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Over the years, different formulation technologies intended for gastro retentive dosage delivery were
investigated and patented. The aim of this study was to develop an innovative floating gastro retentive
dosage form (GRDF). The developed technology induces a low-density dosage form containing high active
pharmaceutical ingredient (API) concentration by using a hydrophobic dusty powder excipient under
specific conditions. The new dosage form was obtained by state of the art wet granulation manufacturing
process. An experimental design using a discrete variable and four mixture variables was conducted in
order to optimize API concentration and buoyancy of the new dosage form. An apparatus was developed
to measure the apparent density of floating tablet. The GRDF was characterized for apparent density,
buoyancy, porosity and dissolution using in vitro experimentations.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Oral delivery of drugs is the most preferred administration route
due to ease of administration. Drug bioavailability of pharmaceuti-
cal oral dosage forms is influenced by various factors. One important
factor is the gastric residence time (GRT) of these dosage forms
(Kagan and Hoffman, 2008; Desai and Bolton, 1993). Indeed, gastric
retention has received significant interest in the past few decades
as most of the conventional oral delivery systems have shown some
limitations related to fast gastric emptying time. A gastro retentive
dosage form (GRDF) can overcome this problem and is particu-
larly useful for drugs that are primarily absorbed in the duodenum
and upper jejunum segments. The classification of different modes
of gastric retention has been listed by Hwang et al. (1998) and
Bardonnet et al. (2006):

¢ high-density (sinking) systems,
¢ Jow-density (floating) systems,
e expandable systems,

e superporous hydrogel systems,
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e mucoadhesive systems
e and magnetic systems.

The stomach is divided into 3 anatomic regions: fundus, body,
and antrum (pylorus). The separation between stomach and duo-
denum is the pylorus. The part made of fundus and body acts as a
reservoir for undigested material, whereas the antrum is the main
site for mixing motions and act as a pump for gastric emptying by
propelling actions. Gastric emptying occurs during fasting as well
as fed states. The pattern of motility is however distinct for the two
states. During the fasting state an interdigestive series of electrical
events take place, which cycle both through stomach and intestine
every 2-3 h. This is called the interdigestive myloelectric cycle or
migrating myloelectric cycle (MMC), which is further divided into
following 4 phases as described by Struebel et al. (2006):

e Phase I (basal phase) lasts from 40 to 60 min with rare contrac-
tions.

¢ Phasell(preburst phase) lasts from 40 to 60 min with intermittent
action potential and contractions. As the phase progresses the
intensity and frequency also increases gradually.

e Phase III (burst phase) lasts for 4-6 min. It includes intense and
regular contractions for short period. It is due to this wave that
all the undigested material is swept out of the stomach down to
the small intestine. It is also known as the housekeeper wave.
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e Phase IV lasts for 0-5min is a transition period of decreasing
activity until the next cycle begins.

Food effects and the complex motility of the stomach play a
major role in gastric retention behavior (Klausner et al., 2003;
O'Reilly et al., 1987; Sangekar et al., 1987; Khosla et al., 1989;
Abrahamsson et al., 1993). Several approaches of non-effervescent
and effervescent formulation technologies have been used and
patented in order to increase gastric residence time of the GRDF
(Talwar et al., 2000; Sonobe and Watanabe, 1989; Berner and
Hou Sui Yuen, 2004; Curatolo and Lo, 1988; Afargan et al., 2006;
Vanderbist et al., 2007). Streubel et al. (2003a) prepared floating
matrix tablets using a low-density polypropylene foam powder
and matrix-forming polymers. They also developed microparticles
based on low-density foam powder (Streubel et al., 2002, 2003b).
The incorporation of low-density materials, such as edible oils, in
the dosage forms has been also reported recently. Fukuda et al.
(2006) investigated floating hot-melt extruded tablets for gastrore-
tentive controlled drug release system.

Floating characteristic of a gastric retentive dosage form is
assessed by onset of floating, floating duration but also floating
strength. The floating strength has not been quantified extensively
in previous studies. However, it represents an important character-
istic as the dosage form has to float in vivo even in the presence
of food. As higher floating strength increases the probability of the
oral dosage form to remain afloat, this attribute plays a major role
in reducing food effects on gastric retention.

