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Abstract

The applicability of the solid lipid extrusion process as preparations method for sustained release dosage forms was investigated in
this study. Two lipids with similar melting ranges but of different composition, glyceryl palmitostearate (Precirol ATO 5®) and glyceryl
trimyristate (Dynasan 114®), and mixtures of each lipid with 50% or 75% theophylline were extruded at temperatures below their melting
ranges. Extrudates were analyzed using differential scanning calorimetry, scanning electron microscopy, porosity measurements and
in vitro drug dissolution studies. The possibility of processing lipids by softening instead of complete melting and without subsequent
formation of low-melting, metastable polymorphs could be demonstrated. Extrudates based on formulations of glyceryl palmitostea-
rate/theophylline (50:50) and glyceryl trimyristate/theophylline (50:50) showed sustained release properties.

An influence of extrusion conditions on the matrix structure was shown for extrudates based on a mixture of glyceryl trimyristate and
theophylline (50:50). Glyceryl trimyristate tended to solidify in porous structures after melting. Exceeding a material temperature of
50.5 °C led to porous extrudate matrices with a faster drug release. The production of novel, non porous sustained release matrices
was possible at a material temperature of 49.5 °C. Extrudates based on glyceryl trimyristate/theophylline (50:50) only slight changes

in melting enthalpy and stable drug release profiles.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid lipids are advantageous pharmaceutical excipients
being low cost, natural and biodegradable products with
physiological, non-toxic properties. They are commonly
used as lipid matrices with a variety of different functions,
that lead to: (1) sustained release of highly soluble drugs,
(2) enhancement of bioavailability of poorly soluble drugs,
especially with solid dispersions [1], (3) taste masking of
bitter tasting drugs [2], (4) floating of dosage forms [3,4]
and (5) a decrease of the effect of drugs having gastric irri-
tant properties [5]. Many studies have reported the use of
lipids for sustained release matrices [6—12].
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The major disadvantage when using lipids in pharma-
ceutical formulations is the instability of their physical
properties during storage. Lipid aging may lead for exam-
ple to an increase of melting ranges, an increase of melting
enthalpy, formation of pores in the surface [3], changes in
rheological properties and a decrease in tensile strength
[13].

Aging of lipids going along with changes of physical
properties is of great significance for sustained release dos-
age forms, as they contain large doses. A number of studies
have demonstrated that lipid matrices may exhibit a change
in drug release properties after storage [3,11,13-16]. Moric-
out et al. [17] reported changes in the melting properties of
Gelucires and correlated them to changes in dissolution of
incorporated drugs. San Vicente et al. [18] stored different
lipid matrices with salbutamol sulphate at room tempera-
ture for one year and noticed a decrease in drug release
for Gelucire 35/10 and 48/09.
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Sutananta et al. [19] observed an increase in theophyl-
line release for Gelucire 55/18 and 50/13 matrices during
storage. Capsules filled with Gelucire 50/02 and 62/05 were
stored at different temperatures up to 50 °C. An increase in
dissolution of the highly soluble drug was observed after 3
months [20]. In vitro 50% Ketoprofen release from mix-
tures of Gelucire 50/13 and 50/02 decreased after 28 days
storage at 30 °C [21].

The most common preparation methods for lipids are:
(1) liquid filling of hard gelatine capsules, (2) hot melt
extrusion [12,22], (3) spray-congealing using ultrasound
[23], (4) production of tablets by melting or compression
and (5) melt granulation.

In most cases the preparation process involves melting
of the lipids followed by some method of solidification.
On the other hand, it was demonstrated that lipids could
be extruded at temperatures below their melting ranges
[24,25]. Tt is common knowledge that the generation of dif-
ferent lipid polymorphic forms is strongly dependent on
the presence of nucleating agents [26]. It is also suggested
that mechanical treatment, e.g. grinding, accelerates the
crystallization of tricaprin, as could be demonstrated by
X-ray diffraction [27].

