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1. Introduction and theoretical background

1.1. Lipids as excipients for the formulation of oral
pharmaceutical dosage forms

The introduction of high throughput methods in drug discovery has led to potential
active pharmaceutical ingredients (APIs) exhibiting increasingly high binding
affinities for the designated target receptor in the human body. Unfortunately, the high
specificity of these substances is often accompanied by a complex chemical structure
and strong hydrophobicity (Kerns, 2001). The bioavailability of the API in the human
body and the resulting therapeutic effect strongly depends on parameters like solubility
of the API in the gastrointestinal tract and permeability across the gastrointestinal wall
(Amidon et al, 1995). The formulation of hydrophobic drugs to overcome these
barriers is challenging. As APIs are most commonly administered orally, there is a

strong need to develop new methods to formulate such substances.

Lipids have recently generated substantial interest as a basis for oral dosage forms
(Pouton and Porter, 2008; Jannin et al, 2008). Being naturally based, lipids are
physiologically non-toxic and biodegradable. They are also often used in the food
industry and therefore in most cases classified as GRAS (generally recognized as
safe). The Food and Drug Administration (FDA) in the United States has published the
list of GRAS substances in the Code of Federal Regulations (CFR) (Chen, 2008).

In general, lipids show a high variability in their physico-chemical properties and
therefore there are various possibilities for different types of pharmaceutical
formulations. Several lipid-based systems for the delivery of drugs have already been
introduced onto the market, with their physical and chemical characteristics including
drug release depending on both the choice of lipid and processing technique. Nearly all
of the established processing techniques have the advantage of being solvent-free.
Therefore no subsequent drying step is necessary, which is cost and time efficient and
avoids additional stress for the product. One can distinguish between processes which
involve mechanical compression and thermal formation of the dosage form, with the
latter being more frequently used. Combinations of mechanical and thermal processing

may also be used.
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One of the first lipid-based formulation approaches involved capsules being filled with
liquid or semi-solid lipid formulations in which the active pharmaceutical ingredient
(API) was either suspended or dissolved (Cole, 1989; Bowtle, 2007). Another
formulation approach involved the production of small drops of molten lipid with
incorporated API that were then resolidified (Pallagi et al, 2004).

The most common formulation approach involves melting the lipid with the solid API
and then resolidifiying it to form a coherent matrix in which the API is embedded. The
resolidified melt can be granulated (Ozdemir and Agabeyoglu, 1990) resulting in
irregular spheres which can be filled into capsules or tabletted. Solid particles can also
be produced in one step with a variety of different methods including melt extrusion
(Prapaitrakul et al, 1991; Liu et al, 2001; Breitenbach, 2002) and melt granulation
(Evrard et al, 1999; Zhang and Schwartz, 2003). In addition, processes like spray
cooling (Cavallari et al, 2005; Erni et al, 1980) or spray drying (Chaunhan et al, 2005)
have been investigated. The resulting particles can either be processed into tablets or
filled into capsules. Other established systems include solid lipid nanoparticles (Bunjes
et al, 1996; Mehnert et al, 2001) and nanostructured lipid carriers (Ricci et al, 2005),
which can be produced by different techniques. Furthermore, liquid lipids can be used

in a fluid bed process to coat particles (Barthelemy et al, 1999).

One advantage of lipid-based formulations is their high potential for the development
of controlled release systems. In particular, they can be used for prolonged drug
release (Hamdani et al, 2002). In addition, they are able to enhance the solubility and
permeability of drugs with poor oral bioavailability (Prabhu et al, 2005; Humberstone
et al, 1997), a fact that is increasingly important since a large proportion of the newly
developed APIs have low solubility and permeability, according to the commonly used
Bioclassification System (Amidon et al, 1995; Lobenberg and Amidon, 2000).
Furthermore, taste masking is also feasible with the help of lipids (Qi et al, 2008) and
APIs which are sensitive against humidity can be protected in a lipid-based dosage
form. Lipids are also used in small quantities as lubricants in tabletting processes and

as mould releasing agents.

Another approach for the formulation of lipid-based dosage forms is to manufacture at
temperatures below the melting point of the lipid, either at room temperature or with
moderate heating. Tabletting is one such approach which has previously been

performed (Li et al, 2006). Extrusion is another approach, and is defined as forcing a
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plastic mass through a hole of defined size by applying pressure (Kleinebudde, 1997).
Successful studies have already been conducted with a rotary ring die press
(Breitkreutz et al, 2003) and a ram extruder (Pinto and Silverio, 2001).

This idea has been further developed with screw extrusion, which has the advantages
of being a continuous process with controllable pressure and temperature application.
In addition, the mass inside the extruder barrel is subjected to agitation in three
dimensions providing intensive mixing. The temperature of the extruder barrel can be
adjusted below the melting point of the individual lipid to allow suitable extrusion
conditions. For this process, the powdered lipid(s) and API are mixed in a laboratory
mixer and the resulting powder blend is transferred to the dosing device which
gravimetrically feeds the powder into the barrel in order to provide a consistent feed.
As the lipid mass does not melt, the process has been called solid lipid extrusion.
Reproducible extrudates with a smooth surface and favourable properties for further
processing can be obtained. They can either be spheronized to pellets or cut into
cylinders of suitable size for the applicable dosage form. In addition, milling is

possible.

Solid lipid extrusion has been used for the production of sustained release matrix
pellets (Reitz and Kleinebudde, 2007). Furthermore, solid lipid extrudates have been
used as the basis for dosage forms exhibiting taste masking properties. The extrudates
have been either spheronized into pellets (Reitz and Kleinebudde, 2007; Krause et al,
2009) or milled down into granules (Michalk et al, 2008).

Unfortunately, lipid-based dosage forms including solid lipid extrudates do exhibit
some challenges. Both the choice of the lipids and the manufacturing technology
strongly influence the subsequent properties of the dosage form, including surface
structure, solid-state behaviour and reproducibility. They can also exhibit stability
problems, largely due to their complex solid-state behaviour (Hamdani et al, 2003).

These 1ssues will be covered in the next section.
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1.2. Solid-state behaviour of lipids and problems during
manufacturing

Lipids encompass a very diverse group of substances exhibiting a wide range of
structural differences. They include both naturally occurring and semisynthetic
substances. The most important group for the manufacturing of lipid pharmaceutical
dosage forms are glycerides. The central molecule in these substances is glycerol
which is esterified with fatty acids. Depending on the degree of esterification,
glycerides can be classified as mono-, di- and triglycerides. Physicochemical
properties of a specific glyceride primarily depend on the degree of esterification and
the structure of the esterified fatty acids. By increasing the degree of esterification
(with a lower fraction of free hydroxyl groups) the glyceride exhibits as higher melting
point, and is more lipophilic and brittle. In addition, the properties of the fatty acids
have to be taken into consideration. Chain length, branching and the existence and

position of double bonds affect the physicochemical properties of glycerides.

The diversity of possible structural combinations in lipids provides a building kit for
the construction of pharmaceutical excipients with desired properties. Modifications
can be made by methods such as transesterification, fractionation or hydration.
Furthermore, hydrophilisation of the substance can be achieved by the esterification
with hydrophilic molecules. A very prominent example is the esterification with PEG
(Gelucire™), but other substances such as lactic and citric acids have also been used. In
most cases, the lipids which are used for the production of dosage forms are

heterogeneous mixtures of different glycerides.

Glycerides are able to exhibit polymorphism, a phenomenon which has been the
subject of many scientific investigations (Larsson, 1996; Timms, 1984). Monoacid
triglycerides are mainly used as research substances. They usually exhibit three
different polymorphic modifications with a monotropic relationship: the
thermodynamic least stable a-form, the metastable B’-form and the stable B-form
(Sato, 2001; Sato et al, 1999). Each of these forms is defined by a specific packing
mode of the fatty acid chains, with the stable B-form exhibiting the densest packing
mode and thus having the highest melting temperature. Transformations from a less
stable to a more stable form can occur, during which an increasing degree of order is

achieved. The rate of transformation depends both on the chemical structure of the
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lipid and external influences like temperature and pressure (Thoma and Serno, 1983).
The more complex the glyceride the more complex is its solid-state behaviour.
Heterogeneous glycerides form additional polymorphic structures to those exhibited

by monoacid triglycerides.

An analytical technique that is widely used for the investigation of glyceride solid-
state behaviour is differential scanning calorimetry (DSC). This technique can be used
to gain insight into the existence of polymorphic forms and their transformations
(Brittain et al, 1991). The shortcomings of this technique are that the sample is
changed during measurement as a polymorphic form whose melting point has been
exceeded during measurement is able to recrystallize in another polymorphic form.
Complementary non-destructive techniques include X-ray powder diffraction (XRPD)
and vibrational spectroscopy methods such as infrared and near infrared spectroscopy
as well as Raman spectroscopy (Bugay, 2001). Despite the variety of techniques the
analytical investigation of the often complex solid-state behaviour of glycerides can be

challenging.

Due to their versatile solid-state behaviour as mentioned above glycerides exhibit
difficulties in the processing of lipid-based dosage forms. The processing is often
accompanied by transformations associated with melting and recrystallization
(Hamdani et al, 2003). The lipid polymorphic behaviour is quite difficult to predict,
and a dosage form produced with a metastable lipid modification and the desired
properties may subsequently change with the polymorphic transformation to a more
stable form (Whittam et al, 1975; Sutananta et al, 1994). The result is usually a
deterioration of the product quality with respect to desired properties including drug

release profiles.

Furthermore, the processed dosage forms often show transformations during storage,
which may also affect the dissolution behaviour (Choy et al, 2005). This effect is often
called ‘aging’ in the literature, and is mostly due to the appearance of a metastable
lipid modification during processing which eventually transforms to a more stable
modification during storage (Whittam et al, 1975). These effects might also result in
alterations of the drug release (San Vincente et al, 2000). Therefore, the solid-state
behaviour of lipids during processing and its relationship to drug release and storage

must be understood to obtain reproducible dosage forms.
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At present, there is a lack of understanding of the physicochemical behaviour of lipid-
based dosage forms during processing and storage. Due to the lack of understanding
and hence control of the processing conditions that result in the formation of
metastable forms of lipids, the number of lipid-based formulations on the market is
still limited.

1.3. Dissolution testing of oral lipid-based dosage forms and
its correlation to solid-state analysis

Dissolution testing is universally used in the development, production and quality
assurance of oral solid dosage forms. The Pharmacopoeias describe suitable and
established standard dissolution methods with their requirements. The results gained
from such investigations are used to predict the bioavailability and hence they are
surrogate parameters of therapeutic efficacy. For quality issues, dissolution data can be
used as a control tool as in most cases the dissolution behaviour of a dosage form is

sensitive to variations during manufacturing which affect the dissolution performance.

The dissolution behavior of drugs from solid oral dosage forms is a critical quality
attribute since, in almost all cases, therapeutic efficacy of the medicine depends on this
very behaviour. In general, drug dissolution from oral dosage forms is investigated by
analyzing the concentration of the released drug in a defined volume of stirred or
flowing dissolution medium. The concentration of released drug in the medium is
measured at defined time intervals using techniques such as UV spectroscopy or
HPLC (Costa and Lobo, 2001). A combination of chemical and physical properties of
both the solid dosage form and the dissolution medium determine the drug dissolution
behaviour. Important properties of the solid dosage form include the apparent
solubility of the drug and the other components, particle size and drug distribution.
These characteristics and hence the dissolution rate change during drug dissolution
(Brittain and Grant, 1999).

In addition, in the special case of matrices which remain intact during dissolution, such
as solid lipid extrudates, there is evidence that the dissolution behaviour is largely a
function of drug distribution at the surface and within the core of the matrix, and at

present this distribution is not well understood.
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As solid-state properties of the components affect dissolution behavior to a large and
sometimes even unpredictable extent there is a strong need for monitoring and
especially visualizing solid-state properties in real time during dissolution testing.
Established dissolution testing as described above provides no direct information on
the changing dosage form phenomena, and hence the dissolution behaviour of drugs
cannot be completely understood with such analysis alone. Therefore, there is a need
to monitor the changing chemical and physical properties of dosage forms during

dissolution.

Initial attempts to characterize such changes involved the bulk characterization of
samples ex situ using methods such as X-ray diffraction (Phadnis and Suryanarayanan,
1997). Recently, Raman spectroscopy has been used to detect solid-state
transformations during dissolution in situ (Aaltonen et al, 2006; Savolainen et al,
2009). However, since drug release from dosage forms is largely dependant on spatial
phenomena, it is obviously pertinent to obtain spatially resolved information. Spatially
resolved analysis of oral dosage forms has experienced a surge of interest within the
last decade (Gowen et al, 2008), in part due to much advanced analytical technology.
Scanning electron microscopy has been used to characterize dosage form morphology
changes after dissolution testing (Aaltonen et al, 2006), and X-ray powder diffraction
has been used to depth-profile dissolution related phase transformations (Debnath et al,
2004).

Methods exhibiting chemical selectivity that are suitable for imaging dosage forms
include near-infrared (NIR), mid-infrared (IR), terahertz and Raman imaging (Sasic,
2007; Zeitler et al, 2007) as well as imaging based on secondary ion mass
spectrometry (Belu et al, 2000; Mahoney et al, 2004). While these methods are all
appropriate for imaging physical and/or chemical changes of dosage forms after
dissolution testing ex situ, they all exhibit serious shortcomings with respect to in situ
imaging. Demands for in sifu analysis include an absence of analysis-related dosage
form destruction, a sampling setup that does not interfere with the dissolution medium
flow, an ability to obtain data in the presence of dissolution media and sufficient
temporal resolution. Secondary ion mass spectrometry cannot be used to sample
materials in a dissolution medium. With respect to NIR (Reich, 2005), IR (Coutts-
Lendon et al, 2003; Van der Weerdt and Kazarin, 2004) and terahertz imaging, the

radiation used with these techniques is strongly absorbed by water which severely
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limits their use in aqueous environments. For IR imaging, this problem has been
circumvented by the use of an attenuated total reflectance (ATR) set-up, whereby an
ATR crystal is interfaced with both a tablet and dissolution medium in a flow through
cell dissolution testing setup (Van der Weerdt et al, 2004; Van der Weerdt and
Kazarin, 2005). However, the requirement for intimate contact between the dosage
form and ATR crystal severely limits sampling set-up flexibility making analysis of
different kinds of solid dosage forms problematic and the high pressure applied to the
samples during analysis can be destructive. Furthermore, commonly observed particle
sizes in oral solid dosage forms may be below the spatial resolution of this technique
(Pajander et al, 2008). Raman imaging has potential for in sifu analysis of solid dosage
forms dissolution due to its lack of water sensitivity and relatively high spatial
resolution (up to about 1 pum), but potential disadvantages include a typically longer
data acquisition time (minutes or hours for 512 by 512 pixels) and possible

interference from fluorescence (Uzunbajakava et al, 2003; Ling et al, 2002).