The objective of the present work was to develop a new and inno-
vative gastroretentive formulation based on intrinsic low-density
(floating) systems using a standard manufacturing process (the
wet granulation and the moulding of the tablets have been cho-
sen), allowing a final porous structure with improved cohesion
and which releases drugs in the stomach and upper gastrointesti-
nal (GI) tract. The floating system must have an intrinsic density
lower than 1.004 g/cm3. In our technology, the buoyancy is pro-
vided first by a high porosity, and secondly by the high content of

hydrophobic compounds. In order to enhance the final tablet poros-
ity, a high shear mixer was used during the wet granulation process
to incorporate some air into the produced paste. The roles of each
compound and each parameter on buoyancy were characterized
through an experimental design. With this experimental design the
critical process parameters have been frozen to compare the results.
The responses which have been studied were the apparent density
and the porosity of tablets issued from our manufacturing process.
The experimental design induced 28 runs, but dissolution profiles
have been achieved only on 4 specific runs.

2. Materials and methods
2.1. Materials

Theophyllinee was used as model drug (COOPER, France).
Silicon Dioxyde (Aerosil® R972, Degussa, Germany) was used
as a hydrophobic dusty powder. Polyvinilpyrollidone/PVP K30
(Kollidon® 30, BASF, Germany) was used as a binder. Stearic acid
was used as controlled release agent (COOPER, France). All other
chemicals used were of reagent grade.

2.2. GRDF manufacturing process

Aqueous wet granulation and moulding processes have been
chosen as state of the art pharmaceutical manufacturing processes
for the GRDF formulations. In order to enhance the final tablet
porosity a high shear granulator (4M8-Granulator high shear gran-
ulator and pelletizer, Pro-C-epT®, Belgium) was used to incorporate
air into the produced wet mass. The following procedure was
applied for wet granulation of the different formulations listed in
Table 1.

All the runs were achieved without chopper:

e Raw material weighing.
¢ Dry mixing with impeller at 150 rpm for 150s.

Table 1
Parameters of experimental runs with the responses (2 last columns).
Run X] X2 X3 X4 X5 Y1 Y2
Oven T° (°C) API % Stearic acid % Povidone K30 % Aerosil R972 % Apparent density (kg/m?) Porosity
1 40 85.00 5.00 5.00 5.00 1300.75 0.08
2 40 70.00 5.00 20.00 5.00 1110.63 0.21
3 40 55.00 20.00 20.00 5.00 1071.01 0.18
4 40 70.00 5.00 5.00 20.00 746.67 0.48
5 40 55.00 5.00 20.00 20.00 1057.74 0.28
6 40 50.00 20.00 10.00 20.00 651.90 0.53
7 40 77.50 12.50 5.00 5.00 1191.05 0.12
8 40 62.50 20.00 5.00 12.50 719.08 0.48
9 40 61.00 13.00 13.00 13.00 1037.04 0.26
10 60 85.00 5.00 5.00 5.00 1254.58 0.10
11 60 70.00 20.00 5.00 5.00 1082.86 0.20
12 60 55.00 20.00 5.00 20.00 620.54 0.55
12’ 60 55.00 20.00 5.00 20.00 590.66 0.57
127 60 55.00 20.00 5.00 20.00 628.28 0.55
13 60 50.00 10.00 20.00 20.00 776.75 0.45
14 60 50.00 20.00 20.00 10.00 892.49 0.23
15 60 77.50 5.00 12.50 5.00 1144.56 0.21
16 60 77.50 5.00 5.00 12.50 1019.18 0.32
17 60 62.50 20.00 12.50 5.00 879.83 0.35
18 60 62.50 12.50 20.00 5.00 1177.40 0.16
19 60 62.50 5.00 20.00 12.50 1197.36 0.16
20 60 62.50 12.50 5.00 20.00 631.61 0.57
21 60 62.50 5.00 12.50 20.00 809.46 0.46
22 60 52.50 18.60 10.30 18.60 665.87 0.52
23 60 65.50 9.00 16.50 9.00 1217.58 0.15
24 40 65.50 9.00 9.00 16.50 780.33 0.44
25 40 58.00 16.50 9.00 16.50 738.62 0.47
D 60 57.00 19.00 5.00 19.00 574.21 0.58
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Fig. 1. Schematisation of wet granulation steps using measurement of impeller
torque in function of quantity of granulating liquid (SI: pendular step, SII: funicular
step, SIII: capillary step, and SIV: droplets step).

e Granulation at 10 ml/min with impeller at 1000 rpm for 8 min.
e Final mixing with impeller at 1500 rpm for 60 s.

