to provide a sus-
tained release for a period of 24 h. In vitro dissolution
results show that the matrices prepared with granules
obtained by melt granulation provided an extended
release of the drug. However, different release behav-
ior was observed depending on the binder used for
their preparation. On one hand, the formulations pre-
pared with lipophilic binders (Compritol® 888 Ato,
Precirol® Ato 5, Stearic acid and Glycerol monostear-
ate) showed the slowest release rate and their dissolu-
tion profiles were almost superimposable. After 24 h
only around 60-80 % of the total drug amount was
released for both HPMC K4M and K100M celluloses.
The lipophilic binders could probably make the wet-
ting of the solid matrix difficult and, subsequently,
allow a slower release rate. On the other hand, the for-
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mulations containing PEG 6000 and Gelucire® 50/13
and HPMC K4M achieved the total release of the drug
at 24 h, whereas the formulation with PEG 6000 and
HPMC K100M only released 80%. These differences
between cellulose grades can be explained by the fact
that the gel layer of HPMC K100M was more viscous
and less erodible than that of HPMC K4M, providing a
stronger barrier for drug diffusion, and resulting in a
slower drug release rate (24).

Release data from swellable HPMC systems can be
analyzed according to Peppas’s equation. The values of
the kinetic parameters obtained from the data fitting to
the power law equation (Eq. 1) and MDT (Eq. 2) are
listed in table 2.

Table 2: Values of the kinetic parameters and MDT.

K
Formulation n r M].)T f,
(%omin™) (min)
Theo-Dur® 200 1.154  0.637 0.998 309.01
HPMC K4M 0.878  0.622 0.999 547.42 41.65
Stearic acid
HPMC K100M  0.894  0.591 0.999 53226 39.78
~ HPMC K4M 0.572  0.676 1.0 58245 37.39
Compritol®
HPMC KI100M  0.647  0.625 0.999 551.08 31.83
HPMC K4M 0.659  0.643 0.999 569.91 35.07
Glycerol
monostearate  ypric K100M  0.769  0.587 0.999 540.84 3029
, HPMC K4M 0441  0.681 1.0 583.79 34.76
Precirol®
HPMC K100M 0709  0.604 0.999 547.74 30.78
HPMC K4M 0.458  0.758 0.999 408.92 54.54
PEG 6000
HPMC K100M  0.674  0.679 0.999 434.00 45.75
. ®
?g/ll“;'re HPMC K4M 0431 0762 1.0 413.92 51.17

MDT values obtained for the matrices prepared with
HPMC K4M show that formulations containing a
lipophilic binder such as Stearic acid, Compritol”,
Glycerol monostearate and Precirol” (MDT = 547.42;
582.45; 569.91 and 583.79 min, respectively), released
the drug at a slower rate and to a lesser extent than
those containing an hydrophilic one (Gelucire” 50/13
and PEG 6000) or the commercial formulation (MDT
= 413.92; 408.92 and 309.01 min, respectively). Similar
results were observed for HPMC K100M formulations
where PEG 6000 (MDT = 434.00) showed a faster
drug release than lipophilic binders (table 2). Further-
more, the value of exponent 7 can be used to character-

ize the release mechanism of controlled release
matrices. According to the values shown in table 2,
between 0.5 and 1, one may conclude that the drug
release during the dissolution test is controlled by both
diffusion of the drug through the hydrated matrix and
the erosion of the matrix itself; that is, a non-Fickian
(anomalous) solute diffusion mechanism (17, 18).

The similarity factor (f,) was also calculated in order to
compare each formulation profile with that of the ref-
erence formulation. The values of f, are listed in table
2. Comparison of the profiles indicated that only the
formulations containing HPMC K4M and Gelucire"
50/13 or PEG 6000 had a profile similar to the com-
mercial formulation (f, = 51.17 and 54.54, respec-
tively). However, the other formulations did not
provide the desired sustained release profile (f, < 50).

Gel texture analysis

According to the investigations of Yang et al. (16) the
Texture Analyzer was used in an effort to correlate the
gel layer thickness with the dissolution profiles of
matrix tablets. This test measures the force necessary
for penetration of the probe into the swollen tablet.
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Figure 4: Force-distance profiles of Compritol®-HPMC
K4M tablets at different swelling times (from left to right:
1, 2, 4, 8 and 12 hours).

Figure 4 illustrates the penetration profiles obtained
for the Compritol -HPMC K4M tablets at different

136



J Pharm Pharmaceut Sci (www.cspscanada.org) 8(2):132-140, 2005

swelling times. As can be seen in the figure, at the
beginning of the measure only small forces are neces-
sary to penetrate the swollen gel layer. Then, a pro-
gressive increase is observed up to a sharp raise in the
force required for further penetration indicating the
position of the boundary between gel layer and the dry
core. Once the maximum force is reached, reverse
movement starts withdrawing the probe from the
swollen tablet. Gel layer thickness was obtained calcu-
lating the maximum penetration distance of the probe
into the swollen tablets.

