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ABSTRACT

The objective of this study was to evaluate in vivo two sustained release formulations elaborated by a
one-step melt granulation method using theophylline as model drug. Both formulations presented differ-
ences in the in vitro release profile due to the hydrophilic or lipophilic nature of the binder employed
(PEG 6000 or glycerol monostearate). The formulations were administered to Beagle dogs, and plasma
levels were compared. Both formulations provided a sustained plasma concentration profile after oral
administration to dogs. Significant differences (p <0.05) in the plasma concentration-time curves
between the two formulations were found, with higher Cnax (6.05 +2.00 vs. 2.55 + 0.82 pg/mL), higher
AUCy_., (70.24 £ 16.10 vs. 33.00 £ 8.96 h pg/mL) and delayed Tpax (6.00 +2.12 vs. 3.17 £ 0.98 h) for the
formulation containing PEG 6000. Absolute bioavailability of theophylline was 96% and 46% for the for-
mulations containing PEG 6000 and glycerol monostearate, respectively. These results are consistent with
those obtained in vitro, with slower release rate of theophylline from tablets elaborated with glycerol
monostearate than that obtained with tablets elaborated with PEG 6000. Moreover, the formulation con-
taining PEG 6000 provided a plasma concentration-time profile similar to that obtained with the mar-
keted formulation Theo-Dur®. A very good Level A IVIVC was observed between dissolution and
absorption profiles of the drug from both test formulations. Our results showed that one-step melt gran-
ulation in a high shear mixer allows for an easy modulation of the release profile and, consequently, of the

plasma level profile of the drug by selecting the type of binder used.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Sustained release (SR) delivery systems for oral dosing are effec-
tive in achieving ideal therapy with drugs that have a short biolog-
ical half-life and require repeated doses to maintain efficacy in
long-term treatments. Generally, the primary objectives of con-
trolled drug delivery systems are to ensure safety and to improve
drug efficacy as well as patient compliance, which can be achieved
by the better control of plasma drug levels and less frequent dosing
[1]. Hydrophilic matrices containing polymers such as hydroxypro-
pylmethylcellulose (HPMC) have been widely used for oral con-
trolled release [2-4]. This kind of polymers hydrates in the
presence of a dissolution medium, forming a gel layer around the
tablet which controls drug diffusion [5]. Additionally, HPMC is a
pH-independent dissolving material, and the drug release rates
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from HPMC matrix formulations are generally independent of pro-
cessing variables such as compaction pressure, drug particle size
and the incorporation of lubricants [6,7].

An interesting approach to develop SR formulations is based on
melt granulation in high shear mixer [8-10], which is a very short
one-step technique converting fine powders into granules. For any
controlled release dosage form, it is very important that both the
number of excipients in the formula and the processing steps are
kept to the minimum, in order to reduce tablet-to-tablet and
batch-to-batch variations. Hence, melt granulation is a suitable
and easily scalable technique for this purpose [11]. Powder agglom-
eration is promoted by the addition of a low melting point binder,
which is solid at room temperature and melts at relatively low tem-
peratures (50-80 °C). In recent years, the interest in melt granula-
tion has increased due to the advantages of this technique over
traditional wet granulation. Since it is a solvent-free process, the dry-
ing phase is eliminated and thus it becomes less consuming in terms
of time and energy [12]. Moreover, this technique could be used not
only to enhance the bioavailability of poorly soluble drugs [13,14],
but also to retard the release rate of highly soluble drugs [15,16].

When developing a SR formulation, the establishment of a corre-
lation between the in vitro dissolution profile and the in vivo plasma
concentration profileis of great interest for pharmaceutical develop-
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ment. Taking into account that the release of drugs in the gastroin-
testinal tract is the intended rate-limiting factor in the absorption
process, it is therefore desirable to use in vitro data to predict
in vivo bioavailability parameters for the rational development and
evaluation process of SR oral dosage forms [17,18]. For this purpose,
itis necessary to establish an in vitro test method that can predict the
process of drug release and in vivo absorption [19,20], particularly
during the development of an innovative dosage form.