In conclusion, solid lipid extrudates are a promising new oral lipid-based dosage form
where it is likely that the crystal structure of the lipid could be controlled during
manufacturing and storage. Unfortunately, as in case of other lipid-based dosage
forms, there is a lack of understanding the underlying principles of the lipid solid-state
behaviour during extrusion and storage. In addition, the correlation of solid-state
structure and dissolution characteristics has not been completely understood partly due
to the fact that suitable analytical methods for investigating these issues have not yet

been developed.



2. Aims of the study

The aim of this work was to understand structural characteristics of solid lipid
extrudates during the extrusion process, storage and dissolution, and to relate these
characteristics to drug dissolution behaviour. A correlation between the matrix
structure, from the bulk to molecular levels, and dissolution behaviour should be
established to provide a basis for the formulation of extrudates with predictable and

tailor-made incorporated drug release profiles.
More specifically the aims were:

e To gain deeper understanding of the solid-state behaviour of lipids during the

extrusion process below their melting points and during storage.
e To establish extrusion conditions leading to stable solid lipid extrudates.

e To correlate the solid-state behaviour of the lipids and drug distribution in the

extrudates with the dissolution characteristics.

e To vary the composition of the extrudates in order to broaden the range of

dissolution profiles.

e To develop and establish novel dissolution analysis methods with a focus on in

situ monitoring of drug release and solid-state behaviour of excipients and drug.






3. Experimental

3.1. Introduction

A more detailed description of the materials and methods is given in the original
publications. In the methods part each method description contains the references for

those publications in which the described method is used.

3.2. Materials

3.2.1. Lipids

Different lipids were chosen as matrix forming excipients. The pure powdered
monoacid triglycerides trilaurin (Dynasan 112%), tripalmitin (Dynasan 116%) and
tristearin (Dynasan 118") containing fatty acids with different chain lengths were used
as received. The average of the batches which were used contained 98% pure
triglycerides. In addition, the powdered partial glycerides glyceryl monostearate
(Imwitor 491%) and glyceryl stearate (Imwitor 900 P*) possessing different degrees of
esterification were used. The lipid batches which were used provided an average of

96% purity. All lipid powders were supplied by Sasol (Witten, Germany).

3.2.2. Polyethylene glycols

Powdered polyethylene glycols with different mean molecular weights were used as
release modifying agents. Polethylene glycols with a mean molecular weight of 10000
(Polyglykol 10000®) and 20000 (Polyglykol 20000®) were supplied by Clariant
(Waalwijk, The Netherlands). Polyethylene glycols with mean molecular weights of
100000 (Polyox WSR N10®), 1000000 (Polyox WSR N12K®) and 7000000 (Polyox
WSR 303%) were provided by Dow Chemical (New Milford, Connecticut, US).

3.2.3. Model drugs

Powdered theophylline anhydrate and theophylline monohydrate were used as model
drugs. Theophylline anhydrate was produced by BASF (Ludwigshafen, Germany).
Theophylline monohydrate was recrystallized from theophylline anhydrate which had
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been dissolved in purified water. The crystal form of each substance was verified with
X-ray powder diffraction and compared to the theoretical pattern available from the
Cambridge Structural Database (Cambridge Crystallographic Data Centre, Cambridge,
United Kingdom) using the associated Mercury software (v. 1.5).

3.3. Methods

3.3.1. Manufacturing

3.3.1.1. Mixing

For extrusion experiments powdered excipients were weighed in a 1:1 ratio with the
model drug and blended in a laboratory mixer (LM20 Bohle, Ennigerloh, Germany)
for 15 min at 25 rpm.

For tabletting excipients and model drug were weighed in a 1:1 ratio and blended in a
Turbula mixer (Willi A. Bachofen AG, Basel, Switzerland) at 62 rpm for 15 min.

Performed in articles 1, 2, 4, 5, 6, 7 and 8.

3.3.1.2. Extrusion

Pure excipients or blended powder mixtures containing excipients and model drug in a
1:1 ratio (w/w) were fed from a gravimetric dosing device (KT20K-Tron Soder,
Lenzhard, Switzerland) into the barrel of a co-rotating twin-screw extruder (Mikro
27GL-28D, Leistritz, Niirnberg, Germany). Extrusion was performed with a constant
screw speed of 30 rpm and a feeding rate of 40 gmin'. The extruder die plate
exhibited 23 holes (diameter 1 mm, length 2.5 mm). The processing temperature was

individually chosen depending on the melting temperature of the excipients.

Performed 1n articles 1,2,4,5,6,7 and 8.

3.3.1.3. Tabletting

Blended powder mixtures were compressed on a tabletting machine (Korsch EK 0,
Erweka Apparatebau, Berlin, Germany) using flat-faced punches (diameter 9 mm). In

addition, extrudates were compressed to tablets (150 mg). The crushing strength was
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determined (Schleuniger 2E, Dr. Schleuniger Pharmatron AG, Solothurn, Switzerland)

resulting in values around 40 N.

Performed in articles 6, 7 and 8.

3.3.1.4. Resolidification of lipid melts in thin layers

The powdered lipids were either purely or in physical mixtures completely melted 20
°C above their melting points. Each melt was held for at least 3 min before they were
poured out into purpose-built Teflon moulds. The melts resolidified in thin lipid layers

of 2 mm in ambient conditions.

At certain time points small quantities of the lipid layer surface were removed with a
medical scalpel and investigated. Analysis was performed on the freshly resolidified
sample and after 24 and 48 hours. Afterwards, measurements were conducted in a 2

days interval up to 16 days. The following measurements were accomplished after 24,
36, 48 and 60 days.

Performed in article 3.
3.3.2. Analytics

3.3.2.1. Differential scanning calorimetry (DSC)

Differential scanning calorimetry was performed using a DSC 821e or a DSC 823e
calorimeter (Mettler-Toledo, Gielen, Germany). Approximately 5 mg of sample was
weighed into hermetically sealed aluminium pans (40 pl). The samples were heated
from 20 to 300 °C with a heating rate of 10 °Cmin™". All experiments were conducted

twice.

Performed in articles 1, 2, 3 4 and 5.

3.3.2.2. X-ray powder diffraction (XRPD)

Diffractograms were recorded using a theta-theta X-ray powder diffractometer (D8
Advance, Bruker AXS GmbH, Karlsruhe, Germany). Measurements were performed
in symmetrical reflection mode with CuKa radiation (4=1.54 A) using Gébel mirror

bent multilayer optics. The angular range measured was 5-40° (26), with a step size of
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0.05° (260). The measuring time was 1 s per step. The samples were put in the sample
holder and gently compressed to smooth the surface. All experiments were conducted

in triplicate.

Variable temperature measurements were also performed with the same diffractometer
with resolidified melts of excipient powders. The powdered samples were heated up to
10 °C above their individual melting temperature and held at that temperature for at
least 3 min before pouring the melt into the sample holder on ice to rapidly resolidify
them. Measurements were directly performed in the temperature range of 25 °C up to

the individual melting temperatures of the excipients.

Performed 1n articles 1,2,3,4 and 5.

3.3.2.3. Attenuated total reflectance infrared (ATR-IR) spectroscopy

Samples were measured using an FTIR spectrometer (Bruker FTIR Vertex 70, Bruker,
Ettlingen, Germany) with an ATR accessory fitted with a single reflection
diamond/ZnSe crystal plate (MIRacle ATR, PIKE Technologies, Madison, WI, USA).
The samples were placed in the ATR device without any preparation and measured
using 64 scans for each spectrum. Spectra were collected between 4000 and 650 cm’™

with a resolution of 4 cm™. All experiments were conducted in triplicate.

Performed in articles 1 and 2.

3.3.2.4. Near infrared (NIR) spectroscopy

For NIR measurements a NIR spectrometer (NIR-256L-2.2T2, Control Development
Inc., South Bend, IN, USA) with a thermoelectrically cooled 256 element InGaAs
array detector, tungsten light source and a fiber optic reflectance probe (six
illuminating optical fibers around one signal collecting fiber) was used. A reference
spectrum was recorded with a Teflon background. The spectra were collected from
1100 nm to 2200 nm with 30 ms integration time and 500 scans per spectrum. All

experiments were conducted in triplicate.

Performed 1in article 1.
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3.3.2.5. Raman spectroscopy

Raman spectra were recorded with a 1600 pix CCD camera (Newton DU-970N, Andor
Technology, Belfast, Northern Ireland). The samples were irradiated by a Kr ion Laser
(coherent, Innova 90K, Santa Clara, CA) at 647.1 nm of 30 mW and focused by 40x

0.65NA microscope objective lens.

Performed in articles 6, 7 and 8.

3.3.2.6. Raman mapping

The Raman mapping data were collected using a Senterra dispersive Raman
microscope (Bruker Optics, Ettlingen, Germany). An excitation wavelength of 785
nm, with 100 mW power and a 1200 groove per millimetre grating were used. The
resulting resolution was 3-5 cm™ across the spectrum. For the maps, each spectrum
was the co-addition of three 5 s exposures, and collected from 50-1530 cm™ with a
step size of 2 um. An Olympus 100x objective (N.A. 0.9) with a 50 um confocal
pinhole was used to collect the Raman signal. The resolution was estimated to be 5 pm
(axial) and 2 um (lateral) using the full width half maximum of the intensity profile of
the 520 cm™ band of silicon. Peaks unique to each component were integrated with the
integration function in OPUS 6.5, and, for each component, normalized as a

percentage of the maximum signal observed for that component in the analyzed area.

Performed in article 6.

3.3.2.7. Coherent anti-Stokes Raman microscopy (CARS)

The CARS setup consisted of a coherent Paladin Nd:YAG laser and an APE Levante
Emerald optical parametric oscillator (OPO). In this setup, the fundamental (1064 nm,
80 MHz, >15 ps) of the laser was used as Stokes, whereas the signal from the OPO
(tunable between 700-1000 nm and spectral width of 0.2 nm) was used as the pump
and probe. The beams were scanned over the sample by galvano mirrors (Olympus
FluoView 300, IX71) and focused by a 20x 0.5NA objective lens into the sample.
Both beams had a power of several tens of mW at the sample. Due to the highly
scattering samples the forward generated CARS signal was collected in the backward
direction. The collected signal was filtered and detected by a photo multiplier tube. All

images were 512x512 pixels over the full field of view and were obtained in a 2 s
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interval. Images at different wavelengths required tuning of the OPO but no
realignment of the optics. Different images were collected consecutively. For the
dissolution testing the tripalmitin matrix was imaged before and after dissolution to
verify the absence of change in the matrix material. During the dissolution only the

theophylline was imaged in real time.

Performed in articles 7 and 8.

3.3.2.8. Dissolution testing

Dissolution studies were performed according to the USP 29 Methods 1 (basket) and 2
(paddle) with a dissolution apparatus (Sotax AT7 smart, Sotax, Lorrach, Germany).
Extrudates were cut to lengths of approximately 1 cm, and a sample size of 140 mg
was used in each vessel. Experiments were conducted in purified water containing
0.001% polysorbate 20 at 37+0.5 °C with a stirring speed of 50 rpm. The absorption of
the medium was measured at 2.5 or 5 min intervals using a UV-Vis spectrometer with
an absorption wavelength of 242 nm (Lambda 40, Perkin—Elmer, Rodgau-Juegesheim,
Germany) in a continuous flow-through cuvette. The experiments were conducted in
triplicate taking the mean for the dissolution curve. The standard deviation was below

4% 1n all cases.

Performed in articles 1, 2, 4 and 5.

3.3.2.9. Intrinsic dissolution testing in combination with in situ Raman
spectroscopy

Experiments were conducted using a channel flow intrinsic dissolution test apparatus
with a quartz window for the Raman probe. The drug concentration of the dissolution
medium was measured with a UV-VIS spectrometer (Ultraspec III, Pharmacia
Biotech, Uppsala, Sweden) in a flow-through cuvette. For these studies a Raman
spectrometer (Control Development Inc., South Bend, IN, USA) equipped with a fiber
optic probe (Raman Probe RPS785/12-5, InPhotonics, Norwood, MA, USA) was used.
The spectra were recorded in a 30 s interval between 200 and 2200 cm™ with an

integration time of 1 s and by averaging 3 scans per spectrum.

Performed in article 6.
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3.3.2.10. Intrinsic dissolution testing in combination with CARS
microscopy

The dissolution flow-through cell consisted of a Teflon chamber in which two metal
bars were used to fix the dosage form in the centre of a flowing dissolution medium. A
hose pump circulated the medium through the chamber via suitable conduits at a
constant rate of 5 mL/min. On one side, the cell was equipped with a thin microscope
cover glass that was transparent to the incident and scattered radiation. The dissolution
medium was purified water and the measurements were conducted at room
temperature. Such a set-up allowed the solid-state properties of a solid oral dosage
form to be visualized in sifu with an appropriate medium flow for dissolution testing of

oral solid dosage forms.

Performed in articles 7 and 8.

3.3.2.11. Scanning electron microscopy (SEM)

The samples were mounted on aluminium stubs using double-sided carbon tape and
sputter-coated with platinum for 20 s or with gold for 150 s (Agar Manual Sputter
Coater B7340, Agar Scientific, Stansted, UK). SEM micrographs were recorded using
either a DSM 962 scanning electron microscope (Carl Zeiss, Oberkochen, Germany).
or a Leo 1430VP scanning electron microscope (Leo Elektron Microscopy,
Cambridge, UK) with a working voltage of 20 kV.

Performed in articles 1,2,4,5 and 6.

3.3.2.12. Hot-stage microscopy

Thermomicroscopic investigations were performed with a hot-stage FP 900 (Mettler-
Toledo, Giessen, Germany) in combination with an optical microscope (Leica,
Wetzlar, Germany). The powdered lipids were heated above their melting points and
the melt was held for at least three minutes before monitoring the resolidification at

room temperature.

Performed in article 3.
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3.3.2.13. Contact angle measurements

Contact angle measurements were performed with an optical contact angle meter
(Drop shape analysis system DSA 100, Kriiss, Hamburg, Germany). A 0.8 pL drop of
distilled water was placed on the extrudate surface and the contact angle was directly
determined by using the associated software (Drop shape analysis DSA1, v1.90,
Hamburg, Germany). For each sample eight measurements were performed and the

mean was calculated.

Performed 1n articles 2, 4 and 5.

3.3.2.14. Storage

Samples were exposed to different climatic conditions to investigate their stability. A
climate chamber (KBF 240, Binder, Tuttlingen, Germany) provided a constant climate
with 40 °C and 75 %RH. The samples were placed in open Petri dishes. In addition,
storage experiments were performed in a drying cabinet at 40 °C (Ehret,

Emmendingen, Germany). Furthermore samples were stored in room conditions.

Performed in articles 1, 2, 3, 4 and 5.