Therefore, the purpose of this work was to obtain phys-
ically stable sustained release matrices, prepared by solid
lipid extrusion. It represents a production process at pref-
erably low temperatures, in which lipids were treated
clearly below their melting ranges. A thermomechanical
treatment by moderate pressure and temperature exposure
results in plastic mouldability of the lipid mass under con-
ditions of conserving nucleating agents.

In order to prove the applicability of the solid lipid
extrusion process at low temperatures, two commercially
available powdered lipids were extruded below their
melting ranges. The aim of the study was to compare
two lipids with different composition, but similar melting
range: glyceryl palmitostearate and glyceryl trimyristate
were chosen for this purpose. The two lipids possess
different constituents and structures which allow the gen-
eration of broad information about the dependency
between the observed results and the lipid composition.
The effect of solid lipid extrusion on the solid state of
the lipids was analyzed. The pure lipids and their mix-
tures with theophylline were used to determine the effect
of extrusion conditions on the physical properties of the
lipid matrices. Drug release and melting enthalpy of the
obtained extrudates were measured in order to analyze
their stability during storage influenced by time, structure
and storage conditions.

2. Materials and methods
2.1. Materials
The following materials were used as received, theophyl-

line anhydrous powder from BASF AG, Ludwigshafen,
Germany, glyceryl palmitostearate powder (Precirol ATO

5®) from Gattefossé GmbH, Weil am Rhein, Germany,
and glyceryl trimyristate powder (Dynasan 114®) from
Sasol GmbH, Witten, Germany. Physical properties of
the used materials are given in Table 1.

2.2. Differential scanning calorimetry (DSC)

Thermal characteristics of the powdered lipids and
extrudates were studied with a Mettler DSC 82le
(Mettler Toledo, Giessen, Germany) at defined storage
times. DSC scans were recorded at a heating rate of
5°C/min. Samples with an initial weight of approxi-
mately 5Smg were heated from 20 to 100 °C or from
20 to 300 °C.

2.3. Evaluation of extrudates

The extrudates were visually analyzed for any appar-
ent defects: shark-skinning, cracks, hairlines, curling or
deformation by melting. The absence of defects gave
information about the process conditions of good
extrudability.

2.4. Extrusion

Powdered lipids of different chemical compositions or
mixtures of these lipids with different amounts of
theophylline were fed from a gravimetric dosing device
into the barrel of a twin-screw extruder (Mikro 27GL-
28D, Leistritz, Niirnberg, Germany) with a constant feed
rate of 40 g/min. The mass was extruded through a die
plate with 23 dies of 1 mm diameter and 2.5 mm length.
They were extruded at a constant screw speed of 30 rpm.
Material temperature was measured next to the die plate
just before the extrusion step. In experiments carried
out for Section 3.1 powdered lipids and lipid/drug mix-
tures were extruded successively at different cylinder
temperatures. At each temperature level the different cyl-
inder segments were tempered at the same cylinder tem-
perature. Process parameters were measured and are
elucidated in Fig. 1. In experiments carried out for Sec-
tion 3.3 extrusion parameters were adjusted as listed in
Table 2.

Glyceryl trimyristate was processed above its melting
range in one experiment (Section 3.3). For this purpose
the extruder was loaded with the lipid/drug mass, the screw

Table 1
Physical properties of the extruded materials (manufacturer’s
specifications)
Dynasan Precirol ATO Theophylline
114® 5® anhydrous
Melting point 55-58 °C 53-57°C 272°C
Particle size 95% <125 pm 30-40 um ~110 um
2% >250 um
HLB 2 2
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Fig. 1. Correlation between material- and cylinder temperature during extrusion of different Dynasan 114® mixtures (left-hand side) and the correlation
between solid fat content and the material temperature range of good extrudability (l) (right-hand side).

Table 2
Influence of different extrusion parameters on the porosity and structure of Dynasan 114®/theophylline (50:50) extrudates

No. Material temp. (°C) Extrusion pressure (MPa) Porosity & (%) SEM picture cross section SEM picture surface

3.3.1 >55 <0.1 12.6 £0.5

332 50.5 0.2 6.8 +£0.7

333 49.5 0.5 1.5+1.1
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transport was stopped and the cylinder segments were
heated to 100 °C. After a 20 min tempering period the cyl-
inder segments were cooled down to 50 °C and the lipid
mass was extruded through the die plate.