The overall aim of this paper was to evaluate in vivo two sus-
tained release formulations elaborated by a one-step melt granula-
tion method using theophylline as model drug. Both formulations
presented differences in the in vitro release profile due to the nat-
ure, hydrophilic or lipophilic, of the binder. In order to achieve this
aim, the formulations were administered orally to dogs and the
plasma concentration-time profile was obtained. Secondly, we
performed a comparison with a marketed sustained release formu-
lation of theophylline, Theo-Dur®. Finally an in vitro—in vivo corre-
lation (IVIVC) was established.

2. Material and methods
2.1. Materials

Anhydrous theophylline obtained from Vencaser, S.A. (Bilbao,
Spain) was used as model drug and B-hydroxyethyl-theophylline
(Sigma-Aldrich Chemie, Germany) as internal standard. HPMC
(Methocel® K4M Premium), kindly supplied by Colorcon (UK), was
used as starting material and magnesium stearate (Kirsch Pharma,
Spain) as lubricant. PEG 6000 and glycerol monostearate (Vencaser,
S.A.,, Spain) were used as meltable binders. All other solvents and re-
agents were of analytical or HPLC grade and used as received.

2.2. Preparation of hydrophilic matrix tablets

A laboratory scale one-step high shear mixer Rotolab® (Zanch-
etta, Italy) was used to prepare granules composed by PEG 6000
(TPE) or glycerol monostearate (TGM) as hydrophilic and lipophilic
binder, respectively.

The granulation procedure was standardized on the basis of
preliminary trials [21]. The mixture composed of theophylline
(TH), HPMC K4M and the binder agent was mixed at low impeller
speed (250 rpm) for 5-10 min. Afterwards, the impeller speed was
increased up to 1100 rpm and the mixture was heated up to the
melting point of the binder in order to obtain granules. At the
end of the granulation process, the granules were cooled at room
temperature by decreasing the jacket temperature and tilting the
bowl to avoid agglomerate formation.

The granules obtained were sieved in order to remove lumps,
mixed with 0.5% magnesium stearate for 10 min using a rotating
V-blender and compressed into oblong biconvex shaped tablets
(13 x 7.5 mm) on a reciprocating single punch tablet machine at
a breaking strength of 70-80 N. The breaking strength was deter-
mined using a Pharma-test GmbH durometer. Tablets weighted
400 mg +5% and contained 200 mg of TH. The tablet shape, size
and hardness were held constant for both formulations.

Table 1 summarizes the components of the formulations.

2.3. In vitro dissolution studies

The drug release assay was performed using a USP type Il (paddle)
apparatus at 50 rpm stirring rate and 37 + 0.5 °C. The tablets (n = 12)
were placed in 750 mL HCI 0.1 N for 2 h and continued in 0.05 M so-
dium phosphate buffer pH 6.8 up to 24 h. The change in pH was made
by the addition of 250 mL 0.2 M tribasic sodium phosphate. Addi-
tionally, four different dissolution media were used to study the

Table 1
Composition of theophylline sustained release matrix tablets.

Formulation 1 (TPE) (%) Formulation 2 (TGM) (%)

Theophylline 50 50
HPMC K4M 29.5 29.5
PEG 6000 20 -
Glycerol monosterate - 20
Magnesium stearate 0.5 0.5

influence of pH in the dissolution profile: 0.1 N HCI pH 1.2, 0.02 M
acetate buffer pH 4.5, 0.05 M sodium phosphate buffer pH 6.8 and
distilled water. Samples were extracted at regular time intervals
and assayed spectrophotometrically at 272 nm. The UV method
was validated in terms of specificity to ensure that excipients and
dissolution media do not interfere in the quantification of TH. More-
over, the method was shown to be accurate and precise.

The similarity factor (f;) was calculated in order to compare the
release profile of each formulation in the different dissolution
media with that obtained in distilled water. In this approach, a va-
lue between 50 and 100 indicates similarity between two dissolu-
tion profiles.

In order to define a model of drug release from sustained release
formulations, dissolution data were analyzed by Peppas and Kors-
meyer equation (Eq. (1)) [22,23] and by Weibull function (Eq. (2)).