3.3.2.15. Karl Fischer titrimetry

The water content of the extrudates was verified using a Karl Fischer titrator (DL 18,
Mettler-Toledo, GieBen, Gemany). The medium consisted of Hydranal“-methanol dry
and Hydranal®-formamide dry combined in equal parts. Hydranal®-composite 5 was
used as one-component reagent. Calibration was performed with Hydranal® water

standard. The mean of three measurements was calculated.

Performed in article 4.

3.3.2.16. Moisture sorption analysis

A dynamic vapor sorption analyzer SPS 11 (Projekt Messtechnik, Ulm, Germany) was
used to expose the samples to a specific climate in controlled temperature and
humidity. Approximately 1500 mg of the sample was weighed into aluminium cups

and the sample weight was monitored during the measurements. Measurements were
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performed in duplicate at room temperature in the humidity range between 0% and

80% with steps of 10% each. Based on these data sorption isotherms were constructed.

Performed in articles 4 and 5.

3.3.2.17. Laser diffraction

The particle size of the powders was determined with a laser diffractometer (Helos,
KF-Magic, Clausthal-Zellerfeld, Germany) using the dry dispersion method. The
median and the 90% quantile were determined three times. The mean was calculated

for each material.

Performed in articles 5 and 6.






4. Results and discussion

4.1. Solid lipid extrudates — solid-state characterization of
lipids after processing and storage in correlation to
dissolution characteristics

4.1.1. Introduction

Even though solid lipid extrusion has already been performed in different working
groups (Breitkreutz et al, 2003; Pinto and Silverio, 2001; Reitz et al, 2007), complete
understanding of the lipid solid-state behaviour during extrusion has not been
achieved. In this section, a comprehensive overview of the underlying principles of
solid-state behaviour of different lipids during processing and storage is given that
could be correlated to the dissolution behaviour. In addition, the influence of the
matrix composition of solid lipid extrudates on solid-state behaviour and drug release

could be elucidated.

Corresponding articles: 1 and 2.

4.1.2. Understanding the solid-state behaviour of triglyceride solid lipid
extrudates and its influence on dissolution

Three pure monoacid triglycerides differing in their fatty acid chain lengths (trilaurin,
tripalmitin and tristearin) were extruded below their melting points. The aim of
extrusion in general was to obtain reproducible cylindrical extrudates with a smooth
surface and high mechanical stability. Therefore, the equipment variables were kept
constant whereas the process variables, screw speed and feed rate, were adjusted to
obtain a continuous product flow. As the lipids melt at different temperatures
depending on the chain length, the extrusion temperature was individually chosen for
each lipid. The best extrusion results were obtained a few degrees (6-11 °C) below the
melting point of the stable polymorphic form of the individual lipid. The physical
characterization of powders and extrudates with a combination of DSC, XRPD and
vibrational spectroscopy techniques gave further insight into the solid-state behaviour
of the lipids during processing and storage. Depending on the extrusion temperature,

the extrudate contained different polymorphic forms of the lipid after extrusion (figure
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1). All lipid powders were in the stable B-form before manufacturing. Tristearin
extrudates exhibited a- and B-form of the lipid after extrusion at 55 °C having their
melting endotherms with the onsets at 50.2 °C (a-form) and 70.7 °C (B-form)
respectively whereas extrusion at 65 °C resulted in pure tristearin B-form (figure 1)
(Hagemann, 1988).
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Extrudate 100% tristearin 65°C
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Figure 1: DSC thermograms of tristearin and theophylline powders and extrudates.

The combination of extrusion temperature and friction was found to be a key factor for
the polymorphic behaviour of the lipid after extrusion. Friction causes temperature to
rise which leads to melting at the edges of the lipid mass inside the extruder barrel.
After leaving the die plate the molten parts of the lipid directly resolidify. The
temperature at which the extrudate leaves the extruder determines the crystallization
behaviour from the molten component of the extruded lipid (MacNaughtan et al,
2006).

This hypothesis was backed up with XRPD measurements during which the sample
was heated up in the range of 25-75 °C in 5 °C steps. There was no incidence of solid-
state changes until melting and as the polymorphs exhibit a monotropic relationship
the a-form must be created via the melt (Sato, 2001; Sato et al, 1999). Variable
temperature XRPD was also performed on the resolidified melts of the lipid powders

as figure 2 depicts for tristearin. Depending on the temperature the a-form peak (21.4°)
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or the B-form peaks (19.4°, 23.1° and 24.05°) were detected (Kellens et al, 1991; Van
Langevelde et al, 2001). The results were in good agreement with the results obtained
for the extrudates and could be corroborated with ATR-IR measurements (Kobayashi,
1988; Yano et Sato, 1999). The influence of pressure applied to the lipid mass inside
the extruder barrel could be excluded as it was too low to have an effect on
polymorphic transformations. The pressure during extrusion never exceeded 0.7 MPa
and the previously reported pressure values which affect lipid polymorphic transitions
are above this range (Wagner and Schneider, 1996). In conclusion, to obtain extrudates
which only contain the stable B-form of the lipid the extrusion temperature has to be

adjusted above the melting point of any unstable polymorphic form.
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Figure 2: Variable temperature XRPD patterns of resolidified tristearin melts.

Release of the incorporated model drug theophylline anhydrate was found to be chain-
length dependant (figure 3a) as lipids with a shorter chain length like trilaurin (12 C-
atoms) led to faster release profiles than tripalmitin (16 C—atoms) or tristearin (18 C-
atoms). Polymorphic transitions after manufacturing had a strong influence on the
dissolution behaviour due to crystallization of the stable B-form from the unstable a-
form on the surface of the extrudate. In case of tristearin the extrudate produced at 55
°C exhibiting partly a-form which transforms to B-form over time was found to exhibit
a slower dissolution rate than the pure B-form tristearin extrudate produced at 65 °C

(figure 3b). On the first glance these results are unintuitive as the release is purely
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diffusion controlled and the a-form is the less dense packing mode which should
therefore lead to an equal or higher dissolution rate. But SEM images of the surface
revealed sharp fractal structures covering the surface (‘blooming effect’), increasing
the contact angle and hence being expected to decrease the wetting and the dissolution
rate (Khan and Craig, 2004; Fang et al, 2007).
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Figure 3: Dissolution curves of triglyceride extrudates. (a) comparison of different
triglycerides and (b) comparison of tristearin extrudates produced at different

temperatures (n = 3, mean, cv < 3%, not shown).

Triglyceride solid lipid extrudates remained stable during open storage in accelerated
conditions (40 °C; 75 %RH) for 10 months. There was no evidence of solid-state

changes of lipid and drug and no interactions could be detected. Despite there being
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some evidence that theophylline monohydrate is the thermodynamically stable form in
these conditions the drug remained as the anhydrate (Ticehurst et al, 2002). This is
probably due to the hydrophobic barrier provided by the lipid matrix and a slow

transformation rate.

In conclusion, these results led to a deeper understanding of the solid-state behaviour
of lipids during extrusion and storage and help to avoid process conditions which lead
to undesirable dosage form properties. The solid-state behaviour of triglycerides is
influenced by different factors during processing and has to be well understood and
monitored to obtain reproducible dosage forms of high quality. Understanding the
polymorphic behaviour of triglycerides in solid lipid extrudates and its effect on
dissolution will help in the development of solid lipid extrudates with desired

dissolution behaviour.

4.1.3. Influence of the composition of glycerides on the solid-state
behaviour and the dissolution profiles of solid lipid extrudates

Based on the results of the study performed on the extrusion of triglycerides, the
composition of the lipid matrix was modified under controlled conditions to broaden
the range of dissolution profiles from these dosage forms. A partial glyceride was
extruded alone and in different ratios with a triglyceride to evaluate the effect of the
lipid matrix composition and possible interactions between either the lipids or lipid
and model drug. Solid-state analysis was conducted on the powders and on the
extrudates and correlated to the results of dissolution testing. In addition, the storage

stability under accelerated conditions was tested.

The partial glyceride, glyceryl monostearate, was successfully extruded alone and with
50% theophylline anhydrate as a model drug. The extrudates contained pure B-form of
the lipid (Hagemann, 1988). DSC measurements revealed a limited interaction
between lipid and drug during the measurement as the drug is able to partially dissolve
into the lipid when the melting temperature of the lipid is exceeded (Chen et al, 1997).
Non-destructive analysis of the extrudates using XRPD (Yajima et al, 2002) and ATR-
IR spectroscopy (Nolasco et al, 2006; Kobayashi, 1988) revealed that no polymorphic

transitions occurred in the lipid or drug.
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Mixtures of the monoglyceride, glyceryl monostearate, and the triglyceride tristearin in
two ratios (9+1 ftristearin/glyceryl monostearate and 5+5 tristearin/glyceryl
monostearate (w/w)) could successfully be extruded containing 50% drug. Solid-state
analysis of the extrudates revealed interactions between the two lipids as the unstable
tristearin a-form could be detected even though the temperature was sufficiently high
enough to prevent this formation compared to a pure tristearin extrudate. Modified
DSC measurements led to deeper insight into these solid-state phenomena. The
extrudates were measured once and stored at room temperature for 24 hours in
ambient conditions. These resolidified melts were measured a second time by DSC.
Comparison of the thermograms of these samples led to the conclusion that the partial
glyceride is able to hinder the formation of the B-form in the triglyceride. The structure
of the partial glyceride exhibits some compatibility with the triglyceride structure and
therefore stabilizes the less packed a-form of the triglyceride during recrystallization
after melting (Garti et al, 1988; Garti, 1988). This effect is known in the literature and
used in the chocolate industry to stabilize the favoured polymorph of cocoa butter
(Schlichter-Aronhime and Garti, 1988). As a small quantity of the lipid mass in the
extruder barrel melts due to the combination of temperature and friction the same
phenomena can be observed for the extrudates. The degree of a-form formation can be

correlated to the amount of partial glyceride in the matrix.

During storage, recrystallization of the tristearin a-form to the more stable B-form was
detected. In this context, surface analysis using SEM and contact angle measurements
was performed as the surface is very important with regard to dissolution behaviour.
The release of the drug is purely diffusion controlled and the matrix stays intact,
therefore transformations at the surface can have a pronounced effect on the release
profile. Figure 4 depicts the SEM images of the extrudate surfaces with their
corresponding contact angles. The glyceryl monstearate extrudate exhibits a smooth
surface (figure 4 a) and the lowest contact angle due to its surfactant properties. The
5+5 (w/w) mixture of tristearin and glyceryl monostearate (figure 4b) also provides a
relatively smooth surface. The increased contact angle of 116° is due to the presence
of tristearin. Differences between the pure triglyceride (figure 4c) and the 9+1 (w/w)
mixture of tristearin and glyceryl monostearate both produced at 65 °C were revealed
using solid-state analysis. The mixed extrudate should be expected to exhibit a
significantly lower contact angle than the pure triglyceride sample. Instead, the mixed

extrudate surface was partly covered with needle-like structures increasing the contact
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angle. This effect was accentuated at a processing temperature of 55 °C. Figure 4e
depicts the surface of the tristearin extrudates whereas figure 4f depicts the surface of
the tristearin / glyceryl monostearate (9+1 w/w) mixed extrudate. The surface of both
extrudates was completely covered with sharp needles and the contact angle was 125°
in both cases. As the contact angle defines wettability it is evident that the needles at
the extrudate surface strongly affect the dissolution behaviour (Fang et al, 2007; Khan
and Craig, 2004).

Figure 4: SEM images of extrudate surfaces containing 50% theophylline anhydrate
produced at different temperatures (a) glyceryl monostearate 65 °C (b) tristearin/
glyceryl monostearate (5+5 w/w) 65 °C (c) tristearin 65 °C (d) tristearin/ glyceryl
monostearate (9+1 w/w) 65 °C (e) tristearin 55 °C and (f) tristearin/ glyceryl

monostearate (9+1 w/w) 55 °C.
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As already stated the dissolution from solid lipid matrices is purely diffusion

controlled. Figure 5 depicts the dissolution characteristics of the processed batches.
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Figure 5: Dissolution curves of different lipids and their mixtures at different
extrusiontemperatures directly after manufacturing (TG = triglyceride tristearin,

PG = partial glyceride glyceryl monostearate) (n = 3, mean, SD < 2%, not shown).

The surfactant properties of the pure partial glyceride matrix made of glyceryl
monostearate led to the fastest release of the drug compared to the other batches. The
5+5 (w/w) tristearin/glyceryl monostearate matrix exhibited a release rate between
those of the pure triglyceride and pure partial glyceride. Even though the partial
glyceride portion resulted in a pronounced recrystallization of the tristearin to the
unstable a-form during extrusion which was followed by transformation to the f-form,
the release of theophylline anhydrate was faster than from the pure tristearin extrudate
due to the surfactant properties of the partial glyceride. By comparing the pure
tristearin matrices produced at different extrusion temperatures with the 9+1 (w/w)
tristearin/glyceryl monostearate mixture produced at the same temperatures two key
factors can be identified. On the one hand the batches produced at 55 °C exhibited a
significantly slower drug release than the batches produced at 65 °C. On the other
hand the drug dissolution from the 9+1 (w/w) mixtures was slower than from the pure
tristearin matrix which is unexpected on first glance regardless of extrusion

temperature. The mixed matrix would be expected to show a faster release due to the
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surfactant properties of the partial glyceride. In this case these surfactant properties are
overcome by the B-form recrystallising as fractal structures on the surface of the
extrudate that impair the wettability of the extrudate by the dissolution medium and

hence reduce the release of the drug.

Storage experiments in two different climatic conditions (ambient and 40 °C/75 %RH)
for 12 months revealed that the temperature has a strong impact on the transformation
to the more stable polymorphic form as all lipids stored in accelerated conditions only
contain the tristearin B-form after one year. In ambient conditions small amounts of the
tristearin a-form are remained except in the 5+5 (w/w) mixture of tristearin/glyceryl
monostearate. A higher molecular mobility of the partial glyceride exhibiting two

hydroxyl groups might facilitate the transformation to the stable B-form.

In conclusion, the chemical composition of the glycerides used for solid lipid extrusion
is of great importance as it affects the solid-state behaviour of the lipid and the
consequently the dissolution of the drug. Due to its surfactant properties the partial
glyceride exhibits a faster release of the drug compared to the triglyceride. In different
mixtures of both lipids the partial glyceride led to increased incidence of the unstable
a-form of the triglyceride leading to recrystallization of the stable B-form over time.
This leads to fractal structures on the extrudate surface slowing down the dissolution
rate. Storage experiments under accelerated and ambient conditions revealed a strong
influence of temperature on the recrystallization kinetics. The results of this study help
to elucidate the complex solid-state behaviour of solid lipid extrudates with different
compositions which facilitates the development of suitable lipid based oral dosage

forms with desired dissolution characteristics.