Figure 5 summarizes the results obtained for the
hydration process of theophylline matrices based on
HPMC K4M or K100M as a function of time of expo-

sure to an aqueous environment.
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Figure 5: Swelling behavior of HPMC K4M and K100M
tablets as a function of time of exposure to an aqueous
environment.

As might have been expected, a different swelling
behaviour was found for hydrophilic and lipophilic
binders, similar for both HPMC grades. The penetra-
tion profiles of the tablets prepared with hydrophilic
binders showed a strong increase in the penetration

distance with swelling time, indicating a significant
grow in gel layer thickness. In contrast, the formula-
tions containing lipophilic binders showed a continu-
ous but less remarkable increase with time in gel layer
thickness. Comparing the swelling profiles obtained,
significant differences between hydrophilic and lipo-
philic formulations are observed. After a -one- hour
swelling, the penetration distance of the probe was
similar in all cases (0.9-1.2 mm). Nevertheless, after a
12 h swelling the distance penetrated for hydrophilic
binder formulations was higher (8-10 mm for PEG
6000 and Gelucire® 50/13) than for the lipophilic ones
(about 3-5 mm). More remarkable was the case of
Stearic acid and HPMC K100M, which showed a sharp
increase of the gel layer thickness at the last point.
These results support those obtained in the dissolution
studies. On the one hand, tablets with hydrophilic
binders were more hydrated, and fast polymer hydra-
tion caused greater release of the drug. On the other,
all lipophilic binders had a similar and less pronounced
swelling and their dissolution profiles were also identi-
cal, leading to a slower and to a lesser extent drug
release than those containing hydrophilic binders.

Usually, during the swelling process, a gradient in gel
layer hydration is developed. Outer areas are character-
ized by lower gel strength (low polymer concentra-
tion) and less resistance to penetration, while less
hydrated areas of more dense gel structure require
higher force for penetration. Comparing long and
short swelling times, it becomes obvious that pro-
longed swelling time did not only lead to an increase in
the maximum penetration distance but also altered the
load needed for penetration significantly (25). In order
to support this idea, the slope of the texture analysis
curves was measured between zero and 100 grams. Fig-
ure 6 illustrates the values obtained for different tablet
formulations when varying the swelling time.

Since a behaviour similar to that of penetration dis-
tance was observed for hydrophilic and lipophilic
binders, respectively, the formulation with the highest
gel layer thickness (PEG 6000 and HPMC K4M) and
the lowest one (Glycerol monostearate and HPMC
K100M) were compared. In the case of PEG 6000, after
swelling for 1 h, the slope of the curve was about 8 g/s
and the penetration distance was almost 2 mm. At this
point, Glycerol monostearate showed an 18.2 g/s slope
approximately and the probe advanced 1.2 mm.
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Figure 6: Gel strength (slope of the texture analysis
curves) of HPMC K4M and K100M tablets as a function of
time of exposure to an aqueous environment.

After 12 h swelling, the slopes were 1.1 and 4.5 g/s and
the maximum penetration distances were 10.5 and 3.5
mm for PEG 6000 and Glycerol monostearate, respec-
tively. These differences can be attributed to the lower
hydration and bigger gel strength of the HPMC with
lipophilic binder.

Finally, the influence of matrix swelling, gel layer
thickness and the slope (gel strength) of the force-dis-
tance curve on the release of theophylline was evalu-
ated by multiple regression analysis using “Minitab
14.10” software (26). The percentage of theophylline
released was found to be dependent on these parame-
ters according to the following equations obtained by
multiple regression analysis:

Hidrophilic binder formulations:

% released = 11.3 - 1.46*Gel thickness (mm) + 4.82*Slope (g/s)
r =0.950

Eq.3

Lipophilic binder formulations:

% released = 23.7 + 6.91*Gel thickness (mm) - 1.31*Slope (g/s)
r = 0.944

Eq. 4

Figure 7 shows the calculated response surfaces for
theophylline release from HPMC matrices as a func-
tion of gel layer thickness and texture analysis curve
slope (gel strength).
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Figure 7: Response surface plots for theophylline release
from HPMC matrices as a function of gel layer thickness
and texture analysis curve slope (gel strength).

As might have been expected, the percentage released
correlated with the extent of hydration, an increase of
gel thickness and a decrease in the curve slope led to an
increase in the amount of drug released.

138



J Pharm Pharmaceut Sci (www.cspscanada.org) 8(2):132-140, 2005

CONCLUSIONS

The present study has shown that “one-step” melt
granulation in high-shear mixer could be a viable
method to prepare sustained release formulations.

The type of excipient influenced the rate and extent of
drug release from melt granulation based matrix tab-
lets. Comparison of dissolution profiles indicated that
only the formulations containing HPMC K4M and
Gelucire” 50/13 or PEG 6000 had a profile similar to
the commercial formulation studied. However, the
release of theophylline was remarkably lowered when
liphophilic binders were used.

Additionally, the swelling study with the Texture Ana-
lyzer allows us to correlate the dissolution profiles
with the thickness and strength of the gel layer formed
during the hydration process.
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