M:/M,, = kt" (1)
M; /M., =1 — exp(—at?) (2)

where M;/M_ is the fractional drug release percentage at time t, k is
the kinetic constant, n is the diffusional exponent which character-
izes the drug transport mechanism and o and b are constants of
Weibull function.

Experimental data were fitted to equations by using the Winn-
olin 4.1® Pro (Pharsight, Mountain View, CA, USA) [24].

2.4. In vivo study

The pharmacokinetic of TH sustained release formulations was
studied in six Beagle dogs weighing 12 + 1.5 kg from “Serveis de
Support a la Recerca Estabulari-UB” (Barcelona, Spain). Principles
in good laboratory animal care were followed, and animal experi-
mentation was in compliance with the “Ethical committee of ani-
mal experimentation (CEEA)” of Barcelona University (UB).

The dogs did not receive food but had free access to water for 12 h
before and after drug administration. Each animal received the new
SR formulations (TPE and TGM), Theo-Dur® and an intravenous solu-
tion of TH in a crossover experimental design. The dose of theophyl-
line was 200 mg orally and 8 mg/kg intravenously. A washout period
of 7 days was allowed between the different treatments. Serial blood
samples were collected from the cephalic vein at predetermined
time points up to 12 h in the case of intravenous administration
and up to 24 h after oral administrations. All blood samples were ta-
ken in heparinized tubes, and plasma was separated by centrifuga-
tion at 3000 rpm and immediately stored at —80 °C until analysis.

2.5. HPLC determination of theophylline in plasma

Determination of TH plasma concentrations was performed by
high-performance liquid chromatography with a Waters (Waters
Corp., Milford, USA) apparatus coupled to an UV detector. A re-
versed-phase HPLC column was used at room temperature (Symme-
try® C18 5 pum, 4.6 mm x 150 mm). The mobile phase contained
acetonitrile:acetate buffer (0.01 M) pH 4 (9.7:0.3 v/v) and was deliv-
ered at a flow rate of 0.8 mL/min. The wavelength for UV detection
was 272 nm.
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In order to analyze samples, 100-uL aliquot of plasma was
placed in an eppendorf tube and spiked with 100 pL of methanol
containing ZnSO,4 (12 mg/mL) as precipitant agent and B-hydroxy-
ethyl-theophylline (10 pg/mL) as internal standard. The mixture
was vigorously mixed in vortex for 30 s and then centrifuged at
4°C at 15,000 rpm for 10 min. A 20-puL aliquot of supernatant
was injected onto the column for HPLC analysis.

The analytical method was previously validated according to FDA
and ICH Guidelines [25,26]. The assay was linear over plasma concen-
trations ranging from 0.25 to 30 pg/mL. The intraday and interday
coefficients of variation ranged from 2.24% to 6.20% at the three con-
centrations tested (0.75, 12, 24 pg/mL). The bias at these concentra-
tions ranged from 0.14% to 11.93%. The limit of quantification was
considered the lowest level included in the calibration curve
(0.25 pg/mL) and measures of intraday and interday coefficient of
variation ranged from 3.10% to 7.10% with a bias ranging from
0.60% to 11.88%. No interfering peaks were detected with the assay.
TH plasma samples stored at —80 °C were stable for at least 2 months.

2.6. Pharmacokinetic analysis

Plasma levels of TH in dogs were plotted against time, and phar-
macokinetic parameters were calculated by a non-compartmental
method using WinNonlin 4.1. The area under the plasma concentra-
tion vs. time curve up to the last quantifiable time point, AUCy_, was
obtained by the linear and log-linear trapezoidal method. The AUC_,
was extrapolated to infinity (AUCy_..) by adding the quotient Ci,5¢/Kel,
where C,sc represents the last measured concentration and K, repre-
sents the apparent terminal rate constant. K, was calculated by the
linear regression of the log-transformed concentrations of the drug
in the terminal phase. The half-life of the terminal elimination phase
was obtained using the relationship ¢, = 0.693/Ke. The Cnax and
Tmax Were obtained directly from the data. Oral clearance (Cl/F) was
calculated as dose divided by AUC,_.... The apparent volume of distri-
bution was obtained from the equation Vdz/F = D/(AUCq_., x Ke).
Mean residence time (MRT) was determined by division of AUMC
(area under the first moment curve) by AUCqy_... Absolute oral bio-
availability (F) was calculated from plasma data using the relation-
ship F = [dose IV x AUCy_,, oral/dose oral x AUCy_.. IV] x 100.