4.2. Investigating and understanding the principles of lipid
solid-state behaviour during processing and storage

4.2.1. Introduction

As the previous studies revealed, different polymorphic forms after processing of
lipids or unpredictable interactions can occur and be detected. Therefore, there is a
strong need to perform systematic investigations on different influences which can

affect these changes. This section features a systematic study in which different lipids
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and their mixtures are investigated with respect to their solid-state behaviour. The
results can be correlated to the solid-state behaviour of lipid-based dosage forms and
should help to gain deeper insight into the principles of recrystallization processes
which often occur unpredicted and hinder the manufacturing of reproducible and

reliable dosage form quality.

Corresponding article: 3.

4.2.2. Investigating the principles of recrystallization from glyceride
melts

Different powdered glycerides and mixtures were melted above their melting points
and resolidified in Teflon moulds to produce thin lipid layers of reproducible
appearance (2 mm thick), which served as model systems for the investigation of
recrystallization processes. The layers were stored in different climatic conditions
(room temperature and 40 °C) and solid-state analysis was performed at certain time
points using a combination of DSC and XRPD. The influence of chain length, storage
temperature, chemical substitution and interactions between different glycerides on

solid-state behaviour were systematically investigated.

Experiments with three monoacid triglycerides of different fatty acid chain lengths
revealed the effect of fatty acid chain length on the recrystallization behaviour.
Trilaurin, the glyceride with the shortest fatty acids in the study (12 C-atoms),
crystallized in a mixture of B’- and B-forms. The a-form, having its melting point at 14
°C, 1s not stable at room temperature (Hagemann, 1988). After one day of storage only
pure B-form was detected using XRPD (figure 6 a and b). The storage conditions made

no difference in this case.

Tripalmitin exhibiting 16 C-atoms for each fatty acid crystallized purely in the a-form
after solidification. In this context, DSC thermograms exhibit some shortcomings as
the sample which had originally been in the a-form is able to recrystallize in other
polymorphic forms after less stable forms melt during the measurement. Therefore, a
non-destructive complementary analysis was needed. No solid-state changes to other
polymorphic forms were detected during storage at room temperature with XRPD
(figure 6¢) (Hongisto et al, 1996). In this case, the storage temperature plays an
important role as the samples stored in 40 °C (figure 6d) completely transformed to the

B-form after storage for 24 hours.
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Tristearin, the glyceride with the longest fatty acids in this study (18 C-atoms),
exhibited a similar behaviour to tripalmitin. The freshly resolidified sample existed
completely in its a-form (figure 6¢). Storage temperature had a great effect as the
XRPD pattern of the samples stored in 40 °C depict (figure 6f). After 4 days of storage
peaks due to the B-form appeared and after 48 days of storage only the B-form was
detected.
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Figure 6: XRPD patterns of resolidified triglyceride melts during storage. Trilaurin (a) at
room temperature, (b) at 40 °C, tripalmitin (c) at room temperature, (d) at 40 °C,

tristearin (e) at room temperature and (f) at 40 °C.
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In conclusion, fatty acid chain length, storage temperature and storage time affect the
recrystallization behaviour of lipids from resolidified melts. The chain length of the
fatty acids which are esterfied with glycerol in a triglyceride molecule affected the
recrystallization as the transformation rate from unstable to stable polymorphic forms
decreased with increasing chain length at the storage temperatures used in this study.
The second variable, storage temperature, had a pronounced effect on recrystallization
to more stable polymorphic forms. Increasing the temperature greatly accelerated the

recrystallization to the stable form.

For investigating the influence of chemical substitution on recrystallization, two partial
glycerides were melted and resolidified as already described above. The
monoglyceride, glyceryl monostearate, and the partial glyceride, glyceryl stearate,
consisting of approximately equal fractions of monoglycerides and diglycerides are
both esterified with stearic acid. Since partial glycerides are less homogenous and
different melting endotherms tend to overlap, proper peak assignment is very difficult
(Hagemann, 1988). Again, temperature plays an important role for the rate of
recrystallization as shifting of the melting endotherms in the DSC thermograms

happened faster at storage at 40 °C than at room temperature storage.

Two different mixtures of the monoacid triglyceride tristearin and the monoglyceride
glyceryl monostearate were prepared in order to investigate the influence of possible
interactions on the solid-state behaviour of the two components. One mixture consisted
of 90% tristearin and 10% glyceryl monostearate (w/w), the other contained 50%
tristearin and 50% glyceryl monostearate (w/w). The combination of 10% partial
glyceride with 90% triglyceride led to interesting results as an interaction could be
revealed. In the freshly resolidified sample only the tristearin a-form was detected.
Due to the small amount of glyceryl monostearate no information about its crystal
form can be made based on the analytical results. During storage at room temperature
the sample remained in the same crystal structure for the whole time whereas during
storage at 40 °C recrystallization to the stable tristearin B-form was observed. After 24
days of storage recrystallization to the B-form was complete. A comparison of DSC
thermograms of the pure tristearin sample and the 90%/10% mixture was interesting
(figure 7). During the DSC measurement the tristearin o-form melts (endotherm onset
53 °C) and hence the recrystallization of more stable polymorphs can occur. In the

mixture, glyceryl monostearate was able to prevent or delay the transformation to the
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stable tristearin B-form (figure 7a) as can be seen from the reduced intensity of the
melting endotherm of the tristearin B-form (onset 65 °C) compared to the pure
tristearin sample (figure 7b). The tristearin a-form is probably stabilised by combined
structures of tristearin and glyceryl monostearate on an intermolecular level. The
ability to hinder another lipid transforming into its stable polymorph has been
previously reported (Garti, 1988, Garti et al, 1988).
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Figure 7: DSC thermograms of resolidified melts during storage. (a) 90% tristearin/10%

glyceryl monostearate and (b) tristearin at room temperature.

Comparison of the pure tristearin sample with the mixed sample containing 10%
partial glyceride during storage at 40 °C revealed the strong influence of temperature
on recrystallization. Even though the presence of glyceryl monostearate hinders the
formation of the tristearin B-form during the DSC measurement, complete
transformation to the tristearin f-form was faster and more pronounced for the mixture
than for the pure tristearin sample. This phenomenon is probably associated with a less
organised and energetically favourable packing and higher molecular mobility in the
resolidified melt of the combined lipids due to the different structures of the two lipids
which are mixing. This might affect the mixed melt in terms of recrystallization rate at

higher temperatures.

The extent of interactions between the partial glyceride and the triglyceride was
investigated further in the lipid mixture containing 50% tristearin and 50% glyceryl
monostearate (w/w). The increased amount of unstable a-form of the triglyceride

compared to that of a pure tristearin melt was also observed for the mixture containing
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50% partial glyceride. Comparing the two different mixing ratios suggests the ability
of the solid-state form of the triglyceride to incorporate different amounts of the partial
glyceride molecules affects the transformation rate to a large extent. The mixture
containing 10% glyceryl monostearate exhibits the tristearin o-form for 16 days
whereas the mixture containing 50% glyceryl monostearate features the tristearin o-

form just for 10 days.

In conclusion, solid-state analysis of thin glyceride layers of different glycerides or
mixtures of a triglyceride and a partial glyceride as model systems for lipid-based
dosage forms led to a deeper insight into the principles of recrystallization from melts
and during storage. The combination of DSC and XRPD measurements provided a
reasonably comprehensive overview of the recrystallization from the melts. Generally,
temperature was shown to have a pronounced impact on the rate of recrystallization
with the higher temperature accelerating the recrystallization. Based on these results
changes in solid dosage forms based on glycerides during processing and storage can
be better understood and such knowledge is mandatory to avoid unpredictable and

undesirable changes in a glyceride based dosage forms during processing and storage.

4.3. Combining lipid and hydrophilic polymer in one matrix

4.3.1. Introduction

Even though solid lipid extrudates in various compositions have been shown to
provide a versatile basis for the formulation of pharmaceutical dosage forms they are
mainly restricted to sustained release for the incorporated drug. To overcome these
limitations mixed matrices were formulated containing a lipid and a hydrophilic
polymer to accelerate the release of the drug. In this section mixtures of different
triglycerides with polyethylene glycols varying in their molecular weights were
extruded, and investigated with respect to their solid-state behaviour, their stability in

different conditions and their dissolution profiles.

Corresponding articles: 4 and 5.
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4.3.2. Tailor-made dissolution profiles by extruded matrices based on
lipid polyethylene glycol mixtures

The monoacid triglyceride tripalmitin was extruded in different ratios with the
hydrophilic polymer polyethylene glycol exhibiting a mean molecular weight of 10000
to form mixed matrices. By varying the ratio of hydrophobic and hydrophilic

component tailor-made dissolution profiles over a wide range should be achievable.

The triglyceride tripalmitin was already established as a good matrix former for the
solid lipid extrusion process in former studies (4.1.2) providing long term stability and
predictable dissolution profiles. Polyethylene glycol has been used as a matrix for
controlled release and as a tablet binder and coating agent (Rowe et al, 2003). In
addition, polyethylene glycol has also been used in small quantities as a pore former
and release modifier (Schmidt and Prochazka, 1979; Herrmann et al, 2007a; Cleek et
al, 1997). In general, the formulation of dosage forms with polyethylene glycol
involves melting of the polymer and resolidification with an API (Craig and Newton,
1991). Unfortunately, this approach can lead to unpredictable degeneration of the
polymer (Crowley et al, 2002).

In this study, the suitability of polyethylene glycol for extrusion below its melting
point was investigated with the pure polymer and with 50% theophylline anhydrate as
a model drug. Well-formed extrudates were obtained and solid-state analysis with
DSC and XRPD did not reveal any solid-state changes for either the polymer and or
drug (Craig and Newton, 1991; Chen et al, 1997). A limited interaction occurred
between theophylline and polyethylene glycol above the melting point of the polymer,
as theophylline is able to partially dissolve into the polymer.

For the manufacturing of mixed matrices, tripalmitin and polyethylene glycol were
extruded without drug below their melting ranges in the ratios 9+1 and 5+5 tripalmitin
to polyethylene glycol (w/w). Solid-state analysis of powders and extrudates proved
that both substances remained in their stable crystalline form and there was no
evidence of any interactions. In a second step, extrudates were produced which
contained 50% theophylline anhydrate. The amount of polyethylene glycol in the
matrix (excluding drug) was varied from 5% up to 50% (w/w). For each composition,
acceptable extrudates could be obtained providing the same crystal stability as

described for the extrudates above.
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Dissolution studies were performed on the extrudates. The results are depicted in
figure 8. Pure tripalmitin matrices exhibited the slowest release of the drug as the
dissolution is purely diffusion controlled and the pores were only due to the drug
dissolving (Reitz et al, 2008). This could also be visualized with SEM before and after
dissolution (figure 9a and b), where only small holes due to the former presence of the

drug were visible on the surface of the extrudate after dissolution for 24 hours.
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Figure 8: Dissolution curves of extrudates (TG = triglyceride tripalmitin, PEG =

polyethylene glycol, n = 3, mean, SD < 4%, not shown).

Within 24 hours the drug could not be completely released from the pure lipid matrix.
At the other extreme, pure polyethylene glycol matrices released the drug very rapidly
by dissolving completely (figure 8). The desired tailor-made dissolution profiles were
obtained with mixed matrices of tripalmitin and polyethylene glycol. Polyethylene
glycol as a hydrophilic polymer increases the dissolution rate from the matrix by
dissolving and hence forming an interconnected pore network facilitating the release
of the drug (Herrmann et al, 2007b). By varying the amount of polyethylene glycol in
the matrix, release of the drug could be controlled over a broad range of dissolution
profiles (figure 8). Even small amounts resulted in a significant increase of the release
of the drug. The medium penetrated into the matrix and drug as well as polyethylene
glycol particles dissolve. Pores of different sizes are formed depending on the amount

of polyethylene glycol in the matrix. As examples, the SEM picture of the 5+5 and the
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9+1 (w/w) tripalmitin and polyethylene glycol extrudates are depicted in figure 9 c-f

before and after dissolution testing for 24 hours.

Figure 9: SEM images of extrudates before and after dissolution (a) tripalmitin before
dissolution, (b) tripalmitin after dissolution, (c¢) tripalmitin/polyethylene glycol
(9+1 w/w) before dissolution, (d) tripalmitin/polyethylene glycol (9+1 w/w) after
dissolution, (e) tripalmitin/polyethylene glycol (5+5 w/w) before dissolution and
(f) tripalmitin/polyethylene glycol (5+5 w/w) after dissolution.
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In addition, the contact angle of the extrudate surfaces was determined. The pure
tripalmitin extrudate exhibited poor wettability (contact angle 115°) due to its
hydrophobic properties. A linear decrease of contact angle was detected with
increasing polyethylene glycol amount in the matrix which correlates to the dissolution

profiles.

Storage stability testing was performed at accelerated conditions (40 °C/75 %RH) for
one year. The crystalline structure of the components was unchanged. Furthermore, as
polyethylene glycol is a hydrophilic polymer possible interactions with water vapour
were investigated. Karl Fischer titrimetry was performed on the extrudates before and
after storage. The pure polyethylene glycol extrudates exhibited the highest water
content with 1.2% (w/w) after storage in accelerated conditions, while the other
extrudates possessed values of below 0.2% (w/w). In addition, a dynamic vapour
sorption analyzer was used to expose the samples to different relative humidities
ranging from 0 % to 80 %. The results were in good agreement with those obtained by

Karl Fischer titrimetry. Therefore, the produced extrudates are stable against humidity.

In conclusion, tailor-made dissolution profiles were obtained by extrusion of a
combination of a triglyceride and polyethylene glycol in extruded matrices below their
melting point. The extrudates exhibited no evidence of solid-state changes or
interactions. Storage experiments for one year in accelerated conditions and moisture
sorption testing revealed the physical stability of these dosage forms was appropriate

for oral dosage forms.

4.3.3. Influence of structural variations on drug release from
lipid/polyethylene glycol matrices

As the combination of a triglyceride and polyethylene glycol was successfully
introduced in extrudates produced below their melting points as a suitable oral dosage
form this study was aiming to vary the composition of these mixed matrices. In a first
step, the triglyceride tripalmitin was extruded with polyethylene glycol of different
molecular weights in order to investigate the influence of molecular weight of the
hydrophilic polymer in the range of 10000—7000000 on the dissolution characteristics.
In a second step, triglycerides of different fatty acid chain lengths and hence different
optimal extrusion temperatures were extruded in combination with polyethylene glycol

10000. It should be investigated whether different extrusion temperatures can be used
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to extrude the mixed matrices consisting of a suitable triglyceride and polyethylene
glycol in order to broaden the possible manufacturing temperatures with respect to

temperature sensitive drugs.

It is necessary for extrudates to have a good external appearance with a smooth
surface. This was achieved for each of the prepared formulations. For the extrusion
studies with mixtures of tripalmitin and polyethylene glycol of different molecular
weights the temperature was always kept at 55 °C which is below the reported melting
points for tripalmitin (Hagemann, 1988) and polyethylene glycol (Craig and Newton,
1991). For the formulations containing trilaurin the extrusion temperature was adjusted
to 40 °C as the melting point of the substance is 46 °C (Hagemann, 1988). For
formulations containing tristearin with a melting point of 73 °C (Hagemann, 1988) the
melting point of polyethylene glycol was the limiting factor, so that these formulations

were extruded at 55 °C.