2.5. Pycnometric density

Pycnometric density measurements of the extrudates
were performed using a Helium-pycnometer AccuPyc™
1330 (Micromeritics, USA-Norcross) at 25 °C. The extru-
dates were transferred into a sample chamber of a volume
of 10 cm?® and were flushed tenfold with helium. The parti-
cle density was determined as average value of five single
measurements.

2.6. In vitro drug dissolution studies

Extrudates were cut to a length of approximately lcm
and analyzed according to USP 29 method 2, in a rotat-
ing paddle-apparatus (Sotax AT 7 smart, Sotax, Lorrach,
Germany) at 37 + 0.5 °C and 50 rpm using 900 ml water
containing 0.001% polysorbate 20 as dissolution medium.
Each sample (80-120 mg) contained about 50 mg of the-
ophylline anhydrous. The amount of drug dissolved was
analyzed spectrophotometrically at 242 nm using a con-
tinuous flow-through system attached to a UV spectrom-
eter (Lamda 40, Perkin Elmer, Rodgau-Juegesheim,
Germany). The dissolution tests were performed in
triplicate.

2.7. Mercury porosimeter density

Mercury porosimeter density of the extrudates was
determined using a PASCAL 140 mercury porosimeter
(Thermo Finnigan Italia S.p.A., Rodano, Italy). A dila-
tometer (type CD3P) containing a sample of approxi-
mately 2 g was evacuated for 15 min. Mercury was filled
into the dilatometer. Each batch was analyzed 2-3 times.

2.8. Porosity

Porosity ¢ of the extrudates was calculated using the fol-
lowing equation:

¢= 1 — (mercury porosimeter density/pycnometric density)

2.9. Scanning electron microscopy (SEM)

Cross sections of the extrudates were optically inspected
using a scanning electron microscope LEO VP 1430 (Carl
Zeiss NTS GmbH, Oberkochen, Germany). Samples were
fixed with conductive silver on brazen specimen holders.
Gold sputtering was conducted with an Agar Sputter
Coater B7340 (Agar Scientific Ltd, Essex, UK) in overall
12 U intervals consisting out of a 15s sputtering phase
and a 30 s cooling down break. In the microscope samples
were tempered at 5 °C; SEM pictures were taken at an
operating voltage of 15+ 2 kV.

2.10. Solid fat content (SFC)

SFC measurements of the lipids were performed using a
Bruker Minispec 120 (Bruker, Rheinstetten, Germany).
The molten lipids were filled into a test tube and were
cooled down to 0°C. Samples were tempered for a
20 min period at different rising temperatures and were
measured with pulsed nuclear magnetic resonance spectros-
copy to determine the solid fat content of the lipid at the
adjusted temperature.

2.11. Storage stability studies

Samples were hermetically packed and stored at room
temperature and at stressed conditions with an elevated
temperature of 40 °C. Dissolution studies and DSC analy-
ses were performed after different periods of storage.

3. Results and discussion

3.1. Extrusion of Dynasan 114® and Precirol ATO 5®and
their mixtures with 75% theophylline at temperatures below
their melting ranges

Cylinder temperatures were modified in order to analyze
the extrusion conditions influenced by lipid structure and
drug load. Utilizable lipid extrudates should be obtained.
Therefore material temperatures had to be high enough
to allow the lipid mass to be extruded uniformly through
every die of the die plate which was not possible at too
low temperatures. Otherwise the lipid mass had to be rigid
enough to give compact extrudates; after extrusion through
the die plate curling and deliquescence of the extrudate
must not occur which were the effects of too high material
temperatures.