Deconvolution of plasma data was attempted using intravenous
bolus data parameters. WinNonlin 4.1 was used to perform the
numerical deconvolution procedure. A plot of percent dissolved
in vitro vs. percent absorbed in vivo input at various time points
up to 12 h was constructed. These plots allowed us to develop an
in vitro-in vivo correlation (IVIVC) that could be used to establish
a relationship between in vivo behavior of a dosage form and the
in vitro performance, which would allow in vitro data to be used
as a surrogate for in vivo behavior.

2.7. Statistical analysis

Statistical analyses were performed with SPSS 15 software for
Windows® (SPSS® Inc., Chicago, USA). The Shapiro-Wilks test
[27] was used to verify normality, and the Levene test [28] was
used to verify homogeneity of variances. ANOVA followed by Sche-
ffe test was used to determine statistical comparisons. The Wilco-
xon test was used to analyze the data of Ty, Statistical
significance was assessed at p < 0.05.

3. Results and discussion
3.1. In vitro dissolution studies

In a previous work we studied the physical and rheological
characteristics of various formulations based on melt granulation
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Fig. 1. In vitro dissolution profiles of TH from TPE formulation in different
dissolution media. Bars represent the standard deviation obtained from the
individual data (n=12).
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Fig. 2. In vitro dissolution profiles of TH from TGM formulation in different
dissolution media. Bars represent the standard deviation obtained from the
individual data (n=12).

with different binders and HPMC grades [21]. The results obtained
showed the suitability of this technique for the development of SR
formulations, and, therefore, two different binders, a hydrophilic
one (PEG 6000) and a lipophilic one (glycerol monostearate) were
selected for a further in vitro characterization and a pharmacoki-
netic study in Beagle dogs.

In order to test the influence of the binder and the dissolution
medium pH on the release of TH from the tablets, dissolution test
was carried out at various pH values. Figs. 1 and 2 feature the TH
release profile from the two formulations (TPE and TGM) in the dif-
ferent media.

Invitro dissolution results showed that both TPE and TGM formu-
lations provided a sustained release of the drug for a period of 24 h.

The similarity factor (f,) was used to compare the dissolution
profile in different dissolution media (HCl pH 1.2, acetate buffer
pH 4.5, phosphate buffer pH 6.8 and pH change media) with that
obtained in distilled water. For TPE formulation, f2 values were
85.52, 87.36, 55.61 and 58.84, for each pH value, respectively.
The values obtained for TGM formulation were 84.56, 95.21,
61.35 and 63.74, respectively. These results indicate that TH re-
lease from the two matrix systems, TPE and TGM, was independent
of the pH value of the release medium.

However, we detected differences in the release rate of TH
depending on the formulation. The nature of the binder contained
in the tablets could explain this behavior. The formulation contain-
ing glycerol monostearate presented a slower TH release rate. At
24 h, total TH released was around 65% and higher than 80% from
TGM and TPE, respectively, in all pH studied.

This behavior could be explained by the hydrophobic nature of
glycerol monostearate which could probably delay wetting of the
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Fig. 3. In vitro release profile of TPE, TGM and Theo-Dur® in distilled water. Bars
represent the standard deviation obtained from the individual data (n=12).

solid HPMC matrix and, consequently cause a slower release rate.
Therefore, the choice of binder proves crucial when using a one-
step melt granulation process to elaborate SR formulations: the
in vitro release profile of the drug can be modulated with only a
change in the nature of the binder.