Torque variations were recorded throughout granulation pro-
cess. Tablets were then made by moulding the wet mass into PVC
cavity with a diameter of 13.5 mm and a thickness of 7.1 mm. The
mass was then dried in a ventilated oven (MMM® venticell type
404). Target loss on drying (HR < 3% for each run) was measured at
120°C for 10 min using an infrared balance (Precisa® 310 M).

According to the data recorded, the granulation phenomenon is
represented in Fig. 1, showing the formation of bridges between
the solid particles with the increase of quantities of the granulating
solution, the saturation which is reached once the interparticular
void spaces have been filled up (step IV), and finally the over-
granulated state with the solid system turning into liquid. Each
step represents a progressive increase in the moisture content,
agglomeration mechanism is a gradual change from a triphasic
stage (air-liquid-solid) in which granules are in pendular (I) and
funicular (II) states to a biphasic (liquid-solid) in which the gran-
ules are in the capillary (IIl) and droplets (IV) state. The granulating
parameters are therefore closely controlled at any of the design
and operation stages of the manufacturing process, to avoid that
the material becomes irremediably lost as soon as it reaches the
critical granulating point. Overgranulating is usually avoided in the
pharmaceutical industry, but required for the developed GRDF pro-
cess.

2.3. Determination of true and apparent density and floating
strength of GRDF tablets

The true density of the GRDF was measured (n=10) using
a helium pycnometer (Accupyc 1330, Micrometrics). Floating
strength of the developed systems was determined using an
apparatus and methodology based on Timmermanns and Moés
(Timmermans, 1991) (Timmermans and Moés, 1990a,b,c).

The apparent density of the tablets p, was determined using
a custom apparatus, based on an immersed beam measuring the
buoyancy force. The apparatus was made of a transparent paral-
lelepipedic box filled with a liquid with a known density, which
is simulated gastric dissolution media HCl 0.1N pH 1.2 (Euro-
pean Pharmacopoeia 6.0). A thin flexible PMMA beam (thickness
h=1mm thick, w = 20 mm wide and L =25 cm long) was immersed
in the bath and was equipped with a sample holder made with
metal wires (see Fig. 2) at its free extremity. The other extremity
was held firmly.

When the solid dosage was placed into the sample holder, it
was vertically displaced by the buoyancy force and reached a new
steady state once the beam oscillations vanished. Measurement of
the induced deviation (n=6) in two dimensions allows the calcula-
tion of its density according to the Eq. (3) obtained by combination

Fig. 2. Experimental setup for the determination of the apparent density A: image of
the beam extremity with the sample holder. B: Due to the buoyant force of the tablet,
the beam is lifted vertically. C: Difference between photographs A and B showing
the displacement §.. The millimetre scale is seen in the back.

of the following Eqgs. (1) and (2). According to Archimedes’s prin-
ciple, the vectorial sum of the gravity (Fgray) and buoyancy (Fiyey)
forces acting on the tablet determines the magnitude and direction
of force F and thus the resultant weight of the floating object:

F= Fbuoy - Fgrav

(M
F = prgV — pagV = (o5 — pa)8V

where F is the total vertical force, g the acceleration of gravity, and
V the tablet volume.
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The determination of displacement induced by the tablet is given
by:

8c=4——F (2)
Wi

where F is the force acting on the free extremity of the beam
combining Egs. (1) and (2) gives a direct expression for the tablet
apparent density:

s

~ 1_Ewl33./4gl3m, (3)

Pa

where oy is the liquid density, mc is the tablet weight, dc is the
displacement of the beam and E is the elastic modulus of beam
material (Young’s modulus).