Solid-state analysis with DSC and XRPD of the extrudates containing tripalmitin in
combination with polyethylene glycol of different mean molecular weights did not
reveal any interactions or solid-state changes. During dissolution testing the effect of
the molecular weight of the polyethylene glycol in the matrix was investigated (figure
10). The dissolution curve for extrudates containing only tripalmitin as matrix material
is added for comparison. The acceleration of the dissolution depended on the

molecular weight of polyethylene glycol.

Polyethylene glycol 10000 led to the largest increase in dissolution rate, and all the
other polyethylene glycols in the matrices had approximately the same influence on
the dissolution rate. The particle size of the different polyethylene glycol powders was
determined with laser diffraction. All powders exhibit the mean of the 90 % percentile
in the range of 300-500 pum. Therefore, phenomena depending on particle size
differences could be excluded. Scanning electron microscopy was performed on the
samples before and after dissolution to investigate surface transformations.
Irrespective of mean molecular weight of polyethylene glycol the different
formulations led to the same outer appearance after 24 h of dissolution. As there are no
morphologic differences on the surface the results should depend on the swelling and
dissolution behaviour of the polyethylene glycol molecules in the matrix. The swelling
of polyethylene glycol is a phenomenon which depends on the molecular weight as

higher molecular weights tend to swell more but more slowly than lower molecular
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weights (Apicella et al, 1993; Maggi et al, 2001). In addition, the larger molecules
dissolve more slowly. Based on these assumptions, the similar drug dissolution
behaviour for all molecular weights of polyethylene glycol except 10000 is unexpected
and requires further investigations. In addition, contact angle measurements were
performed to investigate the wetting abilities of the different extrudate surfaces before
dissolution. The contact angle increased with increasing mean molecular weight of the
polyethylene glycol in the matrix within the range of 100-113°. Therefore, during
dissolution testing the extrudates containing polyethylene glycol 10000 provided the

best contact surface for the dissolution medium.
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Figure 10: Dissolution curves of extrudates containing different matrix compositions based
on tripalmitin and polyethylene glycol (PEG) (9+1 w/w) (mean, n = 3, SD < 3%,

not shown).

The extrudates consisting of different triglycerides and polyethylene glycol 10000
were also subjected to solid-state analysis. The triglyceride with shorter fatty acids
(trilaurin) resulted in stable mixed matrices with no detectable solid-state changes
whereas the triglyceride with longer fatty acids (tristearin) exhibited polymorphic
transitions. In pure tristearin extrudates, depending on the extrusion temperature, a
mixture of a- and B-forms (extrusion temperature 55 °C) or the pure desirable B-form

(extrusion temperature 65 °C) of the lipid was present in the extrudate (4.1.2). In this
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study the extrusion temperature of the extrudate containing tristearin was limited to 55

°C by the melting point of the polyethylene glycol.

Dissolution testing was performed to investigate the effect of the chain length of the
different monoacid triglycerides on the dissolution behaviour. The release rate
depended on the chain length of the fatty acids in case of the mixed extrudates. The
longer they were the slower is the release (figure 11). Compared to the respective pure
triglyceride matrices release of the drug could always be accelerated by the addition of

polyethylene glycol.
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Figure 11: Dissolution profiles of extrudates based on different triglycerides and PEG 10000

(9+1 w/w) (mean, n = 3, SD < 4%, not shown).

In conclusion, different combinations of monoacid triglycerides and polyethylene
glycols could successfully be extruded below their melting temperatures. Variation of
the mean molecular weight of polyethylene glycol showed that each of these polymers
was able to accelerate the dissolution rate but a mean molecular weight of 10000 had
the largest effect. Therefore, the addition of polyethylene glycol with a mean
molecular weight exceeding 10000 provides no additional advantage. The variation of
the fatty acid chain length in the lipid component of the extrudate broadened the range
of possible processing temperatures, and in the case of trilaurin the extrusion

temperature of 40 °C was suitable which is advantageous for temperature sensitive
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APIs. The extrusion temperature for tristearin could not be increased to the suitable
temperature at which this lipid remains its most stable B-form as polyethylene glycol
melted. Therefore, lipid polymorphic transitions occurred which can have a
pronounced effect on the dissolution characteristics and are uncontrollable. The results
of this study helped to gain a deeper understanding of the variables that may influence
drug dissolution behaviour from these oral dosage forms. Such knowledge broadens
the potential applications of solid lipid extrudates through the ability to provide tailor-

made dissolution profiles.

4.4. Development and establishing of novel dissolution
methods with focus on in situ monitoring of drug release
and solid-state behaviour

4.4.1. Introduction

Dissolution testing is a crucial part of pharmaceutical dosage form investigations and
1s generally performed by analyzing the concentration of the released drug in a defined
volume of flowing dissolution medium. As solid-state properties of the components
affect dissolution behaviour to a large and sometimes even unpredictable extent there
1s a strong need for monitoring and especially visualizing solid-state properties during
dissolution testing. Furthermore, as there is evidence that the release of APIs from
matrix dosage forms as solid lipid extrudates is largely a function of drug distribution
the distribution at the surface and in the core should be mapped and correlated to
dissolution profiles. In this section, lipid matrices as tablets and extrudates were
investigated with Raman mapping before and after dissolution and with in situ Raman
spectroscopy during dissolution testing. In addition, coherent anti-Stokes Raman
scattering microscopy was used for in situ visualization of distribution and release
characteristics of the API within the solid lipid extrudates with a self-built dissolution

setup.

Corresponding articles: 6, 7 and 8.
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4.4.2. Investigating the relationship between drug distribution in solid
lipid extrudates and dissolution behaviour using Raman
spectroscopy and mapping

In this study, the structural aspects of solid lipid extrudates that influence drug release
behaviour were investigated using Raman mapping and spectroscopy. The influence of
drug distribution on the solid-state behaviour of the model drug during dissolution was
investigated using in situ Raman spectroscopy. Furthermore, Raman microscopy was
used for chemical mapping of the components at the surface and in the core of the
dosage forms before and after dissolution testing (Breitenbach et al, 1999). The drug

distribution was then related to the drug dissolution behaviour.

Intrinsic dissolution testing with tablets compressed from a physical powder mixture
containing 50% tripalmitin and 50% theophylline anhydrate was performed. In
addition, extrudates were compressed to tablets containing 50% tripalmitin and 50%
theophylline anhydrate as well as 25% tripalmitin, 25% polyethylene glycol and 50%
theophylline anhydrate. The tablets ensured the same surface exposure of each of the
different formulations. The dissolution curve of a tablet compressed from extrudates
depicts a release which is a magnitude slower than the corresponding curve for the
tablet compressed from the physical powder mixture. Since both samples initially had
approximately the same surface area exposed to dissolution medium, the different
dissolution rates must result from structural differences between the two samples. The
release rate of the drug was also dramatically enhanced by the presence of

polyethylene glycol.

The distribution of the components in an extrudate containing lipid and API is
depicted in figures 12 and 13. For each substance a unique peak was determined which
was mapped and the signal intensity was used as a basis for the construction of Raman
maps. The graduated colour scales used to construct the maps represent the
percentages of the maximum observed peak areas across the sampled area which is
marked in the optical microscope images (figures 12e and 13e). The cross section of
the extrudate is shown in figure 12. In the majority of regions the signal for only one
component is evident suggesting that the particle size in these regions is larger than the
sampling volume of the Raman microscope. In a few areas the spectra represent both

components, and these regions are probably due to intimately mixed particles smaller
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Figure 12: Cross section of an extrudate. Raman maps of (a) theophylline anhydrate, (b)

tripalmitin, (c¢) both components and (e) optical image of the area mapped.
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Figure 13: Surface of an extrudate. Raman maps of (a) theophylline anhydrate, (b)

tripalmitin, (c) both components and (e) optical image of the area mapped.
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than the sampling volume of the microscope or interfaces between larger particles of
both components. Within the region sampled there is a wide range in particle size of
theophylline, and the lipid appears to be the continuous phase. The distribution at the
surface of the same extrudate is depicted in figure 13. In contrast to the image of the
cross-section, a larger proportion of the spectra from the surface represent both
theophylline and tripalmitin. This shows up as purple in the map representing both
components. This suggests a more intimate degree of mixing at the extrudate surface

than core, at a level that is below the sampling volume of Raman microscope.

Since the lipid matrix remains intact during drug release in the dissolution media used,
the initial drug release rate must be largely determined by the surface area of the drug
exposed to dissolution medium. The extrudate exhibited a much slower initial release
than the physical mixture. Therefore, there is some evidence that the drug exposed at
the surface of the extrudate is disproportionately low. This is supported by previously
recorded scanning electron microscope images of solid lipid extrudate samples after
dissolution, where the voids created by drug release are less numerous and generally
smaller at the surface than the core of the extrudate (Reitz et al, 2008). The Raman
mapping is not inconsistent with the presence of a thin lipid layer and a low
concentration of drug at the surface of the extrudate. Such a lipid layer is consistent
with the ‘wall depletion’ effect that has been observed during extrusion of slurries with
a high concentration of the disperse phase (Barns, 1995; Suwardie et al, 1998). In this
case, the lower melting lipid in contact with die walls is known to melt during
extrusion due to shear stress and it is expected that it fills the voids created by the solid

and irregular-shaped drug particles against the die walls.

In the extrudate containing polyethylene glycol as additional matrix component, all
three components were found to be present at the surface. In the core there was no
evidence of any component preferentially associating with another in the investigated

regions.

Mapping was also performed after certain times of dissolution testing. The results
suggest a uniformly receding drug boundary does not exist. Such behaviour can be
expected for two reasons. In the matrices, non percolating drug particles may be
completely surrounded by lipid, and since the lipid remains intact, these drug particles
are never released. Secondly, the tortuosity of the channels in the matrix through

which the drug must diffuse during release will differ greatly since the drug is
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randomly distributed and particle size varies greatly. Larger areas must be mapped to
better investigate this phenomenon. Nevertheless, these studies show the potential for
Raman microscopy for spatially resolved analysis of drug loss from matrix dosage

forms.

The in situ Raman spectra obtained from the tablets during intrinsic dissolution testing

to monitor the solid-state form of the model drug are depicted in figure 14.
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Figure 14: Raman spectra from in situ analysis during intrinsic dissolution testing of tablets
compressed from physical mixture (a) and extrudate (b) containing tripalmitin and

theophylline anhydrate.

The Raman peaks used to differentiate the anhydrate from the monohydrate form were
1687 cm™ (monohydrate), and 1665 cm™ and 1707 cm™ (anhydrate) (Nolasco et al,
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2006; Amado et al, 2007). In the sample compressed from a powder mixture of
theophylline anhydrate and tripalmitin, transformation of the drug to monohydrate was
observed (Figure 14a), and the conversion was virtually complete after 15 minutes.
The monohydrate remained after 180 minutes, when the Raman analysis was stopped.
In comparison, the spectra of the tablet compressed from extrudates suggested that
there was no conversion at any stage up to 180 min (Figure 14b). This shows that the
drug distribution was found to have a pronounced effect on the solid-state behaviour of
theophylline monohydrate during intrinsic dissolution testing. The results observed
using Raman spectroscopy are supported by SEM images taken of each formulation
after different times of immersion in water. After immersion for 30 min, needle-like
structures are present on the surface of the tablet compressed of the powder mixture.
Such structures have previously been associated with theophylline monohydrate
formation (Aaltonen et al, 2006). After 180 min of immersion all needles on the
surface had dissolved. Such needles were never observed on the tablet compressed
from extrudates of the same composition. Since the conversion to the monohydrate is
solution mediated, different solid-state behaviour between the compressed extrudate
and physical mixture must be related to the drug concentration in solution at the
extrudate-dissolution medium interface. The drug exposure at the surface of the tablet
prepared from the physical mixture, leads to a higher initial dissolution rate, and a
sufficiently supersaturated solution to initiate monohydrate crystallization. As the
anhydrate at the surface is depleted, the monohydrate also dissolves. Presumably,
because less anhydrate is exposed at the surface of the extrudate sample, the solution
does not become sufficiently supersaturated to induce -crystallization of the

monohydrate form.

While such solid-state analysis reveals that spatial distribution of the drug can have a
pronounced effect on solid-state behaviour of the drug, the formation of the less
soluble monohydrate appears to have a minor role, compared to the direct effect of

spatial distribution of the drug on drug release.

This study showed that Raman mapping can be used for chemically-resolved high-
resolution imaging of multi-component sustained release matrices as a means to better
understand their drug release behaviour. Although, in this study, Raman microscopy
did not have sufficient spatial resolution to determine the exact component distribution

at the very surface of the extrudates, it was shown that micrometer scale differences in
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surface structure can have a pronounced effect on dissolution behaviour. The
technique has also shown potential for chemically resolved imaging of drug
distribution after dissolution, and a uniformly receding drug boundary was not
observed. Solid-state changes of the drug during dissolution testing were also
investigated using in situ Raman spectroscopy. This study has emphasised the
importance of drug distribution on the release behaviour from sustained release dosage
forms, and Raman mapping is potentially a very useful tool to understand drug

distribution in such dosage forms and physical changes during drug release.

4.4.3. Chemical imaging of oral solid dosage forms and changes upon
dissolution using coherent anti-Stokes Raman scattering
microscopy and

Coherent anti-Stokes Raman scattering microscopy to monitor
drug dissolution in different oral pharmaceutical tablets

In situ chemically selective imaging of dosage forms during dissolution testing is a
challenging task as it involves several requirements. These include an absence of both
analysis-related destruction and interference of the dissolution medium flow.
Furthermore, the data acquisition time has to be sufficiently fast and data have to be
obtained in the presence of the dissolution medium. Each of the imaging methods that
have been used so far for chemically selective imaging of dosage forms, including

Raman microscopy, exhibit shortcomings in this respect.

Coherent anti-Stokes Raman scattering microscopy (CARS) is able to fulfil all the
stated requirements. This method is based on two laser beams of which one is tunable
in wavelength. These two beams are collinearly overlapped and focussed into the
sample. If the wavelength difference between the two input laser beams coincides with
a Raman active vibrational mode an anti-Stokes wavelength (blue shifted compared to
the input wavelengths) is created. When there are differences in the vibrational spectra
of the molecules in the sample, chemically selective imaging is possible with this
technique at sub-micron resolution in three dimensions (Cheng and Xie, 2004; Jurna et
al, 2006). CARS has been used for imaging polymer films (Kee and Cicerone, 2004)
as well as living cells (Nan et al, 2003) and tissues (Evans et al, 2006). Additionally,
the technique has recently been used to monitor drug distribution and release from
stent coating material (Kang et al, 2006 and 2007).
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Suitable vibrational bands for selective analysis were found by analyzing the Raman
spectra of the respective substances as Raman and CARS spectra are not identical but
uniquely related to each other (Jurna et al, 2008). The distribution of drug and lipid
were rapidly visualised with a spatial resolution of 1.5 um. Figure 15 depicts false
colour images of the surfaces of different lipid-based tablets. The drug is encoded in
green (signal at 3109 cm™) whereas the lipid is encoded in red (signal at 2880 cm™)
(Nolasco et al, 2006; Bresson et al, 2005). The three different tablets were immersed
into 500 mL of purified water and investigated with CARS microscopy after 30 min
and after 180 min. Figure 15a-c depicts a tablet compressed of a powder mixture

containing 50% theophylline monohydrate and 50% tripalmitin powder (w/w).

