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ABSTRACT

The problem of many gastroretentive systems is the mechanistic connection of drug release and gastric retention
control. This connection could be successfully separated by formulating hollow tubes via hot-melt extrusion and
sealing both tube ends, which led to immediately floating devices. The tube wall consisted of metformin crystals
embedded in an inert polymer matrix of Eudragit® RS PO and E PO. Very high drug loadings of up to 80% (w/w)
were used without generating a ‘burst release’. Sustained release profiles from four to more than twelve hours
were achieved by varying the polymer proportions without affecting the floatability. Buoyancy was found to
mainly depend on the cylinder design, i.e. the outer to inner diameter ratio. This allowed the polymer/met-
formin composition to be changed without affecting buoyancy, i.e. a separation of floatability and release
control was achieved. A prediction model was implemented that allowed for the buoyancy force to be de-
termined with high accuracy by selecting a suitable ratio of outer to inner diameter of the modular tube die. Wall
thickness and mass normalized surface area were identified as geometric parameters that mainly influenced the
release properties. Conclusively, this study offers a highly flexible and rational manufacturing approach for the
development of gastroretentive floating drug delivery systems.

1. Introduction

The development of gastroretentive drug delivery systems (GRDDS)
is complex, since a prolonged gastric residence time over the entire
release period in combination with a sustained release profile must be
ensured. Small liquid amounts and housekeeper waves (propulsive
contractions) in the fasted state represent the main challenge for re-
maining a GRDDS in the stomach [1-3]. In addition, the properties of
the gastric fluid vary widely in terms of pH, viscosity and enzyme levels
depending on fasted or fed state [4-6]. Ensuring a robust release in a
highly fluctuating environment is the other major obstacle [7]. The
reasons to start a rather challenging development of a GRDDS are
mainly: A narrow absorption window in the upper gastrointestinal tract
as described e.g. for Levodopa [8,9], Gabapentin [10,11] and Fur-
osemide [12,13]. The demand for a local therapy in the stomach e.g.
during a Helicobacter pylori infection [14,15]. Or an increased

therapeutic efficiency overcoming low bioavailability and high ab-
sorption variability caused by fast gastric transit time [16-19]. Gas-
troretentive functionality has been established using various ap-
proaches. Mainly swelling/size enlargement [8,20], bioadhesion
[21,22] and floating principles as well as combinations thereof [23,24]
are applied. In order to reduce complexity during GRDDS development,
our aim was to separate gastroretentive properties from extended re-
lease control. An inert matrix system, in combination with the floating
approach seemed to offer more development opportunities, compared
to swelling matrix (usually hydrophilic matrices) or bio-adhesive ap-
proaches. Hence, the focus of our work was on floating devices, only.
Sodium bicarbonate has been used in various formulations in order
to generate carbon dioxide in situ, which is subsequently trapped by an
impermeable polymer layer, thereby generating the required buoyancy
[15,25-27]. However, studies focused on the effect of sodium bi-
carbonate on the API dissolution behavior showed that the amount of
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generated carbon dioxide considerably influences the release rate
[15,25,28,29]. Porous tablets were manufactured by incorporation of
excipients which could undergo sublimation e.g. menthol, which was
removed after tableting under vacuum [30,31]. Hydrodynamically ba-
lanced systems as a sub-type of non-effervescent systems have been
studied by Enri et al. and Ali et al. [32,33]. The approaches described
above, require the polymer to control the release rate and guarantee the
floatability. Consequently, varying the sustained release polymer
quantity can result in an increased floating lag time or an insufficient
floating duration [28,34,35]. In another approach 3D-printing was used
to print low density lattice internal structure tablets of dipyridamole,
which stayed buoyant for more than 8 h [36]. Floating microspheres
manufactured via solvent evaporation were investigated by Kumar-
aswamy et al. [37]. However, drug loadings of less than 20% were
achieved with those two methods. Tablet modules consisting of hy-
drophilic polymers have been developed, which can be stacked together
similar to LEGO bricks creating a cavity between both parts (Dome
Matrix®), thus allowing the assembled tablet to float [38]. However,
compression of those specially shaped tablet parts and assembling
thereof, is very demanding and difficult to automate. As inert matrix
tablets exhibit remaining porosity, drug release rates will be faster
compared to hot-melt extruded matrices of almost zero porosity [39].
Thus, higher drug loads are likely to be achieved by extrusion compared
to compressed inert matrix tablets due to a higher extended release
capacity. However, hot-melt extrusion (HME), as a versatile alternative
to conventional production methods, has been barely investigated for
the manufacture of floating drug delivery systems (FDDS) [40,41].
Porous extrudates have been manufactured using the thermal decom-
position of sodium bicarbonate to generate CO, during extrusion in
order to obtain a sponge-like structure [42]. Vo et al. evaluated foamed-
structure pellets by liquid injection of ethanol during extrusion and
subsequent liquid-vapor phase transition [43]. Nakamichi et al. pre-
pared puffed extrudates by implementing high pressure screw elements
close to the die to provoke extensive die swelling [44]. Vo et al. com-
bined the thermal decomposition of sodium bicarbonate to form a
porous structure with the bio-adhesive properties of hydroxypropyl
cellulose to obtain a dual-mechanism gastroretentive system [45]. En-
suring a specific pore size distribution in porous floating systems pro-
duced via HME is very challenging particularly because the pore size
depends on a variety of factors, e.g. temperature, pressure and sodium
bicarbonate particle size [30]. Consequently, the development of
porous or gas-generating floating systems is always a compromise be-
tween floating ability and sustained release properties.