The beam displacement 8. was measured by comparing two
digital photographs captured with a webcam (QuickCam® Pro
9000 Logitech, resolution 1600 x 1200 pixels) before and after
the tablet insertion into the sample holder. The Image] software
(http://rsbweb.nih.gov/ij/) allowed us to superpose the two images,
to calibrate the images and to compute the displacement (Fig. 2). A
millimetre scale was placed on the back wall of the tank for image
calibration. According to these specifications, the accuracy of this
apparatus was 10> N on the buoyancy force. A standard mass with
a known volume was used as internal standard.

2.4. Calculation of tablet porosity

True and apparent density values of the GRDF are required for
eestimation of the porosity (experimental design response). The
porosity ¢ of the samples was then calculated:

Pa
e=1-— 4
Pt “)
pq represents the apparent density and p; the true density of the
samples. Porosity was also visually assessed by scanning electron
microscopy of the tablets showing the lowest and highest porosity.

2.5. Experimental design

In order to evaluate the impact of formulation and process
parameters on the buoyancy of the GRDF, an experimental design
(NemrodW® software (Mathieu et al., 1999)) has been conducted.
The responses which have been studied were the apparent density
and the porosity of tablets issued from formulations and processes.
The present study considered one quantitative variable and four
mixture variables within the following experimental range:

Quantitative variable

X1: Oven temperature: 40 or 60 °C.
Mixtures variables:

X5: % of APIL: 50-85%.

X3: % of stearic acid: 5-20%.
X4: % PVP K30: 5-20%.

Xs5: % of Aerosil R972: 5-20%

2.5.1. Mathematical modeling

An empirical mathematical model, based on five predictor vari-
ables, was built as follows and applied on selected runs as described
in Section 2.5.2.

The quantitative variable is described with a first degree model
using X; to represent the non-dimensional coded variable:

ng = Bo + B1X4 (5)

The four mixture variables (X3, X3, X4, X5) are described with a
reduced cubic model in the component fraction X;, for the defined
domain:

Nm = BaXo + B3Xz + BaXa + BsXs + B23X2X3 + B24Xo X4
+B25X2Xs5 + B34X3X4 + B35X3X5 + B4sXaXs5 + B232X2X3X4
+B235X2X3X5 + B2a5X2X4X5 + B3a5X3X4Xs5 (6)

Finally, the complete model describing the variation of the
responses is additive (without interaction), ng + m:

N = Ng+nm = B1X1 + B2Xa + B3X3 + BaXs + BsXs + B23X2X3
+B24X2 X4 + B25XoXs + B3aX3X4 + B35X3X5 + B4sXaXs
+B8234X2X3X4 + B235X2X3X5 + B245X2XaXs5 + B345X3XsXs  (7)

In order to estimate the coefficients of the mathematical model,
runs were carefully chosen.

2.5.2. Choice of the experimental design

A*“classical” design of experiments could not be used, because of
the complexity of the experimental domain: firstly, the presence of
quantitative variable and mixture variables and secondly, mixture
variables with individual constraints.

To build the optimal design within the experimental domain
for estimating the model coefficients, an exchange algorithms
(Fedorov, 1972; Mitchell, 1974) has been used to extract a D-optimal
design from a set of candidate points. At first, the experimen-
tal domain is covered with a set of possible experiments, namely
candidate points, representing a good initial design for each
model.

A grid design (Box and Wilson, 1951; Droesbeke and
Montgomery, 1997) was built to study the quantitative variable:
Temperature of the oven (X;). For each two points of this grid
design, a mixture design with 43 runs was built (Cornell, 1990;
Scheffé, 1963) to obtain 86 candidate points. Using the exchange
algorithm based on D-optimality criteria (Kiefer and Wolfowitz,
1959), 21 minimal experiments were finally selected that corre-
sponded to a good quality design for the postulated model. In
order to estimate the variance of the experimental error, the run
no. 12 has been achieved in triplicate. Table 1 lists the exper-
imental runs, the desirability run (run D) and the results of
the two studied responses, apparent density (Y;) and porosity
(Y2).