180 min

100 pm

30 min 180 min

100 pm

Figure 15: Solid dosage forms consisting of lipid (red) and drug (green) after different
immersion times in dissolution medium. (a-c) tablet of tripalmitin/theophylline
monohydrate, (d-f) tablet of tripalmitin/theophylline anhydrate and (g-i) tablet of
extrudates of tripalmitin/theophylline anhydrate.
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The drug was heterogeneously distributed and a gradual loss of the green colour over
time represents the release of the drug from the matrix. After release of the drug dark
areas represent the pores in the lipid matrix where drug particles were located before.
In comparison, several phenomena could be observed on a tablet compressed of the
physical mixture of 50% theophylline anhydrate and 50% tripalmitin (w/w) (figure
15d-f). Before immersion the anisometric drug particles were homogenously
distributed within the lipid matrix. After 30 min of immersion the complete surface of
the tablet was covered with fine green needles representing theophylline monohydrate
which had recrystallized on the tablet surface. This can be attributed to a solution-
mediated transformation as the monohydrate form, being less soluble, is able to
recrystallize from a supersaturated solution which has been formed from the released
anhydrate particles (Ando et al, 1992; De Smidt et al, 1986). After 180 min the drug is
completely dissolved leaving the empty lipid matrix. To investigate the influence of
the extrusion process on the release profile a tablet was compressed of the extrudates
(figures 15g-1). For this tablet release was observed but no monohydrate formation
could be detected. These results correlate with the results obtained by in sifu Raman
spectroscopy (4.4.2). In addition, the pure extrudates consisting of 50% tripalmitin and
50% theophylline (w/w) were also subjected to the same dissolution study. There was
also no evidence of needle formation due to the monohydrate on the extrudate surface.
A depth scan was performed in the pores of the extrudates (depth 50 um). Very few

monohydrate needles can be found inside the pores.

In a further step, the transformation from theophylline anhydrate to theophylline
monohydrate should be monitored in real time. Therefore, tablets consisting of powder
mixtures of tripalmitin and theophylline anhydrate were placed directly on the
microscope stage in a small container which was mounted on a thin glass slide. The
container was filled with purified water so that a thin layer of water was located
between the sample and the microscope objective. Figure 16 depicts several frames of
the recorded images which realized the real time visualization of the transformation

from theophylline anhydrate to monohydrate for the first time.
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120 sec

100 pm

100 pm

Figure 16: In-line visualization of theophylline monohydrate crystal growth on the surface of

a tablet in water consisting originally of tripalmitin/theophylline anhydrate.

100 um

100 pm

Figure 17: In-line visualization of drug release from a tablet of tripalmitin (red) and

theophylline monohydrate (green) during dissolution testing.

Based on these results, the setup was modified to provide a dissolution setup for oral

dosage forms with pharmaceutically acceptable dissolution medium flow (Peltonen et
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al, 2003). A self-built dissolution flow-through cell allowed the dosage form (either
tablet or extrudate) to be fixed in a constant fluid-flow bed which was covered by a
microscope cover glass facing the microscope objective. The dissolution medium was
continuously pumped through the cell surrounding the sample. A good CARS signal
intensity could be obtained from the tablet through the flowing dissolution medium.
Several frames are depicted in figure 17. The tablet consisting of tripalmitin and
theophylline monohydrate powder proved that release of the drug could be visualized

in real time.

These studies demonstrated that, with CARS microscopy, it is possible to achieve
temporally and spatially resolved visualization of the distribution of dosage form
components in matrix systems during dissolution. In addition, solid-state changes
could be visualized. The combination of CARS microscopy with a suitable flow-
through cell setup is a means to gaining a deeper understanding of the
physicochemical behaviour of oral dosage forms during dissolution and is likely to

impact future applications of different kinds of dosage forms.



5. Summary and conclusions

Solid lipid extrudates were produced by the extrusion of lipid powders and drug below
their melting points to form coherent matrices in which the drug is embedded.
Systematic investigations with a combination of novel and established characterization
methods led to a significantly increased process understanding and improved dosage

form quality.

The combination of extrusion temperature and friction was identified as a key factor
for the polymorphic behaviour of lipids during extrusion. As polymorphic transitions
had a strong influence on the dissolution behaviour due to crystallization of the stable
polymorphic form on the extrudate surface it is of high importance to avoid those
changes. To obtain extrudates containing purely the stable B-form of the lipid the
process temperature has to be adjusted above the melting point of any unstable
polymorphic form to ensure that the thin lipid fraction on the extrudate surface which

1s molten due to friction directly recrystallizes in the most stable form after processing.

The dissolution behaviour from lipid-based matrices depended on the chain length of
the fatty acids and the degree of esterification of the individual lipid. The longer the
chains were and the higher the degree of esterification was the slower was the
dissolution rate. In addition, interactions between different glycerides led to
unpredictable solid-state changes as a partial glyceride was able to stabilize the
metastable a-form of the triglyceride which affected the surface structure of the
extrudates as the contact angle was increased due to recrystallization of the stable -
form on the surface. This ‘blooming effect’ significantly decreased the dissolution
rate. The recrystallization behaviour of resolidified lipid melts as model systems

showed the great influence of storage temperature on the rate of recrystallization.

Tailor-made dissolution profiles were obtained from extrudates consisting of various
ratios of a triglyceride and the hydrophilic polymer polyethylene glycol. There was no
evidence of solid-state changes in the matrix components and drug. Polyethylene
glycol powders with different mean molecular weights were tested in combination
with a triglyceride and a mean molecular weight of 10000 resulted in the fastest

dissolution. Varying the chain lengths of the fatty acids in the glyceride in combination
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with polyethylene glycol allowed the extrusion temperature to be varied, which is

beneficial for temperature sensitive drugs.

During storage testing in accelerated conditions all processed formulations remained

stable protecting the humidity-sensitive model drug against hydration.

The distribution of drug and matrix material in the core and at the surface of the
extrudates was mapped with Raman microscopy. The results emphasized the
importance of drug distribution on the release behaviour of matrix dosage forms as the
spatial distribution due to the manufacturing technique had a higher impact on
dissolution than solid-state changes of the drug. Raman mapping of extrudate cross
sections after certain times of dissolution suggested that a uniformly receding drug

boundary does not exist.

Intrinsic dissolution testing comprising simultaneous measurement of the drug
concentration in the dissolution medium (UV-VIS spectrometry) and the solid-state
form of the sample (in situ Raman spectroscopy) offered deeper insight into the release
characteristics from lipid-based matrices. Compacts were prepared consisting of either
powder mixtures or the extrudates. The dissolution of theophylline anhydrate is
usually accompanied by a relatively fast transformation to the monohydrate leading to
a slower dissolution rate. This transformation was observed for compacts produced of
powder mixtures but not for those produced from extrudates suggesting that the
extruded lipid matrix inhibits monohydrate formation during dissolution due to surface

differences.

For the first time, in situ high-resolution visualization of solid-state characteristics and
drug release of a solid dosage form was realized during dissolution testing with
coherent anti-Stokes Raman scattering (CARS) microscopy and is likely to impact

future applications for different kinds of solid dosage forms.



6. Zusammenfassung der Arbeit

Im Rahmen dieser Arbeit wurden Festfettextrudate durch die Extrusion von
Lipidpulvern und Arzneistoff unterhalb ihrer Schmelzpunkte zu kohdrenten Matrizes
mit eingebettetem Arzneistoff verarbeitet. Systematische Untersuchungen mit einer
Kombination aus neuen und etablierten Charakterisierungsmethoden fithrten zu einem

signifikant gesteigerten Prozessverstindnis und verbesserter Produktqualitét.

Die Kombination von Friktion und Extrusionstemperatur konnte als Schliisselfaktor
fiir das polymorphe Verhalten der Lipide nach der Extrusion identifiziert werden. Da
polymorphe Transformationen einen starken Einfluss auf das Freisetzungsverhalten
hatten, welcher durch die Kristallisation der stabilen polymorphen Form auf der
Oberfliche der Extrudate bedingt war, ist es von groBer Wichtigkeit, diese
Verdnderungen zu vermeiden. Um Extrudate zu erhalten, die nur die stabile B-Form
des Lipids enthalten, sollte die Prozesstemperatur oberhalb der Schmelzpunkte der
unstabilen polymorphen Formen eingestellt werden. So wird gewéhrleistet, dass die
diinne Lipidfraktion auf der Extrudat-Oberfliche, welche durch Friktion schmilzt,

nach der Herstellung direkt in der stabilsten Form rekristallisiert.

Das Freisetzungsverhalten aus Lipid-basierten Matrizes hiangt von der Kettenlédnge der
Fettsduren und dem Grad der Veresterung des individuellen Lipides ab. Je ldnger die
Ketten und je hoher der Veresterungsgrad war, desto langsamer war die
Freisetzungsrate. Interaktionen zwischen verschiedenen Glyceriden fithrten zu
unvorhersehbaren Solid-State Verdnderungen. Ein Partialglycerid war in der Lage, die
metastabile a-Form eines Triglycerides zu stabilisieren, was die Oberflachenstruktur
der Extrudate beeinflusste. Der Kontaktwinkel wurde durch die Rekristallisation der
stabilen B-Form auf der Oberfliche vergrofBert. Dieser ‘Ausblith-Effekt” verringerte die
Freisetzungsrate signifikant. Das Rekristallisationsverhalten von wieder erstarrten
Lipid-Schmelzen als Modellsysteme zeigte den groBen Einfluss der

Lagerungstemperatur auf die Rekristallisierungsrate.

MafBgeschneiderte Freisetzungsprofile konnten mit Extrudaten erzielt werden, welche
aus verschiedenen Anteilen von Triglycerid und dem hydrophilen Polymer
Polyethylenglykol bestanden. Es gab keine Hinweise auf Solid-State Verdnderungen
der Matrixbestandteile oder des Arzneistoffes. Polyethylenglykol-Pulver mit
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verschiedenen mittleren Molekulargewichten wurden in Kombination mit einem
Triglycerid getestet, wobei ein mittleres Molekulargewicht von 10000 in der
schnellsten Freisetzung resultierte. Die Variation der Fettsduren-Kettenldnge im
Glycerid in Kombination mit Polyethylenglykol ergab die Moglichkeit, die
Extrusionstemperatur zu variieren, was vorteilhaft bei der Verarbeitung Temperatur-

empfindlicher Arzneistoffe ist.

Wihrend der Lagerungs-Versuche in 40 °C und 75% relativer Feuchte blieben alle
hergestellten Formulierungen stabil und schiitzten den feuchtigkeitssensitiven

Modellarzneistoff gegen Hydratisierung.

Die Verteilung von Arzneistoff und Matrixmaterialien im Kern und auf der Oberfldche
der Extrudate wurde mit Raman-Mikroskopie abgebildet. Die Ergebnisse heben die
Wichtigkeit der Arzneistoff-Verteilung auf das Freisetzungsverhalten von
Matrixarzneiformen hervor. Die rdumliche Verteilung bedingt durch die
Herstellmethode hatte einen groBBeren Einfluss auf das Freisetzungsverhalten als Solid-
State Verdnderungen des Arzneistoffes. Raman-Mikroskopie Aufnahmen von
Extrudatquerschnitten nach definierten Freisetzungszeiten gaben Hinweise darauf,
dass eine gleichformige  Freisetzungsfront nicht  existiert.  Intrinsische
Freisetzungsuntersuchungen bestehend aus der simultanen Messung von Arzneistoff-
Konzentration im Freisetzungsmedium (UV-VIS Spektrometrie) und Solid-State-Form
der Probe (in situ Raman Spektroskopie) ermoglichten tiefe Einblicke in die
Freisetzungscharakteristiken = aus  Lipidmatrizes. = Tabletten = wurden  aus
Pulvermischungen und Extrudaten hergestellt. Die Freisetzung von Theophyllin
Anhydrat wird normalerweise von einer schnellen Transformation zum Monohydrat
begleitet, welche zu einer langsameren Freisetzungsrate fiithrt. Diese Transformation
wurde auf Tabletten aus Pulvermischungen, jedoch nicht auf Tabletten aus Extrudaten
beobachtet. Eine mogliche Erklarung ist, dass die extrudierte Lipidmatrix durch
Unterschiede ihrer Oberfldcheneigenschaften die Monohydrat-Bildung wihrend der

Freisetzung verhindert.

Zum ersten Mal konnte eine hochaufgeloste in situ Visualisierung der Solid-State-
Eigenschaften und der Freisetzung des Arzneistoffes aus einer festen Arzneiform
mittels kohdrenter anti-Stokes Raman Streuungsmikroskopie wihrend der Freisetzung
realisiert werden und wird moglicherweise einen Einfluss auf die Erforschung und

Charakterisierung weiterer Arzneiformen haben.
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ane spheranized 1o pHiers or os ime cylinders of saitable sz,
deperding an 1he applicable dosage form, Altheugh the lpid pelie
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Due totheir chemical and physical seruceures, lipids exhikbo com-
plex solidstate behavioar indueding melting, orystallization and
physical modifcations during proceszmng and ceen storage [ 10].
They usmally exhibat theee Jifeent polyosorphic forms (o, 7 amd
% The relationship = monolrepic it mosl cased: the 2-Torm is the
least thermodynamically stable form, [ i3 ioetasdable and [i i3 siable,
exhihiring the densest packing mesde for a lipsd [11,02], Since the
polymorphi behasiour is iypically monobroges, cach palymomh
has its unigque melting painc, The lipid polymorps hebaviour is
quice difficel o predicn, Thus, lor example, 3 dogage form prochaced
wirh a metastahle lipid modification and rhe desined properties may
subsaquently transform oo 2 mare stable one [13,14). The result is
usually a detenoration of the product's gualisy and its desired prop-
eries inchuding drug release profiles. Moreower, the plyzical " age-
ing® effects during storape must be well understood to avesd any
farther drug release alterati on dosesg storape [15).