Powders of pure Dynasan 114® or Precirol ATO 5% and
mixtures of each lipid with 75% theophylline could be
processed in a twin screw extruder at different cylinder tem-
peratures below their melting ranges (4654 °C). An equil-
ibration of the material temperature at the die plate was
reached after several minutes of extrusion. The correlation
between the adjusted cylinder temperature of the extruder
and the material temperature at the die plate is illustrated
in Figs. 1 and 2.

In experiments with pure powdered lipids the material
temperature was always similar to or even clearly smaller
than the adjusted cylinder temperature. The shift between
both temperatures was the effect of a short residence time
of the lipid material in the extruder. Even an extrusion
speed of 30 rpm, which results in a residence time of about
2 min, did not allow the material to be thoroughly tem-
pered at the adjusted cylinder temperature. The depen-
dency between both temperatures was shown to be nearly
linear. The difference augmented with increasing cylinder
temperatures and therefore also with an increase of temper-
ature difference between the raw powder and the cylinder
of the extruder. Accordingly more time was needed to
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Fig. 2. Correlation between material- and cylinder temperature during extrusion of different Precirol ATO 5® mixtures (left-hand side) and the correlation
between solid fat content and the material temperature range of good extrudability (| ) (right-hand side).

temper the material. Comparing both lipids Dynasan 114®
and Precirol ATO 5% it can be concluded that Precirol
ATO 5% was tempered to higher temperatures during the
extrusion step. This could be due to the heterogeneous
composition and possibly a better heat transmission of
the low melting liquid amount in the material. Extrusion
took place at solid fat contents of over 80%. Under the
same experimental settings Dynasan 114® was extruded
at higher solid fat contents of over 90%.

The effect of a high drug load on the extrudability was
analyzed in a further experiment. For this purpose the
powdered lipids were mixed with 75% of theophylline pow-
der as model drug. Again, the material temperature was
measured in dependence of the adjusted cylinder tempera-
ture. Drug amounts of 75% theophylline could be pro-
cessed without any restrictions. At lower temperatures of
46 and 48 °C, material temperatures at the die plate clearly
exceeded the cylinder temperature. This increase in temper-
ature was supposed to be the result of friction forces
between the particles, as theophylline is insoluble in the
lipid base and remained solid during extrusion. At higher
cylinder temperatures above 50 °C the material tempera-
ture remained below the adjusted temperature again. Fric-
tion effects only seemed to be relevant at low temperatures

in mixtures with small amounts of softened lipid. During
extrusion the solid fat content of Precirol ATO 5% was
between 68% and 86% and was lower than in experiments
with the pure lipid. In comparison, the solid fat content of
Dynasan 114® was higher with 80-95%.

Dynasan 114® was sensitive to extrusion conditions. At
low die plate temperatures the mass could not be extruded
homogeneously through the dies and the dies were blocked.
To circumvent this problem the die plate had to be pre-
heated to a temperature close to the cylinder temperature
before extrusion to accelerate the achievement of the equi-
librium temperature. A constant and homogeneous extru-
date was obtained by this measure.

Optical evaluation of the extrudates led to the conclu-
sion of having the best extrusion conditions at material
temperatures between 48 and 50 °C for the pure lipids
and between 50 and 52°C for the 75% drug loaded
mixtures.

3.2. The effect of solid lipid extrusion on the solid state of the
extruded lipids

During the extrusion process the extruded lipids under-
went mechanical and thermal stress. Stress was mainly
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determined by applied heat energy, shear- and friction
forces. In most cases stress factors can be controlled and
also determined to some extent. They are specific and prod-
uct dependent. This could be a certain disadvantage in the
case of processing thermo- or pressure-sensitive products.
Nevertheless, there are many possibilities for investigating
and understanding process conditions. On the one hand
pressure and temperature of the mass can be determined
at the die plate, on the other hand information about the
effects of stress exposure can be obtained by analyzing
the freshly extruded material. In the present study two dif-
ferent lipids, Dynasan 114® and Precirol ATO 5%, were
extruded at different temperatures and were analyzed using
differential scanning calorimetry in order to detect changes
in the solid state of the lipids. DSC measurements allowed
an objective quantification of melting point ranges and also
provided data regarding the energy associated with the var-
ious transitions [28]. For the investigated lipids a strong
dependency between extrusion temperature and resulting
melting properties of the lipids after extrusion was
observed (Fig. 3).