2.5.3. Desirability

Desirability function has been investigated in order to determine
the optimized formulation. This tool is achieved by transforming
the responses Y; into a Di function called desirability function which
is defined in a specific range of the variation of Y;.

2.6. Controlled release studies

As the experimental design induced 28 runs, dissolution
profiles have been achieved only on 4 specific runs. Dissolu-
tion profiles (over 9h for the runs 1, 10, 12 and over 24h
for the run D) were performed using a USP apparatus II, pad-
dle with sinkers. For this purpose an automatic dissolution
tester (AT 7, Sotax, Switzerland) was used, operating with 11 of
0.IN HCl (pH 1.2) at 37+0.5°C and paddle speed at 150rpm
to create sufficient vortex. Quantification of dissolved theo-
phylline was determined by UV measurement at a wavelength of
271 nm.
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3. Results and discussion
3.1. Manufacturing process

The developed process is based on the surprising finding that the
resulting overgranulated materials, after that the granulating liquid
was extracted to dryness, showed advantageous intrinsic low den-
sity and intrinsic high porosity that in fact serve in the manufacture
of a floating sustained release dosage form. These advantageous
characteristics resulted from the incorporation of air into the mass
of the material via the overgranulation phenomena or indirectly
through evaporation of entrapped water.

3.2. Experimental design

3.2.1. Study of apparent density

Coefficients of the mathematical model have been calculated
from the experimental results. In order to validate the prediction
model, four test points (22-25) have been studied to evaluate the
experimental variance (Table 2).

Statistical tests on the residual values led to accept the following
predictive model:

Y; = —9.12X; + 1690.90X, — 15014.36X; + 17611.33X,
—10346.50X5 + 20045.21X,X3 — 27119.48X,X,
~10097.01X,Xs + 8629.89X3X4 + 119858.71X3Xs
—64099.10X4X5 + 35391.55X,X3X4 — 150650.48X>X3X5
+145498.57X,X4X5 — 128731.65X3X4Xs (8)

The first finding is that the quantitative variable — oven temper-
ature - did not impact on the apparent density response suggesting
that the two tested temperatures are equivalent. The estimated
effect of X; oven temperature (—9.12 cf Eq. (8)) is shown to be
not statistically significant. Secondly, response surface are drawn
within the experimental domain in the contour plot shown in Fig. 3.
For clarity purposes, the percentage of PVP K30 (X4) has been fixed
to 10% in Fig. 3.

According to Fig. 3, the increase of API percentage (X5) led to
an increase of the density. The same phenomenon but less impor-
tant was observed with the PVP K30 (X4). It can also be seen that
stearic acid (X3) did not impact significantly the density. Moreover,
an increase of Aerosil R972 percentage (Xs5) had a strong influence
on increasing the density.

3.2.2. Study of tablet porosity

Produced tablets are significantly different as per their porosity
with variations ranging from 0.08 to 0.58 (cf Table 1). The porosity
shows a strong linear correlation with the density (cf Eq. (4)) with
a negative slope (Fig. 4). One can see that the porosity increases,
when the density decreases.

This correlation implies the same behavior of the variables that
means the same interpretation concerning the influence of the
components in the formulation.

Porosity within the internal structure of GRDF was investigated
using scanning electron microscopy on tablets which had the low-

Table 2

Study of the residuals for the test points.

No. run Yexp. Yeri, Difference
22 665.87 653.24 12.63
23 1217.58 1125.50 92.08
24 780.32 896.34 —116.02
25 738.62 764.83 -26.21

80% X2
5% X3
5% X5

50% X2 600.00 50% X2
35% X3 5% X3
5% X5 35% X5

Respond studied : APPARENT DENSITY

Fig. 3. Response variation in the experimental domain API (X5), stearic acid (X3),
Aerosil R972 (Xs); fixed parameters: Povidone K30 (X4)=10%; T (°) oven (X;)=60°C.

est and maximal response values. Tablets from run 1 (apparent
density = 1300.75 kg/m> and porosity =0.08) and run 12 (apparent
density =620.54 kg/m? and porosity = 0.55) have been cut according
to their width and the pictures from the cross section are presented
in Fig. 5. Higher porosity structure of run 12 that exhibits global
monolithic aerated structure can be observed.