Original publications

71

(T o al )

Jeiresd of Mhan

and 71 [ F005) BO-AT 1]

Al present, there is a lack of understanding of the physico-chem-
ical behaviour at the core and on the surface of solid lipid extrodates
during processing and storage. The aim of this study was 1o betier
understand the solid-state bebaviour of trglycerides doring solid 1i-
pid extrusion and relate thas ta the drug-dissolution behaviour from
1 exbrodaties, This should alkerss b preshuction off stable dosage
Torms wich reproducible and advanragidars gerlormmance (harsner-
isrics {2 g. dissalution ). Three pune mondackd miglycerides dflering
aonly in cheir fay acid chainlengrhs were exmuded below their -
ing temperature. Physical characrerizacion was conducted oo the
poveders as well as on the extrudates with 3 combination of DSC,
ARPD and vibrational spectroscopy [ 16] Dissolution tests and stor-
age expenmenis were also performed and the results mterpreted
in light of the physical characterzaton results.

2. Materials and neethods
Z1. Materais

The pare powdered momoaod trighoemndes. trilaann (Dynasan
11271 pigalmiten (Dynasan 1167 ) and tristearin (Dynasan 118%)
prinviched by Sasol (WWilten, Genmany ) were ssed as neceived. The
model drug theaphylline anhydeste (BASF. Ludwigshafen, Ger-
many] was wsid in poswdened Torme as supplicd, Theophylline
maosdnate was prepaned by recrystallization of thesghylling
amtpdrace from puarified water. A oryscal fomns were verifed by
X-ray powder diffractson and compared 1o the thearetical partems
available from the Cambridge Strocural Dasabase [Cambridge
Crystallographic Data Centre [{CC0C), Cambnidge, Unsted Kingdom),
using the assocabed Meroury software (v, 1.53). The reference codes
for the crystal stracthures used were: BAPLOTIN [ theophylline
amhydrate), THEOPHM [ibeophyllne monohydrate), BTRILAOS
{erilaurin f-formL SUAWMAY [ bripaloviten f-form )L e QOYETY (tri-
starin ool Resolidified melts Foi vamnable X-cay powder del-
[ractenn measaremsends were produced by heating the praderid
lipids i b chisr indevichial melting emperatine and Bodding
the melt for ar least 3 min eo erase sirucharal memaory. The melrs
were poured into the X-ray diffraction sampde hodders, resolidified
raphdly an ice and measured directly afteraards.

22 Methods

221, Exirusion

The powdered glycendes were wied in pure fomm or were
weeighed im 4 121 ratio with (heophyllene anbydeate and then
Wended in a laboravory miser (LM20 Bobibe, Ennsgerloh, Germuny|
for 15 min ar 25 rpen. The poviders were fed fram a gravimersic
dosing device [KT20E-Tron Soder, Lenrhand, Switzerland] isfo the
hasrel of a co-rotating cwin-sorew earruder (Mikno ZTGL-280,
Lesiseritze, Miirnbeng, Cermmany| and sxrruded with a constant screw
speed of 30 rpm and & feeding rate of 40gmin ', The processing
temperatare was individually chosen dependsng on the melting
lenperaiare of the pil. The extruder die plate comtained 23 holes
ol 1 mm diameter and 2% mim length,

222, Dhfferentinl sconning coforimetry (D50

Diferential scamming calorimenry was perdformed using a 050
B2 e cakarimiter (Merler-Toledo, Gielen, Geremany ), The samples
weere heated Trom 20 to 300 °C with a Beating race of 10°C min 7,
A expemments were conducted twice using hermetically sealed
abumindum pans (40 pl} congaining approcimarely 5 mg of sample.

223 X-ray powwder diffraction [XRPD)
The samples were measured wsng a theta-theta X-ray poveder
diffraciometer (D8 Advance. Broker AXS GmbH, Karlsrobe,

Germany). Measuremenis were dome in symnmeincal reflection
mode with Cukx radiation [ = 1.54 &) wsing Gobel mirmor bent
malislayer opbics. The anguflar range measured was S-40F (20),
wilh 4 step sipe of 05" (200 The measoring bime wis 1 5 per sbep.
Thee sarmples were pal im Ehe 2ample holder amd gently compressd
1 sempll Chie sqrfsde, ANl expenments were corducted in tripli-
cane, Variabde Tem@sETanent measanemsens were also dane with
thie same dilfractome et with resolidifed mees of the lipids {5
ahoe] in che temperatuce range of 25 °C up s the individial mel-
ing temperatures of the lpids.

224 Antenunied fohal refleciaonce infrared (ATR-IE) spectroscopy
Samnples were measured asing an FTIR spectrometer (Braker
FTIR Vertex 70, Bruker, Ettlingen. Germany ) with an ATH accessory
fitted with a single reflection diamond ZnSe orystad plate (MiKacle
ATE. MKE Technologees, Madison, W, USAaL The samples were
placed in the ATE device witkemn sy preparation seed mmeasured
using 64 scans o each sgecirum, Specira were oollectiad Berween
ADME and G50 cm ", Al experimengs wene condiscred in crplicans,

225 Near befrared [NIR) spoctrosoopy

For IR measaremencs, a NIE speccrometer [MIR-2536L-22T2,
Control Development bnc_ South Bendd, IN, USA ) with a thermoslec-
trically cooled 256 element InCaAs amay detector, tungsten lighs
source and a fber optic meflectance probe (sx @luminating optical
fibers. around ome sipnal collecting Gber] was used. A reference
spectrum was mecordesd wath a Tellon backgroond. The specira
weere collected Tromy § 100 0o 2200 nim el 30 s inbegration Cime
and 500 scans per spectrum. All @xperiments were comducted in
riaplicane,

AR DEsalunan

Dissoelution studies were performed acoordieg o the USP2Y
Method 2 with a paddle apparatus (Sotax AT smart, Sotax, Lor-
rach, Germany ) Extrudates were cut bo lengths of approcimately
1 oL and a sample size of 180 mg was used in each vessel. Exper-
imeends. were conducbed in punified waber containing LOOIE poly-
sorbate 20 af 37 2 0.5 °C with a stirring speed of 50 rpm. The
absorplson of the mediom was messuied 88 5 min isdervals osing
a UN-vis spectromeler with an steormplion wavelength of 242 sm
[Lamixia 40, Perkin-Eener, Rodgau-Jluepesheiom, Gamsany] in a
comtinvoos Mow-thiough cuveme. The CEPOTEMENTS Were oni-
ducted in rriplicate taking the medn for the dissalurtian cunse.
Thee stamedard deviaison was below X in all cases.

2.7 Srorage
Samples weere stored for 10 months in a climate chamber | KEF

240, Bender, Twudtlingen., Cermamy ). The exirudates were placed in
ppen Petr dishes ard exposed io sorelerated and constant climabic
comchilices (40 “C/75% RH]

228 Soanning eltron sacrasoogy (SEMF

SEM micrographs were reconded on samples mousted on alu-
mnium sfubs using double-saded carbon tape and sparter Coated
wich plarinumn lor 30 5. They wens wiewed using a2 D5 5652 scan-

ning electron microscope [Carl Zeiss, Oberkochen, Germany ),

1, Rrsults and disgurision

1.0, Ohumining extredanes with ocoeprstle Seemol sppearanoe
During eatrusion the equipment variables as well as the process

vanables can be madified. In these sxperiments all squipment

varables, &g the soew configaration and ihe design of the die
pate, were kept corpstant so that different nons were comparabile.
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Among the process variabies one can distinguish between sirew
speed, fred mvie amd temperature The screw speed and the [eed
rabe were adjusted do obsain 2 continuoes product flow and then
retaicied wnchanged for all the esperiments, The only parameter
which was chosen indlividually for sach posder mixture was the
Baarrel] lmpevalure,

Tz liprids used dilfer i cheir melcing remperature depending oo
thae chain lewgeh ol the Lary ackehs esperified with the ghycerol mole-
culiz. Thee aimn of Chi @XTTUsEon eXPErEments was ieobnain reprodisc-
ible cylimdncal extrudates with a amonth surface and a Bigh
mechanical siabllicy. Experiments were perlormed acdifferent pem-
perabares that were below the melting paint of aach lipid bt suff
ciently high to foem intact extrudates. The best resulis were
achieved at extnasion temperatures post a few degrees bekow the
meling lemperabane of the indraduat liped. Intnlavrin, the glycenol
mdecule g esterified wiih thiree relatively shoct Tatdy aoxks (12 €
avorms]. The melting point in the Blerature is 46 °C [1 7] The most
suitalsle exirudlines Tn fenmol ation weve ablaiosd willya processing
Temgsiaue of 40 “C, Elgigansng e Girry acid chais lenghs wirh
Tour © apoms each jeampared to trilaurin v e cripalmicin leads
ik a bt imelting poant of BE °C | 17], It wak possitibe 1o prodoce
good corudates at 55 °C and at B0 °C, The smoothest exinsdaces
were ohtained with a processiog temperature of G0 °C. Inthe tristeas
rin molecule, glycerol is esterified with three stearic ackds (12 C
acome). The medting poant is 73°C [17]. Smtable extnadates rould
be obiaimed with precessing temperatures of 93 and 65 50

The external appearsnce of all trighyoendie eotruda beswas amilar
For the best processing temperstures for each indreidual lpad mén-
Ticoad abaese Fio | cboms rans SEN imapes of Two représeniative
exbmulate surfaces: grife Cripalmitin TRE 1ahamd a comsbinstion of
Iripalmitin and hwoptgdling [50E wiw liEdidiug) (g, 1) Bath
exemilates shine a continisds and rasher smoath sarace, The mis-
e of |ipid and dneg resslis in a rowsgher surface than the pure 1ipid
due oo thie fact tha the lipid partly meles om che serface during pro-
cessing, whereas the drug remains complebely salid.

22 Solid-sisde strachure analpns of extrudoles

Ay preveously stated. lipeds can exhibit quite complex polsmor-
phic behmaemr demng processing aml slomage. Mormnring the pure
mriglycerides indivi@aally should shes 1l imfuende of the iped
struchere in combination with remperature on the solid-stace
Betanioun of the extrodages, Lising D5C, XRFD and ATR-IR specinos-
copy as complemaeniary merhods e powders of the dilfsent sub-
stances, the pare lipd exenedabes and che mixed extrudates of 50%
lipidjdrug {w)w ) were examined

2200, Trikaurin

The resulis ol the physical charactedzation of this trighyceride
with the shortest Twity acid chains [12 C atoms ) of (e processed
lipids are shermen in Pug 2. The DSC chermograms of powsdler, eatiu-
date (1000 lipid] ardd extrudate with drug (500 whw liped|doog)
(Fig. 2a} da not shore signilicant changes in e corsed off Lhe ligsd
meling paks. The stalde f-form can be Eemtified ineach thenmn-
gram hy irs enetieg (eak with 3 anser 20 45 °C [17]. There is ma
evidence ol an inceraction bevseen Hpid and drog, since chesphyl-
line shows a sharp melting peak onset at 27008 °C (the melbing
tempersture of the stable anhydrate form of theophyllioe n the lic-
eraiare |5 Z75.8 “C [ 18] and there are no other thermal evems. [0
adition, in the XRPD patcems (Fig. 2b) the tnlaurin f=form is imdi-
cated by thres stromg reflections ab 1904 (200, 2307 (2% and 24.05"
(200 D19 i the Lipid poswdier and exinediabe. The peak positions of
thee drpg, For exampde, ot 70° (200 and 1267 {360 ave the same a
Thazee i e poesder indicatineg thar no pabemarphic charge has
ewciirredd in ther drug, bn addetion, no salid-srare chasg@es oF merac-
tioes were aheeried using ATR-IR specira, with the peali positions

ond it a7 (L ITOR) PO A7

Fig 1. =B anegis of chovailene sailais (a) LOUR erigalmiden ol (B 50T
iripalmilin i 30% Shecphplimr =il

and relagive Intensices of tdlaurin and theophydiine unchanged
‘hg. Il For tnlaunm che following peaks can be wengified: CHy
seemomng (1479 o '), =0 sireich (1738 on~ ') CH3 symmeinic
strebch (2851 om ') and CH; andisymmetsic stretch (2019 o)
[20.21] Theaphyllive sndyelrabe shows specific peaks like C=i)
stretches (1665 and 1793 em- ") and the CH screrch (3122 em")
|ZZ]: In susmary. noe of the analyiscal mellds used an (B8 con-
tent wedes abiby g0 detecy any sodid-stae changes of the glycsride o
inceractions with the drag belore and afer processing. Trilairin re-
mained im its statele p-form, and the crystal structure of theaphyl-
line anhydrate was urhanged

112 Tripafmitin

Iripaimitin contass the miermediate Tatty aod chasns kengthin
the=e studies (16 C atoms]. Extrodates produced ot 55 5 and at
GO dlid oot exhibdn difTerences acconding o the salid-sLate anal-
yais, =a cmby the 60 °C results gre showm, Aaalyses asing DS KRPD
ang] ATR-IR apet Droscapy mevealed i lipi] remnaimed crystalline in
e recest shabde f-fonm after peooessing (P 3 Mo infera o be-
revern drug and ligid ook he abserecd. The TS0 thermograms
Flg. 3a) deplct dearly separared malcing peaks of Npid {orcet
635 °C] and drug {onser 707 °C) [17.18), and the peak positans
in the XRPD pattems |Fg 3k [19.23] and ATR-IR (Fig. 3c) specira
remain unchanged after extrusion (20,211

122 Trisieann

Tristearm is the trighoende with e longest Bty acics used m
e sbudies {18 C aboms), Extrodates veere produced al 55 C aml
# 65U and in this case obyious dilferenoes can be obseraed bae-
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Fig. 2 Phywcal ch of triaurn asd b and extre- Fig 3 Phiysical b of tripaimitin and theophyline powders and

dates (2) DSC thermograms, (b) XEPD pamerns 308 (e} ATRAR specsa

tween extrudates prodeced at the two temperatures. The thermo-
grams collected from these samples give an interesting Insight into
the solid-state behaviour of tristearin. For the DSC measurements,
pure tristearin powder shows a clear melting endotherm of the i«
pid p-form with an onset temperature of 70.7 °C (Fig. 42). The
extrudate (100% lipid) produced at 55 “C showed 2 small amount

extrudates (2) DSC thesmegrans, (b) XEPD pamenns a8 () ATR IR specsa

of a-form (small endotherm with an onset of 50.2 “C), whereas
the extrudate ( 100% liped) produced at 65 “C results in a thermo-
gram representing. like the powder, only the i-form [17.24]. There-
fore, the extrusion temperature has a distinct infloence on the
solid-state structuee of the Nipid in the extrudate. With regard 1o
the extradates containing the model drug theopindline anhiydrate,
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Fig. 4a reveals the same behawiowr s ihat seen (or the 100 lipd
extrdates. The extrudate produced ot 55 °C shows the presemce
of a =mall amound of the x-form, while the exirodate prodwoed
At 55 < shores Uhe same thesmal svenis a3 the pure lipad powder
with the additional deug-melting pesk (oneet 2711 “CL

ATR-IE spegira of Uhe lipid puveder (pure f-form ) amd (e pure
lipid exrmsdages produced ag SIMercHT femperaiures ooeroborale
these ohservarkns [Fig. 4B In the megion aronnd  §300-
1400 cm ' (kighlighred], the diferences In the peak shape be-
tweem the 1IE mistearin extrudare produced ar 535°C and the
poweder and the exmedare produced ar 65 °C {pure p-fomm) can
e shsorved [2021]. Diffractograms were taken of powders, sxtri-
cate (1044 [ipid]) and exzrudare with drug (505 wilw Bipididnog).
The temperature dependant behavioar revealed wsth DSC mea-
surements [see above) can also be moomoeed with XEPD [hg. 51
The perre lipid exircdabes prodooed atb dilferent temperatures were
comgarid 16 the pure poesders in the different polymoeptne Moo
(Fig. 3al Im b pegion around J00-230° {35 (ReklightedL the
exrmdae prodiced ar 55 “C shaws same s-form with the sharsc-
meristi peak ar 3147 (VL whergas excrodates prodluced a5 65 “C
only skerw fform indicaved by the peaks al 19,47 [29], 23.1° {24
amd 24057 [20] as he poader | 19204 |, Addithon of the model drug
does nof change the solid-state behaviour of the Hpid (Fig bl
Exrrudates produced a8 55 “C momtain the x-form (21 .47 [29]), while
extrdates produced ab 63 50 di not.