The aim of the present work was to establish a floating device where
release control is provided by an inert matrix at almost zero porosity,
i.e. a high extended release capacity. We selected the tube extrusion
approach as a highly advantageous direct shaping technique to produce
hollow, floating gastroretentive drug delivery systems. The cylinder
wall acted as the inert matrix system built by dispersed metformin
crystals in an inert polymer. The cylindrical geometry of these hollow
systems enabled a separation of floating ability and release properties.
The buoyancy depended mainly on the volume ratio between cylinder
wall and hollow cavity. Therefore, the cylinder wall composition can be
varied while the floating behavior should be only slightly affected.
Metformin hydrochloride (Met) was used as a model drug. Met is a well-
known API for first-line treatment of type II diabetes. Met is highly
water soluble, but exhibits a narrow absorption window in the upper
gastrointestinal tract with saturable and dose-dependent uptake
[46-48]. Therefore, Met would highly benefit from a sustained release
system, which due to its narrow absorption window should incorporate
a gastroretentive mechanism [49]. To date, only one gastroretentive
system is commercially available for Metformin (Glumetza®), which is
based on a swelling and size enlargement principle [50,51].
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2. Material and methods
2.1. Material

Metformin hydrochloride (Met) with a dso of 55 um and a dgg of
127 um was obtained from Wanbury Limited (Mumbai, India) [52].
Ammonio Methacrylate Copolymer, Type B (Eudragit® RS PO, EuRS),
Basic Butylated Methacrylate Copolymer (Eudragit® E PO, EPO) and
Aerosil® 200 Pharma were kindly provided by Evonik Industries AG
(Darmstadt, Germany). Stearyl alcohol (Sa) was purchased from Carl
Roth GmbH + Co. KG (Karlsruhe, Germany). Polyvinylacetate (Vin-
napas® B17 spezial) was obtained from Wacker Chemie AG (Munich,
Germany).

2.2. Preparation of physical mixtures

Prior to the manufacturing process, stearyl alcohol flakes were cryo-
milled 3 x 30s at 30 Hz using a MM 400 ball mill (Retsch GmbH, Haan,
Germany). Subsequently, Eudragit RS, Eudragit E and milled stearyl
alcohol were blended in a Turbula blender (Willy A. Bachofen AG
Maschinenfabrik, Germany) for 5 min at 50 rpm to form the pre-blend.
Metformin and Aerosil were passed through a 500 um and 250 um sieve
respectively in order to break down agglomerates and ensure a homo-
genous particle size distribution. In a final step, both ingredients were
added to the pre-blend and mixed in the Turbula blender for additional
10 min at 50 rpm to obtain the final blends (Table 1, Met 1-10). The
batch size was 80 — 100g.

2.3. Manufacturing of hollow extrudates

Fig. 1 shows schematically the manufacturing process of hollow
floating delivery systems using hot-melt tube extrusion. The process
was performed with a co-rotating 12 mm twin-screw extruder ZE 12
(Three-Tec GmbH, Seen, Switzerland) with a functional length of 25:1
L/D. Two kneading areas (30°+ 60° and 60°+ 90°) were mounted to
ensure a homogenous API distribution within the polymer matrix. The
extruder was equipped with a modular design tube die to obtain dif-
ferent outer (OD) to inner (ID) diameter ratios. The die outlet was
aligned vertically to avoid collapse of the tube by gravitation. The die
tip and die plate could be varied in 1 mm steps respectively (ID: 3, 4, 5,
6 mm; OD: 6, 7, 8, 9 mm). The used die combination of each respective
batch is given in brackets (OD/ID). Throughput was kept constant at
120 g/h and screw speed was set to 100 rpm for all trials. Stearyl al-
cohol was added as a plasticizer to mixtures with high drug load (=
70%) in order to reduce torque during manufacture and ensure pro-
cessability. The temperature profile for extrusion was adjusted within
the range of 120-140 °C defined by the extrudate properties (to avoid
tube collapse) and extruder torque. The applied extrusion temperatures
are listed in the supplementary data (Table A.2). Obtained extrudate
tubes were cooled to room temperature and cut into small cylinders.
The length varied in the range of 13 — 20mm depending on the

Table 1
Composition of extrudate formulations evaluated in the present study (w/w %).
Sample Metformin [%] EuRS [%] EPO [%] Sa [%] Aerosil [%]
Met 1 69.5 27 0 3 0.5
Met 2 69.5 27 0 3 0.5
Met 3 69.5 20.2 6.8 3 0.5
Met 4 69.5 13.5 13.5 3 0.5
Met 5 69.5 10.8 16.2 3 0.5
Met 6 69.5 6.8 20.2 3 0.5
Met 7 50 37.5 12.5 0 0
Met 8 50 25 25 0 0
Met 9 50 35 15 0 0
Met 10 79.5 18 0 2 0.5
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Fig. 1. Manufacturing process of hollow cylindrical extrudates. Process steps: (a) extrusion (b) cutting (c) sealing.

formulation drug load in order to achieve a final target dose of 300 mg.
Finally, open cylinder ends were sealed using a heated circular cavity to
obtain hollow bodies with an apparent density below 1 g/cm>.

2.4. Design of the prolonged release profile

2.4.1. Formulation

The influence of various ratios of EuRS (pH independent, sustained
release) and EPO (soluble < pH 5.0) on the release behavior of Met
was investigated in combination with drug loads in the range of 50 —
80% (w/w).

2.4.2. Varying dimensions - wall thickness and surface area

The influence of varying OD/ID ratios on release profiles was ex-
amined. Therefore, extrudates based on two mixtures (Met 3 and Met 9,
see Table 1) were prepared with (a) changing and (b) constant wall
thicknesses. Tube extrudates were cut into 20 mm cylinders in length
and sealed by closing the cavity on both sides with polyvinyl acetate, a
water insoluble polymer. A temperature of about 90 °C was applied to
soften the polymer. Hence, comparable hollow cylinder geometries
were achieved to ensure accurate parameters for the investigated pre-
diction models.