3.2.3. Desirability (Di)

In this study, in order to have a significant response, we have
arbitrarily chosen the target (or minimal) value for density is
580 kg/m3 and maximum accepted value is 800 kg/m?3. These values
are inferior to gastric fluid density = 1004 kg/m3.

This requirement is plotted in Fig. 6.

An algorithm is then applied in order to determine the set
of variables that maximizes the Di function in order to mini-
mize the density. Moreover, we imposed a constraint on the API
percentage, which have to be >55%. From this required values
(response and percentage), the optimum formula has been deter-
mined as Run D (Table 1), who represents the optimal conditions
and allows the obtention of experimental response (apparent den-
sity) 574.21 kg/m?3 for a density predicted at 626.87 kg/m3.

POROSITY
o
w

o
]

o
2

R’=0,9622

0!
500 600 700 800 800 1000 1100 1200 1300 1400

APPARENT DENSITY kg.'ms

Fig. 4. Graphical representation of the correlation between porosity and apparent
density.
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Fig. 5. Microphotograph on the left: cross section of tablets from run 1 (high den-
sity); microphotograph on the right: cross section of tablets from run 12 (low
density).
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Fig. 7. Dissolution profiles of lower density tablet run 12 ¢, higher density tablet run 1 B run 10 J, and desirability tablet (run D) a realized with the experimental design.
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How one can see in Fig. 6, when the API rate is fixed at 55%, the
lower apparent density is observed with high rates of stearic acid
and Aerosil R972. The PVP K30 fixed at 5% is sufficient to remain
the tablet structure integrity during a long time (up to 9 h) under
dissolution test conditions (Fig. 7).

3.3. Controlled release studies based on experimental design runs

Four runs 1, 10, 12 and D from the experimental design (Table 1)
were selected as they exhibit the extreme apparent density values.
Even if run 1 and run 10 cannot be considered as GRDF, they were
also studied in order to evaluate the impact of porosity and of oven
temperature on dissolution profiles. Optimized formulation based
on desirability calculation was investigated as well.

Dissolution profiles are presented in Fig. 7. Buoyancy of tablets
was verified at the beginning and at the end of the dissolution test,
Runs 12 and D still float at the end.

All formulations led to sustained release of theophylline.
Although, high porosity tablets showed slower dissolution profiles,
indeed run D exhibit an API release of about 50% after 24 h.

The sustained release cannot be only attributed to the porosity,
as the tablets presenting higher porosity contain more hydrophobic
ingredients. One can see that sustain release occurred even with
only 5% percent of those ingredients. Comparison between profiles
from run 1 and 10 exhibit that if the oven temperature has no effect
on the tablet density, it has strong influence on the API release due
to stearic acid low melting point (#55 °C).

Those results suggest that even with a high degree of air in the
matrix, the cohesion of the monolithic structure is sufficient to sus-
tain the release even under high agitation conditions (150 rpm for
paddle speed rotation).

Finally, 5% of the binder was found to be sufficient to keep the
tablet cohesion during a floating period of up to 9 h for run 12 and
up to 24 h for run D.

4. Conclusion

This study has shown a proof of concept concerning an overgran-
ulation manufacturing process of gastro retentive & sustain release
platform using a hydrophobic dusty powder in order to obtain a
wet aerates mass (Prinderre, 2008). The buoyancy of the developed
technology is provided by two phenomenons: (1) high porosity of
the dosage form and (2) high content of hydrophobic compounds.

Incorporation of silicon dioxide, commonly used as a glidant,
allowed the production of a floating sustained release dosage form.
According to the manufacturing process and to its hydrophobicity,
the small particle size is allowing the reorganisation of the ingredi-
ent around the droplets of water. This water entrapment allows the
obtention of pores during the drying step process with the water
evaporation. Surprisingly, the high porosity of the matrix did not
led to a weak structure which could be due to the presence of the
binder.

In conclusion, the incorporation of a hydrophobic dusty pow-
der using a classical wet granulation technique represent a new
alternative for the obtention of sustain release dosage form and if
the process undergo overgranulation, it represents an innovative
formulation for a gastro retentive platform.
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