The release profile of TH from Theo-Dur® was not affected by
the pH of the medium (data not shown). For this formulation, the
f> values at each pH compared to distilled water were found to
be higher than 55, indicating similarity between the different dis-
solution profiles. Since pH does not affect the release profile, dis-
tilled water was selected as dissolution medium to study the
behavior of the two new formulations in comparison with a mar-
keted TH SR formulation, Theo-Dur®. Fig. 3 shows the release pro-
file of the three sustained release formulations in distilled water.

The formulation containing the hydrophilic binder PEG 6000
(TPE) showed a similar release profile than the marketed Theo-
Dur® (f, = 60.54). Theo-Dur® is an extended used marketed formu-
lation that is composed of a part of TH presented in a matrix and
the remainder is contained in small cores which are embedded
in the matrix [29].

Table 2 summarizes the release kinetic parameters calculated
with Weibull and Korsmeyer-Peppas equations from the drug dis-
solution data in distilled water. Both TPE and TGM formulations
showed a very good correlation with the power law equation
(r* > 0.999). The release exponent n was 0.709 for the TPE formu-

Table 2
Release kinetic parameters calculated with Weibull and Korsmeyer-Peppas equations
from the drug dissolution data in distilled water.

—&— Theo Dur
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Fig. 4. Plot of mean (* SD) plasma TH concentration-time curves following
intravenous administration of TH in solution and the test SR formulations and
commercial tablets.

lation, 0.641 for the TGM formulation and 0.561 for Theo-Dur®,
suggesting a non-Fickian diffusion kinetics (0.5 <n < 1) [22].

The Korsmeyer-Peppas equation is confined to the description
of the first 60% of the release curve [30,31]; however, Weibull func-
tion is used to describe the drug release mechanism of the entire
drug release curve. The fitting of release values to Weibull equation
showed a good correlation (r* > 0.996) for the three formulations.
A b value ranging from 0.75 to 1 was obtained for TGM and Theo-
Dur®, which is indicative of diffusion in normal Euclidian substrate
together with another release mechanism. In the case of TPE, a
b > 1 indicates that a complex mechanism governs the release pro-
cess, with an initial non-linear increase up to an inflection point
and, thereafter, an asymptotic decrease. These results are in line
with previous studies that provide experimental evidence for the
successful use of the Weibull function in the entire drug release
studies [31,32].

3.2. In vivo study

The formulations were administered orally to Beagle dogs, and
the plasma concentration-time profiles were obtained. Fig. 4 and
Table 3 summarize the mean plasma TH concentration-time
curves and pharmacokinetics parameters following intravenous
administration of TH in solution and the test SR formulations and
commercial tablets.

As Fig. 4 shows, the matrix tablets (TPE and TGM) presented
sustained plasma level profiles. Significant differences (p < 0.05)
in the plasma concentration-time curves between the two formu-
lations were found, with higher Cnax (6.05 + 2.00 vs. 2.55 + 0.82 g/

Weibull Korsmeyer-Peppas mL), higher AUCy_,, (70.24 £ 16.10 vs. 33.00 + 8.96 h pg/mL) and
2 b (SD) P n K (h™™) (SD) delayed Tmax (6.00 £2.12 vs. 3.17 + 0.98 h) for the TPE formulation.
TPE 0996  1.10(0.04) 0999 0709  0.621(0.05) These results are consistent with those obtained in vitro, with
TGM 0.999 0.84 (0.01) 0.999 0.641 0.668 (0.02) slower release rate of TH from TGM than from TPE. These results
Theo-Dur® 0998  0.97(0.03) 0995 0561 1.767 (0.24) support the use of lipophilic binders for the development of SR for-
mulations with highly soluble drugs [33]. The addition of fatty
Table 3
Mean (+ SD) pharmacokinetic parameters of TH following an IV Bolus injection and single oral administration of the sustained release formulations to dogs (n =6).
Pharmacokinetic parameters Intravenous formulation Theo-Dur® TPE (PEG 6000) TGM (glycerol Monost.)
tij2 (h) 4.08 £0.74 4.24+0.90 3.73£0.82 445+1.14
Cinax (ng/mL) 8.42 +4.65 716+ 1.78 6.05 £ 2.00 2.55+0.82°
AUCo-. (h ug/mL) 34.92+4.16 74.27 £10.17 70.24+16.10 33.00 + 8.96°
Tmax (h) = 5.00 £ 1.79 6.00 £2.12 3.17£0.98"
MRT (h) 3.93+0.38 8.17 £ 0.65 8.40+1.10 834+2.38
Cl (L/h) 0.23+£0.03 2.78£0.35 2.73+£0.37 2.77£0.36
Vdz (L) 1.35£0.17 16.87 £3.43 14.65 £ 3.43 18.55 £4.17
F - 103.44 + 18.83 95.55 +22.84 46.35+14.85"