In the case of Dynasan 114®, a homogeneous glyceryl
trimyristate, complete melting led to the formation of the
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low melting hexagonal a-polymorph at 32.8 °C [29] which
could not be observed with lipids being extruded at temper-
atures up to 54 °C. The observed metastable a-phase
underwent transition to the metastable f’-phase and then
to the stable B-phase above its melting temperature, as
shown in DSC measurement.

With the lipid Precirol ATO 5% a shift of melting
peaks to higher temperatures took place at a broad tem-
perature range below the melting range of the lipids. The
melting peak got narrower due to the formation of crys-
tal structures with a closer distribution of melting peaks.
When the extrusion temperature exceeded a certain
value, the formation of a second melting peak at lower
temperatures could be observed. This was caused by
partly melting of the lipid mass and recrystallization of
lower melting crystal structures. When melting both lip-
ids at temperatures clearly above their melting ranges
the formation of a melting peak at low temperatures
could also be observed. This in fact tended to undergo
transitions to higher melting crystal structures during
storage.

In addition, the effect of drug loads of 75% on the solid
state of the lipids and on the solid state of theophylline was
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Fig. 3. DSC measurements of untreated lipid powders, of melted lipids and of lipid extrudates after extrusion at different temperatures.
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analyzed (Fig. 3). The melting properties of Dynasan 114®
were not influenced by changes of temperature or changes
of the drug load. The theophylline peak was not affected by
different extrusion temperatures either.

Thermal characteristics of Precirol ATO 5® instead were
influenced by changes of the cylinder temperature. At
lower temperatures the melting peak was similar to the
peak of the pure lipid extrudate, but the high drug load
led to higher material temperatures during extrusion with
the effect of higher amounts of the molten lipid (Figs. 1
and 2). This could be seen in an increase of the lower melt-
ing peak after extrusion at 52 and 54 °C cylinder
temperatures.

3.3. The effect of different extrusion temperatures on matrix
porosity and drug release of Dynasan 114°[theophylline
(50:50) extrudates

Dynasan 114® contains more than 90% glyceryl trimyr-
istate. The melt of glyceryl trimyristate solidifies in a way
becoming white and clouded [29]. This change of color is
the effect of recrystallization going along with an increase
in volume and porosity. This increase in porosity after
melting was used as indicator for the amount of molten
lipid during extrusion at different temperatures. For this
purpose a mixture of Dynasan 114® and theophylline
(50:50) was mixed and extruded at three different tempera-
tures. The effect of temperature exposure on the solid state
of the lipid/theophylline mixture during extrusion was ana-
lyzed using drug release studies, scanning electron micros-
copy and porosity measurements of the lipid matrices
(Table 2 and Fig. 4). In the first case, extrusion of the
lipid/drug mixture was carried out at temperatures above
the melting range of Dynasan 114®. The obtained extru-
dates tended to curl after passing through the die plate;
they were white colored and showed a porous surface struc-
ture. In porosimetry measurements a porosity of 12.6%
could be determined. In drug release studies these extru-
dates showed the fastest drug release of all analyzed extru-
dates, 80% of the drug was released after less than 8§ h.
Extruding lipid/drug mixtures at material temperatures of
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Fig. 4. Drug release of Dynasan 114®/theophylline (50:50) extrudates,
processed at different extrusion temperatures, n = 3.