2.4.3. Variation of dose strength

Two batches (Met 3 and Met 9) were prepared as described in 2.3.
To obtain hollow extrudates with different dose strength the length of
the cylinders was varied. The influence of changing cylinder length on
release behavior was evaluated. Extrudates containing 300, 400, 500
and 600 mg of Metformin per unit were produced.

2.5. True density

True densities (p)) of final blends and unsealed tube cylinder ex-
trudates were approximated using an AccuPyc 1330 helium pycnometer
(Micromeritics GmbH, Norcross, USA; n = 1). Twenty purge cycles
followed by 25 sample runs were performed to reach a standard de-
viation < 0.01%. Filling pressure and equilibration rate were kept
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constant for all experiments at 136.86 kPa-g and 0.0345 kPa-g/min re-
spectively.

2.6. Apparent density

Apparent densities (p,) of sealed extrudates were analyzed by dis-
placement measurements using a GeoPyc 1360 (Micromeritics GmbH,
Norcross, USA; n = 3). Blank measurements were performed constantly
prior to sample analysis. Measurements were performed by running
three cycles in a chamber (d = 12.7 mm) at a compression force of
28.0N. Standard settings for zero depth (45.5427 mm) and conversion
factor (0.1284 cm®/mm) were applied.

2.7. Determination of extrudate dimensions

To measure outer (OD) and inner (ID) diameters, thin discs (< 2
mm; n = 4) of tube extrudates were cut precisely and photographed
using a Canon EOS 700D camera (5184 X 3456 px) equipped with an
EF-S 18-55 mm STM lens. The camera was fixed on a tripod to ensure a
constant working distance for all images. Pictures were taken with a
focal length of 55 mm and aperture priority mode. Pixel length corre-
sponded to 13 um. Cavity and total cross section areas were determined
with NIH ImageJ [53,54]. OD and ID were calculated based on a disc
circularity of one.

2.8. In vitro release studies

Release studies were performed using European Pharmacopoeia
dissolution apparatus 1 (AT7smart; Sotax AG, Allschwil, Switzerland)
with 500 ml of media kept at 37 °C +/— 0.5 °C and a stirring speed of
50 rpm. All experiments were conducted in triplicate. Samples were
taken at predetermined time points over a 12h period and analyzed
online by a UV spectrophotometer (Agilent 8453; Agilent Technologies
GmbH, Waldbronn, Germany). Metformin hydrochloride was detected
at 245 nm using the first derivative of the absorbance. All experiments
were conducted under sink conditions due to the high solubility of
approximately 300 mg/ml of metformin hydrochloride in the pH range
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of 1.2 — 6.8 [55]. Dissolution trials were carried out at three different
pH levels using simulated gastric fluid (0.1 N HCI) pH 1.0 and McIl-
vaine buffer to obtain pH 4.0 and 6.0. In order to compare dissolution
profiles, difference (f;) and similarity (f,) factors were calculated. Two
dissolution curves are considered as equal if f, < 15 and f, = 50, re-
spectively [56,57].

S IR, — T
h= Hl[nilt % 100
Zz:n R

f, =50 % loglol 100
1

(€Y

N ity R T)?

n (2

Mean dissolution values at time t of the reference product R, and test
product T, as well as the sample number n are required for calculation.

2.9. Floating strength determination

In order to monitor the floating behavior continuously, an opti-
mized quantitative floating force measurement system, based on the
results reported by Timmermans and Moes was built [58]. A basket
holder was directly mounted to the load cell of an Extend ED224S
analytical balance (Sartorius AG, Gottingen, Germany). Thus, the re-
sultant weight was measured in vertical direction (Fig. 2) without the
need for calibrating the system prior to experiments. Resultant weight
was recorded every 5min over a period of 12h using a custom made
LabVIEW based software. Measurements were performed in 500 ml
0.1 N HCI with addition of 0.05% polysorbate 80, kept at 37 °C and
stirred continuously, to create comparable conditions to in vitro release
studies. The resultant floating force was calculated using the Archi-

medean principle Eq. (3),
Ees = Fbuoy - Féfrav

3

where the resultant force (F,) is equal to the vector sum of the
buoyancy (Fpyuoy) and gravity (Fg.,) force. Tested extrudates are con-
sidered as “floatable” as soon as a force of zero mN/g is exceeded.

2.10. Scanning electron microscopy (SEM)

The matrix structure of hollow extrudates before and after drug
release studies was examined at 10kV and high vacuum conditions

At_j
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N

Fig. 2. Floating force measurement system. (A) Analytical balance, (B) table
with a round recess, (C) basket, which is directly connected to the load cell, (D)
glass vessel, (E) heated magnetic stir plate (F) lifting platform.
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using an SU3500 SEM (Hitachi High-Technologies Europe GmbH;
Krefeld, Germany) equipped with a SE-detector. Samples originating
from dissolution studies were shock frozen in liquid nitrogen and sub-
sequently freeze dried (Lyovac GT2, STERIS, Hiirth, Germany) to pre-
serve the pore structure. Samples were sputter coated with gold prior to
SEM analysis.

2.11. X-ray powder diffraction (XRPD)

Crystallinity was analyzed by X-ray powder diffraction. An X’Pert
MRD Pro (PANalytical, Almelo, Netherlands) in reflection mode with
Cu Kal radiation (45kV/40mA; A = 1.5406 /o\) was used.
Measurements were performed with 0.0167° 20 step size in the range of
4.0-45.0° 20. Extrudate samples were cryomilled prior to analysis. Data
was analyzed with X'Pert High Score Plus (PANalytical, Almelo,
Netherlands).