" Significant differences (p < 0.05) between TPE, TGM and Theo-Dur®.
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Fig. 5. Plots of mean (+ SD) percent absorbed in vivo vs. time for both new SR
formulations. Bars represent the standard deviation obtained from the individual
data (n=6).

excipients like glycerol monostearate may retard the dissolution,
and consequently decrease the in vivo absorption of hydrophilic
drugs, whereas the addition of hydrophilic excipients could be
used to improve the absorption of slightly soluble drugs [34].

Moreover, a very similar profile was obtained with TPE and the
commercial formulation Theo-Dur®. No significant differences
(p>0.05) in plasma levels nor in pharmacokinetic parameters
were found between the two formulations.

3.3. IVIV correlation development

An important step in the dosage form development process is
exploring a relation between the in vitro drug release and the
in vivo absorption from a sustained release dosage form [35,36].
Fig. 5 showed the percent absorbed in vivo vs. time for both new
SR formulations.

Fig. 5 shows that a prolonged and slow absorption was consis-
tent with the in vitro release in the dissolution profiles. Moreover,
the lower release of TH from the TGM formulation is in line with a
lower absorption of the drug, which is reflected in a poor bioavail-
ability (F < 0.5). The TPE formulation showed a very high bioavail-
ability (F > 0.95) due to a good release and absorption profiles of TH
from this formulation.

Level A IVIV correlation is the most informative and very useful
from a regulatory perspective since it represents a point-to-point
relationship between in vitro dissolution and the in vivo input rate
of the drug from the dosage form [37]. Fig. 6 presents an example
of Level A IVIVC with linear correlation plots for percentage of
in vitro dose released and percentage of in vivo dose absorbed.

It is known that a Level A correlation obtained with a single for-
mulation can be useful only when the formulation under study is
shown to be independent of dissolution conditions (e.g., pH, ionic
strength, agitation conditions). In our study, in vitro-in vivo corre-
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Fig. 6. Example of IVIVC plots for TPE and TGM formulations in distilled water as
dissolution medium.

lation was also obtained with the release profile obtained at differ-
ent media with different pH values of dissolution media. In all
cases a very good correlation was obtained for both formulations
with r>0.995 for TPE and r>0.975 for TGM, respectively. This
was expected since, as we have shown above, that pH does not af-
fect the release profile of TH from the matrices.

It is important to note that, a good IVIV correlation suggest the
possibility to predict in vivo pharmacokinetic behavior from the
observed in vitro drug release profiles. Validation of IVIV correla-
tion would be the next step. For this purpose it is convenient to
evaluate a significant number of formulations.

4. Conclusions

In summary, two sustained release formulations of theophylline
were elaborated by one-step melt granulation in a high shear mix-
er. Each formulation contained a different binder (PEG 6000 or
glycerol monostearate, as hydrophilic or lipophilic binder, respec-
tively) and presented different in vitro release profiles. Both formu-
lations provided a sustained plasma concentration profile after oral
administration to dogs, and the formulation containing PEG 6000
(TPE) achieved a similar plasma profile than Theo-Dur®. Further-
more, a very good Level A IVIV correlation was observed between
dissolution profiles and absorption profiles of the drug for both test
formulations.

We can conclude that one-step melt granulation in high shear
mixer could be an easy and more cost-effective technique for sus-
tained release formulation development. This technique allows for
an easy modulation of the release profile and, consequently, of the
plasma level profile of the drug by selecting the type of binder used.
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