approximately 50.5 °C, about 7.5°C below the melting
point of the lipid, resulted in extrudates of higher transpar-
ency. Porosities of 6.8% could be determined and drug
release studies showed slower drug release profiles. Drug
release of 80% of the drug took more than 15 h. Extrusion
at even lower temperatures, at a material temperature of
49.5 °C, produced extrudates with porosities below 2%.
Accordingly, drug release studies showed profiles of the
slowest drug release in this study, 80% of the drug was
released in more than 30 h. In SEM pictures an increase
of pores could be seen for the extrudates prepared at higher
temperatures. Pores seemed to be of diverse size and struc-
ture and are irregularly distributed in the matrix (Table 2).
It could be shown for this experiment that particular melt-
ing of the extruded lipid took place at a material tempera-
ture above 49.5 °C. By increasing the material temperature
slightly from 49.5 to 50.5 °C the porosity increased from
1.5% to 6.8%. These results could be correlated with SFC
measurements, in which the solid fat content decreased
abruptly at temperatures exceeding 50 °C, due to particular
melting of the solid lipid. It could be demonstrated that
solid lipid extrusion is a suitable preparation method for
glyceryl trimyristate. It was possible to obtain sustained
release matrices of low porosity which cannot be produced
by techniques in which lipids have to be melted.

The observed interaction between extrusion tempera-
ture and matrix porosity based on special properties of
glyceryl trimyristate cannot be correlated to earlier stud-
ies conducted in order to determine the influence of lipid
preparation conditions on drug release properties [7] and
[30].

3.4. Storage stability studies of Dynasan 114%/theophylline
(50:50) and Precirol ATO 5%Itheophylline (50:50)
extrudates

Mixtures of Precirol ATO 5% or Dynasan 114® with the-
ophylline were extruded below the melting range of the lip-
ids. The obtained extrudates were stored at an elevated
temperature of 40 °C, which is about 15 °C below the melt-
ing range of the lipids. Studies were performed in order to
determine long term changes, influenced by higher temper-
atures. Drug release and melting enthalpy were determined
at different storage times in order to analyze their stability
during the storage influenced by time and structure.

Precirol ATO 5%/theophylline (50:50) extrudates
showed changes in drug release after long storage periods
(Fig. 5). In the first eight days drug release slowed down.
After 9 months of storage a remarkable increase of the
drug release rate could be measured. This conflictive drug
release behaviour is supposed to be an effect of different
aging processes within the lipid matrix. Aging of the lipid
matrix seemed to be a heterogeneous process. The observed
changes in drug release were accompanied by a remarkable
increase in melting enthalpy of the extruded matrix (Fig. 6).
DSC studies demonstrated that melting enthalpy increased
by more than 40% during the storage at 40 °C for about
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Fig. 6. DSC measurements after storage at 40 °C: (a) Dynasan 114%/
theophylline (50:50) extrudates; (b) Precirol ATO 5%/theophylline (50:50)
extrudates.

100 d. The major increase of melting enthalpy happened
during the first days of storage.

Extrudates of glyceryl trimyristate (Dynasan 114®) and
theophylline (50:50) were stored at 40 °C. Drug release was
analyzed 8 d and 9 months after extrusion and was com-
pared with the release profile obtained one day after extru-
sion (Fig. 5). For both storage periods the drug release
properties remained stable and significant changes in drug
release kinetics could not be observed. The stability of drug
release properties went along with small changes in the
melting enthalpy during storage. In DSC measurements
there was no relevant change in melting enthalpy after
more than three months of storage at 40 °C (Fig. 6).

4. Conclusions

Solid lipid extrusion represents a manufacturing tech-
nique for sustained release dosage forms at preferably low
temperatures. Lipids of different composition can be
extruded at temperatures below their melting ranges at solid
fat contents of approximately 80-90%. The effect of solid
lipid extrusion on the melting properties of the lipids is smal-
ler in comparison with the effect of thorough melting of the
lipids. Lipid extrudates with drug loads of 75% can be
obtained at broad temperature ranges. Extrusion conditions
can have an effect on the lipid matrix structure and on drug
release properties. This could be demonstrated for glyceryl
trimyristate/theophylline extrudates, in which matrix poros-
ity and drug release rate decreased with decreasing extrusion
temperatures. In stability studies lipids of heterogeneous
composition showed long crystallization periods even under
promoted conditions at 40 °C. More homogeneous lipids
instead tended to crystallize faster after extrusion and
showed constant drug release properties.
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