2.12. Non-linear curve fitting

Origin® Pro 8G (OriginLab, Northampton, USA) was used for
mathematical description of dissolution profiles. Data was fitted based
on the Weibull function (Eq. (4)),

d
C=Cy (1 - ef(i) ]
@

where C, and C, define the concentrations in solution at time t and after
complete dissolution, d reflects the shape factor of the dissolution curve
and k sets the time until 63.2% of the API is dissolved (rate constant).
Co was set to 100 for all calculations. Data fitting was performed until
no further changes in the function parameters were achieved (max. 400
iterations). In order to verify the quality of the performed fits, the ad-
justed correlation coefficients (R?) were taken into consideration.

2.13. Predictive models

2.13.1. Die configuration for manufacture

The aim of the die configuration calculation is the determination of
feasible OD to ID ratios, which can be used during manufacturing, in
order to achieve an apparent density below 1 g/cm? of the final dosage
form. Initially, the true density of the final powder blend (p,) needs to
be approximated using a helium pycnometer. Input parameters for the
calculation are: drug load (dl) of the final blend, dose strength (ds) and
desired density (pg, < 1g/cm®) of the sealed final dosage form. For
calculation, a zero porosity of the extrudate was assumed. In a first step
the needed total volume (Vy, including the hollow space) of the final
dosage form to reach the desired density was calculated (Eq. (5)).

_ ds
T dlxg,

Viot

)

In a second step, the required wall volume (V,,,) to incorporate the
polymer/Metformin mixture was defined (Eq. (6)),

ds
Vour =
di p, 6)
followed by the cavity volume (V;,) determination (Eq. (7)).
Vin = Vior — Vour @

Based on the determined volumes, the calculation of possible OD/ID
ratios to accomplish these volumes was carried out. The inner diameter
has to be predefined due to the aforementioned available die parts.
Subsequently the die parameter calculation was performed for all ID in
order to choose the best possible die setting for manufacture, with
preference on small overall dimensions to facilitate easy swallowing.
Cylinder length (D) calculation (Eq. (8)) was based on the cavity volume.
During the sealing process of the hollow cylinder, the volume of the
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Fig. 3. Density comparison of unsealed extrudates (white bars; true density), predicted apparent density using Eq. (10), (11) of sealed extrudates (black bars) and
measured apparent density of sealed extrudates (striped bars). Tested extrudates are considered “floatable” if the density is below 1 g/cm?®.

cavity was decreasing, whereas the total mass remained constant.
Therefore, the total density increased. A correction factor (f.,.) was
applied to counterbalance volume loss. The correction factor was de-
termined empirically and varied between 1 and 2 mm for each side
depending on the OD of the cylinder.

= Vip % 4

= —— + 2 %
ID? s 7

cor (8)
Taking cylinder length and ID into account, the outer diameter was
calculated according to Eq. (9).
Vour * 4
oD = ,|-%— + ID?
lxm (C)]
Calculated OD values usually deviated from the dimensions of the
available die plates (6, 7, 8, 9 mm). Thus, a decision between the next
smaller or larger diameter for implementation during manufacture
must be made. In order to estimate the influence of diameter change on
apparent density a predictive model was developed.

2.13.2. Apparent density

The two eligible ODs (next smaller and larger OD) yielded by the
calculation of the die configuration were used to estimate the resulting
apparent densities. Firstly, the resulting cylinder lengths of the two OD
possibilities were calculated using the formula to determine the hollow
cylinder volume, which was resolved to [ (Eq. (10)). Secondly, the
lengths obtained were individually inserted into Eq. (11)to calculate the
corresponding apparent densities.

ds

[Pl B
% # (OD? - ID?) (10)
ﬁ
Prpps = <
(2% D> = D% 5 1) + (2 ID?) 5 (= 2% ) an

Based on the resulting densities, preferences for the smaller or larger
diameter could be made. However, in case the smaller diameter exhibits
a sufficiently low density (< 1 g/cm®), it should be always preferred, as
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small sizes improve patient compliance.

2.13.3. Resultant floating force

The resultant force can be expressed according to the Archimedean
principle (Eq. (3)). The buoyancy and gravity force can be described as
follows,

MEpDs
Fouoy =py ¥ —— * &
® " Prpps 12)
Fyrav = Mppps * g a3

where g is the solvent density, py,¢ the apparent density and mppps the
mass of the dosage form. Insertion of Egs. (12) and (13) into Eq. (3)
yields the following expression.

Mppps

Fes = (PS * - mFDDS) * g

PrpDS 14

Input parameters were known (o,, mppps) or estimated based on the
developed predictive models (opppg), consequently the resulting
floating force could be calculated prior to manufacture. Prediction was
performed individually for each cylinder taking the actual mass into
account. Subsequently, mean value and SD of three cylinders were
calculated. In order to ensure comparability between different batches,
the buoyancy force was normalized to the mass of the dosage form.

3. Results
3.1. Density prediction and die setting

The results of open and sealed extrudates density measurements as
well as the predicted apparent densities of sealed extrudates are shown
in Fig. 3. A comparison of measured values before and after sealing of
samples manufactured with an outer to inner diameter ratio of 7/5 (Met
2 - 6) indicated, that a pronounced density reduction from approximate
1.28 g/cm3 (unsealed extrudate) to 0.85 g/cm3 (sealed extrudate) could
be achieved. In contrast, sealed extrudates of sample Met 1 produced
with a 7/4 OD/ID ratio could only reach a density slightly above 1 g/
cm?®. Considering that Met 1 and Met 2 consist of identical mixture
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Fig. 4. Floating behavior of formulation Met 1 — 6 was performed in triplicate in 500 m1 0.1 N HCL with addition of 0.05% polysorbate 80 at 37 + 0.5 °C. To increase
the readability, every third measured value is shown and SD are displayed only in positive direction (negative SD have the same value).

compositions and differ only in the OD/ID ratio, the major impact of a
varying cavity volume on the density becomes apparent. Predicted
values were plotted against the measured densities (Fig. 3), in order to
assess the prediction quality. With the exception of a slightly larger
deviation for batch Met 2, the prediction model could reproduce the
measured sealed densities with a good accordance.

3.2. Buoyancy measurements

Experiments assessing the ability of the gastroretentive dosage form
to stay buoyant in simulated gastric fluid (Fig. 4) showed an immediate
floatability of Met 2 — 6, which were manufactured with an 7/5 OD/ID
ratio. The dosage forms stayed buoyant for the whole 12 h measuring
period. Moreover, buoyancy did not decrease over time, but instead
increased in particular within the first three hours. In contrast, ex-
trudates of Met 1 could not achieve a positive floating force
(Fpuoy < Fgrav) and were thus not able to float in gastric fluid. Using Eq.
(14), the buoyant force was estimated based on the apparent density
and mass of the dosage form. Fig. 5 illustrates predicted values (red
stars) plotted against measured buoyancy values (striped bars) at the
time of 5 min. Calculated mean values (n = 3) were within the standard
deviation of the measured samples for all floating formulations. Up- and
downward tendencies of the buoyancy force could be depicted precisely
using the predictive model.

3.3. In vitro dissolution studies

3.3.1. pH 1.0

The influence of different ratios of the freely miscible polymers
EuRS (pH independent, sustained release) and EPO (soluble < pH 5.0)
on the release behavior of Met was investigated as shown in Fig. 6. With
increasing amounts of EPO accelerated release kinetics were observed.
Nevertheless, a sustained release profile could be achieved for all for-
mulations, even for the highest drug load of 80% (w/w, Met 10). De-
spite the very high drug loading, no burst release was detected for any
sample. An increase in drug loading from 70% to 80% (Met 2 and 10)
led to a much faster release. Comparing the release patterns of Met 1
and Met 2, which differ only in the ID/OD ratio (7/4 vs. 7/5), Met 1

exhibited a slower release profile.

3.3.2. Elevated pH conditions

Stomach pH values can vary over a wide range. Therefore, dis-
solution test at elevated pH conditions (pH 4 and 6) were conducted in
order to examine the pH sensitivity of the formulation. From the data in
Fig. 7A and B, it is apparent that a change from pH 1 to pH 4 (dashed
lines) had only minor effects on the release properties of tested for-
mulations. Calculated f values shown in Table 2 also confirmed that the
dissolution curves at pH 1 and 4 could be regarded as equivalent, since
fi < 4and f, > 78 represented a high similarity. In contrast, at pH 6
(dotted lines), all investigated formulations were considerably influ-
enced hence resulting in a decreased dissolution rate. Calculated f
values consequently exceeded the similarity limits. Moreover, the sen-
sitivity to pH changes was more pronounced for extrudates containing a
high amount of EPO.

3.3.3. Variation of dose strength and extrudate dimensions

Fig. 8A revealed that varying the cylinder length had almost no
impact on the release properties of tested samples. Calculated f, and f,
values (data not shown) confirmed a high similarity of the release
curves. The buoyancy was maintained for 12h for all samples. How-
ever, the change in wall thickness had a strong influence on the rate of
release. Fig. 8B demonstrated that with increasing thickness, the release
rate declined. For Met 9, the release after 6 h decreased from 97.7% for
a OD/ID ratio of 7/5 to 73.6% for 7/4 and down to 64.4% for 7/3. At
the same time the surface mass ratio (Table 3) decreased from 8.7 to
5.4 cm?/g with an increasing wall thickness (7/5 — 7/3). This tendency
could be shown for both investigated batches, confirming the trend
already observed for formulations Met 1 and 2 (Fig. 6).

In vitro release profiles of extrudates with varying OD while main-
taining the wall thickness constant are shown in Fig. 8C. Graphs of Met
9 are almost completely superimposed, except in the last 3 h, while the
ones of Met 3 show a slight offset. Taking the mass normalized areas
into account (Table 3), it is striking that these are almost completely
identical for Met 9 (6.12 = 0.25; 6.16 = 0.21; 6.20 = 0.22), but
differ slightly for Met 3 (7.03 + 0.02; 6.67 *= 0.09; 6.37 = 0.06).
Weibull fitting was performed for both batches. The mainly recipe-
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Fig. 5. Predicted floating forces (red stars) compared with measured buoyancy values (striped bars). Experiments and calculations were done in triplicate; mean
values + SD are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

dependent value d could be kept approximately constant (Met 3:
0.567 = 0.051; Met 9: 0.793 = 0.053) for the respective mixture. In
contrast, the calculated velocity value k (Table 3) displayed a strong
dependency on wall thicknesses. The linear relationship of k and the
surface volume ratio of the matrix found by Kosmidis et al. could not be
confirmed in our experiments [59,60]. However, a good correlation was
achieved by plotting the mass normalized surface against In k (Fig. 8D).

3.4. SEM

To investigate the extrudate morphology, SEM images of Met 3 were
taken before and after 12h dissolution (Fig. 9A-D). The extrudate

Drug released [%]

surface prior to release (B) has a slightly rough but very dense structure
confirming the appropriateness of zero porosity assumption for our
prediction models. The cross section image of the cylinder (D) high-
lights the completely non-porous wall structure. After release (A and C)
several pores are visible on the surface area as well as a porous, sponge-
like structure in the cross section image. The emerging porosity in the
cylinder wall did not influence floatability as the remaining pores were
filled with water, trapping the air inside. Cylinder wall properties be-
fore and after dissolution differ with regard to mechanical strength.
Hardness before dissolution tested at right angle to the cylinder length
was above 100N for all investigated samples. As the dissolution time
progressed, the cylinders softened due to water uptake and the release

—a— Met 1 (7/4)
—o— Met 2 (7/5)
—e— Met 3 (7/5)
—o— Met 4 (7/5)
—a— Met 5 (7/5)
—&— Met 6 (7/5)
--=-- Met 10 (7/5)

Time [h]

Fig. 6. Effect of different EuRS/EPO ratios on dug release of 300 mg sealed floating extrudates (Met 1 — 6). Trials were performed in 500 ml 0.1 NHCLat37 + 0.5°C

(50 rpm, Eur. Ph. Apparatus 1). Mean value + SD (n = 3).
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Fig. 7. A-B Effect of pH changes on release properties of 300 mg samples of (A)
Met 7 and 8 (50% DL, 7/4), (B) Met 4 and 5 (70% DL, 7/5). Trials were per-
formed in 500 ml 0.1 N HCI (pH 1.0 - solid line) or rather Mcllvaine buffer (pH 4
— dashed line, pH 6 - dotted line) at 37 + 0.5°C (50 rpm, Eur. Ph. Apparatus
1). Mean value = SD (n = 3).

Table 2
Calculated f; and f; values for in vitro release of metformin at pH 4 and 6 taking
pH 1 as reference sample.

sample pH h 5
Met 4 4.0 2.55 81.63
6.0 24.55 39.75
Met 5 4.0 2.87 80.81
6.0 22.57 38.17
Met 7 4.0 3.99 84.00
6.0 24.81 47.48
Met 8 4.0 3.41 78.30
6.0 44.50 24.86

of Metformin and EPO from the matrix.

4. Discussion

The apparent density is an important criterion for the development
of FDDS as it allows a direct statement about the buoyancy of the
system. The large density drop for samples Met 2 — 6 to approximately
0.85 g/cm® (see Fig. 3) clearly highlights that the cavity volume was
sufficient to ensure floatability on gastric fluids. Comparing Met 1 and
2, which differ only in the inner diameter, it is obvious that the ratio
between inside and outside diameter has a significant influence on the
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final density. Predicted density values were in good accordance to the
measured values of sealed extrudates confirming that the calculation
allows a reasonable prediction. The slightly larger deviation of mea-
sured and predicted values for Met 2 are likely caused by cavity var-
iations due to manually cutting and sealing of each individual dosage
form. Comparing the apparent density and floating force results (Figs. 3
and 4) a direct correlation could be established. Since buoyant force
depends mainly on the dosage form density, which can easily be mea-
sured, calculations were carried out to estimate the floating force (Eq.
(14)). Predicted values for the 5min time point (see Fig. 5) were in
good accordance with the measured floating force values, demon-
strating that the prediction could be conducted with sufficient accuracy.

Fig. 4 illustrates, that all samples manufactured with a 7/5 diameter
ratio, which had a density less than 1 g/cm?, float immediately, thereby
reducing the risk of premature gastric emptying. Sample Met 1 was
unable to float as the buoyancy force was insufficient, which was
consistent with previously shown density results. Floating cylinders
showed buoyancy forces in the range of 2 — 4 mN (corresponds to 200 —
400 mg) which are comparable with formulations developed by Vo
et al. and Timmermans et al. which were in a range of 1 -5 mN [43,58].
Eisendcher et al. investigated the influence of a viscosity change
(300 mPa * s) of the gastric fluid (i.e. meal intake) on the buoyancy
force (< 400 mg) of coated tablets. Floating strength was decreased by
15% without effecting the floatability and duration [27]. Since the
buoyancy force is comparable to our samples, the developed hollow
cylinders should float in viscous fluids, respectively. Fortunately, the
floating force did not decrease over time as reported in various studies
[27,43], but instead increased especially during the first three hours.
SEM images (see Fig. 9) indicate that even after 12 h dissolution, the
matrix scaffold of Eudragit® RS remained intact whereas the API dif-
fused from the polymer matrix. It was concluded that drug diffusion
provokes a mass loss while the cylinder dimensions remain constant.
Consequently, the apparent density of the dosage form decreases, re-
sulting in an increase in floating force. As the buoyancy force shows an
increasing tendency, the predicted floating force value can be con-
sidered as the minimum floating force. The ratio of OD/ID diameter was
identified as a critical parameter for buoyancy and should therefore be
closely monitored during manufacture. The possibility to predict the
apparent density and subsequently the floating force prior to manu-
facture is a considerable advantage of the novel tube extrusion ap-
proach. The number of experiments can be significantly reduced as the
calculation of the final density can be used to select an optimal die
setting (i.e. OD/ID ratio) in order to ensure buoyancy. In vitro, the
floating cylinders showed very promising buoyancy properties. How-
ever, retaining the delivery system in the stomach represents a major
challenge especially in the fasted state. Very small liquid amounts
(< 50 ml) and strong propulsive contractions towards the pylorus could
lead to a rapid gastric transit of a floating dosage form [1]. The fact that
the hollow cylinders were directly floatable could be advantageous
compared to systems that generate their buoyancy in situ (e.g. gas
generating systems), thereby avoiding fast gastric transit. Nonetheless,
gastro retention at fasted conditions seems to be challenging in general
[61,62]. The retention time of gastroretentive floating systems is
strongly depending on meal ingestion [63]. Food intake leads to the
interruption of the migration motor complex and a constriction of the
pylorus, increasing the likelihood of retention of monolithic systems in
the stomach [64]. Studies comparing FDDS with non-floating systems
after a meal intake demonstrated a prolonged retention time of the
FDDS in the stomach. This confirms that the floating approach can
prevent premature gastric emptying [24,65,66]. Beside meal intake, the
body position has an important impact on the success of a FDDS. Gastric
emptying and also the antral mixing properties change by varying the
body position [67,68]. Moreover, a floating of the dosage form towards
the pylorus could be possible, which may cause a fast stomach transit.
To clarify the influence of described physiological factors on the gas-
troretentive properties of the developed floating cylinders, in-vivo
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Fig. 8. A-D Influence of extrudate dimensions on the on release properties of metformin formulations conducted in 500 ml 0.1 N HCL at 37 + 0.5°C (50 rpm, Eur.
Ph. Apparatus 1). Mean value = SD (n = 3). Variation of (A) cylinder length (dose variation 300 mg — 600 mg) (B) wall thickness and (C) surface area. Correlation
between normalized surface area and In k (Weibull) (D). Detailed information about dimensions and surface areas are listed in Table 3.

studies need to be conducted in which the performance in fasted and
fed state are examined, ideally taking different body positions into
account.

A wide range of sustained release profiles with drug loads up to 80%
were achieved (Fig. 6) using various mixtures of Eudragit® RS and EPO.
The release rate can be precisely controlled by the ratio of the two
polymers. Increasing the proportion of Eudragit® E led to accelerated
release profiles. Despite the very high drug loading, no burst release
was detected for any sample. Dissolution profiles of Met 10 (80% drug
load) varied more compared to other formulations investigated.
Homogeneous drug release requires a homogeneous distribution of
matrix polymer throughout the matrix, i.e. a percolating network of
polymer matrix [69]. However, according to Leuenberger et al. 80% of
drug load is likely to be close or even below the percolation threshold

Table 3

[70]. The subsequent inhomogeneous polymer distribution would thus
explain the observed higher variance in drug release. Taking the SEM
images into account, the decreasing release rate over time of each
profile can be explained by an extended diffusion path of the API,
confirming a diffusion controlled matrix release mechanism (see suppl.
data Table A.1). Samples manufactured with a diameter ratio of 7/5
were able to float directly and for the duration of 12h on simulated
gastric fluid. Figs. 4 and 6 confirmed the possibility to vary the cylinder
wall composition, i.e. active ingredient and polymer, without con-
siderably changing the buoyancy of the system. Due to the hollow cy-
linder design buoyancy was almost exclusively dependent on the OD/ID
ratio and not on the polymer properties. In contrast to the previous
approaches of other researchers, the polymer has no double function,
i.e. ensure floating ability and control of the drug release [28,34]. By

Properties of extrudates investigated by changing ratios of OD to ID diameter. Weibull function (Eq. (4)) was used to determine the rate constant k and shape factor d

of the corresponding release profile.

Sample ID [mm] = SD OD [mm] * SD Cylinder surface area Mass normalized surface area Rate constant k + SE  Shape factor d = SD
[mm?] + SD [em?/g] + SD

Met 9 (7/3) 2.71 * 0.03 7.15 = 0.02 444.18 * 13.22 5.42 = 0.22 5.338 + 0.14

Met 9 (7/4) 3.59 * 0.06 7.09 = 0.04 451.57 + 12.82 6.12 = 0.25 3.863 + 0.098

Met 9 (7/5) 4.67 + 0.08 7.02 + 0.03 444.04 * 5.06 8.73 + 0.04 1.767 = 0.051 0.793 + 0.053

Met 9 (8/5) 4.59 + 0.06 7.99 + 0.04 506.99 * 9.17 6.16 + 0.21 3.942 + 0.115

Met 9 (9/6) 5.60 + 0.06 9.07 = 0.04 572.80 = 15.89 6.20 = 0.22 3.790 * 0.105

Met 3 (7/3) 2.92 + 0.03 6.86 + 0.02 433.81 * 6.69 552 + 0.12 16.968 + 0.742

Met 3 (7/4) 3.82 + 0.08 7.05 = 0.04 450.22 * 2.74 7.03 = 0.02 8.265 + 0.219

Met 3 (7/5) 4.72 + 0.03 6.98 + 0.04 444.59 * 2.42 9.51 + 0.09 2.971 * 0.061 0.567 + 0.051

Met 3 (8/5) 4.69 + 0.02 7.81 + 0.03 495.01 + 3.61 6.67 + 0.09 10.220 + 0.126

Met 3 (9/6) 5.69 = 0.03 8.82 + 0.03 564.32 * 1.05 6.37 = 0.06 11.690 + 0.157
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Fig. 9. A-D Representative SEM images of extrudate morphologies prior (B and D) and after (A and C) 12h dissolution prepared from formulation Met 3 (7/5).
Images A and B represent the cylinder surface area captured with a 500x magnification, whereas C and D show cross sections (70x magnification) of the cylinder wall.

separation of floatability and release control, hollow tube shaped ex-
trudates allowed various possibilities during formulation development
with regards to the achievement of tailored dissolution profiles. How-
ever, a certain quantity of sustained release polymer (> 7% of EuRS)
was mandatory to form a coherent matrix structure. Otherwise, the
integrity of the FDDS capsule could not be guaranteed. Since EuRS is a
non-degradable polymer, one could argue that there is a potential risk
that the FDDS could accumulate in the stomach. During dissolution
studies a softening of the cylinders due to water uptake and diffusion of
Metformin and EPO out of the matrix was observed. The degree of
softening increased with decreasing proportion of EuRS in the matrix.
Due to gastric motility, softening will increase the likelihood of cylinder
collapse, resulting in a loss of buoyancy. As softening progressed with
drug release, the systems would hence support a controlled exit from
the stomach. Of course, this hypothesis needs to be confirmed in-vivo.

A varied wall thickness influenced not only the buoyancy but also
the release behavior. As can be seen in Fig. 6, Met 1 (7/4) showed a
slower rate of release compared to Met 2 (7/5). In order to evaluate the
influence of wall thickness and cylinder surface area on API release
properties, samples with varying dimensions were investigated. A
pronounced decrease in dissolution rates with increasing wall thickness
was observed (Fig. 8B) pointing out the importance of the ID/OD ratio
for the release properties. Increased wall thickness resulted in extended
diffusion paths, thereby decreasing the release rate. A study published
by Maus et al., where the effect of geometry on drug release using hot-
melt extruded sustained release pellets was investigated, showed that
drug release is mainly governed by the area/volume ratio [71]. Similar
observations could be made for the area/mass ratio in the current study.
The surface area remained constant since there was no change in ex-
ternal diameter. However, the mass normalized surface area decreased
with an increasing wall thickness leading to a slower drug release. In
contrast, samples with constant wall thickness but varying external
diameters showed almost identical dissolution profiles. This finding was
in accordance with the aforementioned matrix-mediated release since

unchanged wall thicknesses resulted in identical diffusion paths. This
illustrates that the diameter of the hollow cylinders may be varied
without affecting the release kinetics as long as the wall thickness is
kept constant. Nevertheless, taking into account the cylinder surface
areas, which rose with increasing external diameter, an accelerated
release rate could also be expected. Surprisingly, the 7/4 sample of Met
3 showed the fastest release although it had the smallest surface area
(Table 3). However, calculated mass normalized areas exhibited a re-
duced tendency with increasing external diameter for Met 3 samples.
Based on this observation one could conclude that Met 3 sample 7/4
would have a faster release compared to sample 9/6, which was in
accordance with the results in this study. Regarding Met 9 samples,
mass normalized surface areas remained nearly unchanged, consistent
with the superimposed dissolution profiles. Consequently, the surface/
mass ratio was identified as the discriminating factor on release prop-
erties. The rate constant k (Weibull fit) of respective samples was cal-
culated (Eq. (4)) and plotted against the surface/mass ratio (Fig. 8D). A
linear relationship between both parameters with acceptable correla-
tion coefficients of 0.99785 and 0.98785 was found. The obtained
correlation enabled the estimate of release profile shifts caused by
changes of geometric proportions. Furthermore, release profiles could
be controlled by varying the ID/OD ratio. However, the change in
diameter ratio is only possible up to the geometric limitations defined
by enabling floatability.

By varying the cylinder length, dose strength could be doubled
without considerably affecting the release profile (Fig. 8A). Conducted
f, and f, tests confirmed the high similarity. Due to the hollow tube
shape, a change in length did not lead to a change in diffusion path-
ways. In addition, a change of the surface/mass ratio did not occur.
Since both factors that mainly influenced the release behavior remained
constant, a change in dissolution rate was neither expected nor ob-
served. Furthermore, higher dose strength was achieved without af-
fecting release properties by increasing the outer diameter while
keeping the wall thickness constant. By combining both concepts, the
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dose could be varied over a wide range, limited only by the overall
dimensions to enable easy swallowing. The dimensions should be kept
as small as possible to ensure a good application. Samples manu-
factured with a 7mm OD are comparable in size to a standard zero
capsule. Due to the smooth surface of the extrudates an easy swallowing
is likely. Additionally, a non-functional coating to improve the applic-
ability would be conceivable. With regards to formulation develop-
ment, the ability to change the dose without affecting the release rate is
highly beneficial as it would not be necessary to adjust the formulation
composition for each dose level.

Aside from the controllable variables such as extrudate dimensions
and matrix composition, the drug release strongly depended on the
stomach pH value. Depending on meal or intake of medication e.g.
proton pump inhibitors, stomach pH levels can vary over a wide range
(1.4 - 5.4; peak value 6.7) [72,73]. As EPO is soluble up to pH 5, ex-
periments were conducted above and below the solubility limit in order
to evaluate the robustness of the formulation. Due to the pH in-
dependent controlled release behavior of EuRS, observed changes in
dissolution were mainly attributed to EPO. Exceeding the dissolution
pH of EPO resulted in a slower release rate for all batches. The effect
was most pronounced for sample Met 8, which contained the highest
fraction of EPO. Based on the fact that EPO could no longer dissolve but
instead was rather forming a gel, the formation of pores was obstructed
and a slower rate of drug diffusion from the polymer matrix resulted. In
order to increase the pH robustness, a polymer exchange would be
conceivable, e.g. against a soluble grade of polyvinylpyrrolidone. To
evaluate the influence of solid state changes e.g. amorphisation on re-
lease behavior, XRPD experiments were performed. No changes in
crystallinity after extrusion were detected. Therefore, effects on dis-
solution behavior due to solid state changes could be excluded. Ex-
emplary figures are listed in the supplementary data. The presented
system displayed in vitro superior properties compared to other floating
devices, which will be investigated in vivo in a future study.

5. Conclusion

In the present study, tube extrusion was successfully used to prepare
hollow floating drug delivery systems in only three process steps, i.e.
extrusion, cutting and sealing. A sustained release over 12h in combi-
nation with a drug load of up to 80% without any burst release was
achieved. It was shown that apparent density and resulting buoyancy
force could be predicted accurately prior to extrusion. Wall thickness
and surface/mass ratio were identified to be the main geometric factors
influencing the release properties. Consequently, by monitoring the ID/
OD ratio during manufacture, both the buoyancy and the release of the
dosage form could be precisely controlled. A big advantage of the novel
approach is the possibility to vary the release profile of the system
without essentially affecting the buoyancy. Moreover, the diffusion
matrix-controlled release allows for the dose of the active ingredient to
be varied without affecting its release profile, as long as maintaining the
geometric ratios of the hollow cylinder. For investigated mixtures, the
7/5 diameter ratio has shown to be the optimum for achieving suffi-
cient buoyancy while maintaining the cylinder dimensions as small as
possible. The manufacture of extrudates with 80% drug load, leading to
very small dosage units was possible. Nevertheless cylinders with 70%
drug load should be preferred since they provided higher flexibility in
terms of release control. The selection of the release profile is depen-
dent on the target dose regimen and pharmacokinetic parameters, e.g.
half-life of the active ingredient. Based on the opportunity of precise
release control, the profiles can be tailored to the specific demands. In
conclusion, the number of experiments required to achieve a buoyant
system with desired release properties can be reduced due to the high
flexibility and good predictability of this new approach.
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