L [ II
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13 Mnterpreing the soid-stame behowour of tee oighoendes duning
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To Tusther understand the solid-state bebaviour of Iristearin,
diffractograms af the poader were also takem while Featng the
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sl triueann pravder,
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sample from 25 to 75 °C in 5°C steps (Fig- S0l imienestingly, there a
‘was mo imcidence of any structeral changes uniil melbong. This = m T =
agreerment with the monobrops: relationship between the three
polymorphs of the trglyceridies, and thes the observed a-foem I ”
o] b created via the el [11.02]. Therefore, the @-form moni- -
tmied in the extrudaies produced ar 55 “C caanol exclusinely be o
arriired o the infuenoe of the processing femperanine =

The phase behaviour of monoacid rriglhyoenices at different pres- = N |'l||I 2o
sures has Been siadied [25] The pressure was Tound o hawe an E
infwence on che Bpid palymorphic transivion bebaviour depending £
an the pressisre range which is applied to the lipkds. During excru- E .,—.,_,_—N.;Ju}bh‘_ﬁ.,_
sion, the pressure was monitored simultaneously never exceeding -

LT MPa. According to the stody, this pressure is below that re-
quired to hawe an mfluence on the lpid transition behaviour,

A rombination of temperatare and Friction during exinsion _..,__,,_______«_...f'*"“"‘l..__,ax___,
seerms bo be the Bctor imfluencmg the salid-stabe strocture of &ri- i s . o ¥
slearin during extrussan. Friction causes [he temperature 10 rise B L] L] s i 0
] sonme enellieg at Chee edges off the Fipid mass is mduced msidie Angie ! *[24
I exvnder Barred, This appens ab both cxirushos Densperannes,

Thie diffevence lm the polymorphic ferm which can B found &n

the extnadate after processing s due o che emperamre ab which b . . o BT

the Eximsdace mass leaves the exmsder. After leaving the die plae

hole. the malten portion of the lipd a2 the surface directly solidi- —-—.—rnr-ﬂu"H-L-—-
fies. The m-form is supposed to crystallize after melting up to the o) ik P
temperabare of 54.5 °C, sccordieg to 2 study by Macd®aughtan

et al. [ B6] using DSC Menoe, b an extrusion temperabare of 55 <C : Ity .I"-..-,p-*-"-... .

the melten part of the extrodate mass appesrs to paily orystalfize =

in a-Torms E WS Nr | Do, SRy SR

The temperature @ whath the extrudale leives the die plie f ..I"-... . LY
seiers 1o b @ ey Taceor degerminieg the crystallization Behaviour
frnim thie mnlien companent of the arruded lpid. To prese T —r BT
hypathesis variable remperare XEPD measurements were done I|"| 2
with the liped powders. They were completely mehed and resolid-
ified again. Tripaimitin and trsteann resobdified in the 2-form, ot FAN B
while trilaurin only crystallized imio the p-lform as the x-form s . . ] ; 2
unsiable i room tempersture doe bo its low melting poing of E = 15 m a5 0
14°C [171 The resolidified samples were heated up in the X-ray Angia / [2e
dilfracimeter to monitor the physacal strocture at each tempera-
lore dleg The resules of these measurements were in agreement
wilh the extrision mesults [Rg 61 Trilduian (Fig. 6a) forms thi $18- c e oo
tilie BN el eneltieg ar 45 “C |1 7], Tripalmatio [Rg &b)exhib- i
it pure a-Torm in the lswer emperamng region (up o 40 °C) il " .
Around the melting point of the x-foren {$6 °C) [17] and abaee N S &
thee transformation the moee stabde f-fomm can be obkerved. AL S e L

the extrusion cemperatures of these experimenis (55 and 60 °C),
anly P=form can be observed. Tristearin (Fig. &o) shows in pemeral
the same solid-state behaviour, bui at sleghily different tempera-
bares. Lip to 55 °C, pure 2-form can be moniored exchasively as
the melting poant of the a-form for instearin 55 55 °C [17], and
Al This temnperature the BMorm orpstallipes, 50 4% jeen in he
ERlrusion experimenls, paial -foem is oblained a0 55 °C while
A 55 50 only (e BN appears

24, Sroragpe srabiliny

All exinsdaces in siable fi-form were siored for 10 mosihs @
accelerated conditions (40 *C/75% RHL Physical characterization
was performed using XEPD and IR spectroscopy bo detect water
absorption. There was no evidence of any solid-state changes
the lipad ar the drug (tripakmitin extrudates are shosws m Pig 7
a5 an examplel For ol inglycerides, the p-form @ thermodynami-
Cally stababe ar 40 a8 evidended by the XRPD parterns m B Ta,
sl imereased water activity is likely 1o have 3 mismal effect on
e thermedynamically stable forms since the lipids are hydropho-
hic. Despite there heing same evidence thar iheopbyiline manahy-
drage s the thermodynamically stable form in these conditions

s,

BT
0
=
T T T L T T T T
8 = ! = E 0
Angia ! "[20

Fig B ‘Wirlable brigeraiore 60 pativres of sewdidifand madis of Ca] irdaon (8]
irpalritia aad [ rridrann

|Z7]. the drug remained in the anhydrage form as the XRPD' pat-
berns depect. MIR spectra i Pz 7b support these resalis as he
i peaks Nor the monohydeate Form, sgecilically the OH everione
[1400em '] amd the OH combination [1070cm ') hands sssoci-
ated withy water, ane nal abserved for the exomsdacis, The lack of
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transformmation of theophylline anhydrate to ke monohydrate s
likely bo be due to tywo facbors: am mirreically skow trapsformation
rabe and the bydrophohic barrier promded by the lipid mains

1.5 Dizmlutmn from frighreerde matrices

DEssalurion Mooms righseride marioes i compherely difTusion
contredksd since the marris saws intacot afer rhe releases of the
drug Comgarison of the chreg miglyoerides rovealied a chain-lengrt
dependent dessoluckn behaviour: the lerger the lamy ackd chales
the shower the disselumion of the drug [Fig. Ba)

Hg. Bh depicts how polymorphism of a lipid during processing
can infkeence the dissolution rate of the dosage Torm after storage.
Trn=teann extrudates produced at 55 5C ewhibited 2 sbower release
of the drug than iristearin extrudates prodoced ab 65 90 Thas
oitreryalion = uninkuitive at first glanoe becaose the dissobution
1% purely diffusion costrolled. & less dense packing mode of the
malriz due 1o Termaton of (e ks orcdensd 2-fiom in case of the
@xrmdlae prodiced ar 5550 a8 spared Befeag ghedild losd o an
ezl of Paghet dissalurion race. The explanadion = this appasent
amcanaly can be fowsnd with a chser ook al Uthe susfaoe of the estri-
dates. The surface of a trisicanin extrudate produced at B3 °C con-
sists of a rather smooth structure (Fig. 9a), while the suface of an
extrmdate produced ar 55 °C is covered by sharp fracal scructures
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Fig T. Shmapr al inpaimiEn cxinedaics for 159 moniba () 3D paticoms and [b)]
FME gpcira

{Fig. 9b). The presence of these sharp fracial siructures has been
described in the hterabure and 15 known as ife “blooming effect”
|2%]. When the extrudate leaves the exiruder die plabe and the
mdien pars of (Be bpid recrvstallize as the unsgable a-fGrm, a
Iransfarmation fo the =dable fform resali=. The formatian of -
fsemm pevulls in the Mowwery Taclal stooares o the susfose of
e EErrudane, Thi (racCal scrtungs incneass 1he contact angle o
wiater |0, which el be expecied 1o decrease werting, and
hence chie dissodumhon raoe of che drug inothe dissolurion mediam,

4, Conclusions

Thi sodid-arane behaviour of wiglyoeride a0 Bpid excrodanes is
inikiere ed by dilenent Borors during processing amd has 1o be well
undiersrood aned moniconed e oheain reprodecible dosage formes af
high quality, The combination of emperanine and WCthon was
loured co be a key point for che Bpkl polymorphic compasition afier
extrusion As some lpd melting always ooturs while extroding fri
ghecenides, the temperanare of the extrider die place should always
be aboye the melting point of the unstable 2-form of the extruded
imglycenide {0 avoed subsequent alteratson of the product wwhich
o] B shwovem Lo loogly allec] i dissobulion rabe, Tailos-mmade
lissaduilios profiles can b achirved uling tiglpcenidies of difTenent
Famy acil chain lesgrhs w the dissolution rate js chain-lengrh
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Fig B Disoduion curest of Uighvoeride exirudaies (4] companison of diferam
trighcomdes and (B companem of nstcarn cxirudaios preducd & difforoni
irmperatures (n =1 epan ow - 1T e theran
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Fig- 3. SI'W images al ihe smarface of drideanin seinedaie praduced ai (a] B °C amd
i 55T

dependend, SMorage experimens in acoekrated condickons also
suggesred rthat the anhydeate Mo of the drug was stable g
10 Eninrhs watls chie ydeopEueies Barvier ol th i el s m poo-
tect the drag agaanst any bepdrane frmacion, The undierscanding of
palymaorphic Behaviour of crighyceride solid pd exonadares and its
effoct an diszodation will help in the developenent of solid liped
extrudates with desired and predictable disscduation betaviour.

Acknowledgements

The Marie Core Felloveship amd the Galenos Metwork are
acknowledged for Gnancial support  |MEST-CT-2004- 404507 ),
Mrs. Karin Matthef |5 acknowledged for Belp with the DSC mea-
suremenis. Sasol GmbH s acknowledged for generas provision
af the lipids.

Heferences

11] | Hamdare, #] Kom, E Saoghi, Drsrlapmene and reaunes of prolomged
reledne prikids olsteiad by Ohe el pellcdicaliom predcis Ink | Mhanm 395 [1-
3 (0] 167-177.

121 & Peabhii. B, Omega 0 e Mosel lighd-toeed Fermuilaions: enhaaoines
e in viim deohdon and permeshiling chasaerinies of & peEwly

wairr-anlubile medel drag, prosocam Ink | Pharme 300
0216

(3] & 6. D Dedipsch, CC) o e WvasHOkgationn inmo ree e bl Sk ol

ek roem rasme- makdred Conny okl micToplesees, | Parm ol (008 §-13
4l H. Bmjm. K. Weirraes, HH| Kok, Crmliowiom endercy and
polymompbic irmuiiem 0 drigherride urapriicks. el | Mhamm 129
WIENS] NS0-RTE

5| VE Mhang | B Sobaaains, el granelatien el Beal Deatamesal ol Wi matiie
ool bad dnsg selease, Dinog Dew, Ind. Proom. 30 (3] Q30050 130-14

W] L Chashan, § Shimp, A Famdkr, Preparaiicn aml chescreroarian of
marknmh selnd doprmioes wing lpel camers By yeay dring isckmope
BAIS Pharmidci Teck £ (5 | 5004 BN -E41L.

J L Lba.F. Phadg 1 ARG . Proqesrties off B pag b e i 13 dets oo 1 s
pharriprpuis ki e byd machlonioe pregared by bo-medl sgnaion, B |
Frarm Rlaphsrm. 52 [2] (20001 ] 127-1940,

' Erinsbiddr, W, Wisdry, Medisine drag

s of sediom el |L Coaled griabe weth a bpapl el bk
Eni. | Maaimm Baaphein 56 [P 355160

IH LF. Pino, WP SEverio, Asasamern of (he aomeiabdig of thees e

mibmares o aruenied pelprbanlyes] gliyeerdes By deiermingion of he
“wpeciic wirk ol exinsae” ad cogpilar rsecreriry, Flarm Oes. Techral &
[2001] 107-12E

|10] | Harvakarii &)L Roei K Amigghi Peisaal Jied whenmal dianmerdanas of
Procimd® and Comgrhied™ as Hpophilic ghaoerides send For the prepastion of
cerimalrd-relesme mmriz peliein, ol | Phoem. 3E (200] 47-57,

111] E-Smma, Trymialiasion B havicar off Lis ard ligeds - 0 sreeew, Chem. Eng. Sci
oA | EERn-ddD

[12] K S, 5 Wei, | Wi, Makcildr iseracisis ol blsetic progesmes of fis
Prog. Lipid Res 38 (1093 %1116

|18 [ Whittam, L Fowarn, Phamical aging of even pmeraed  manoscid
gl yoeriday, [ A Dol Charne Soc, 52 (ERTS] L2E-11

[ 14] W, Seldraaia, BN Crag., | Mewion The effeciy of ageang on Sie el
bectiardnmir vl mecheiical propertic of pldmeceunical ghoenes InL |
P, 110 (e 51-63

115] ¥ Oy, M Khan, EH. Yern, Senficmce al ipd mueriz aging on in vess
release ardd in viim beoees Ly, el L Maarre 290 JIE09 ) 9584,

18] B Bugary, Chara el of Bhe ol dlale: ypeinriceps Echniges, b
Do Deliw, Ry B {10 ) 4355,

|17] 15, Hagemann, Thermol hefiaabmir and polymorphism of acpighyoendes, in
KL Gami, K Saio (R, Onprializstion and Pabpmamphinm al Fai aed Fainyg
Aok, Marcel Dekior, rw Fork, 1SR pp. 9-05

[18] W. Chea, ¥ Lfharg B Shas, & You Melbyinnthne | falydion
i phl e, At Cryeral bagr 53 (1567 777774,

|19] M. Esllers. ‘W, Mesinsn R Cohirke, Ho Regraers. Syadromgn cadiaks
irvesrigaion: of che iymewphee mandiiens of wwuraied  maniid
irgyoeridew Fari 1: Tropalmiiis and dridrann, Chen Fan. Ligids 58 (1860
130=144

|30] b Woksararihe, wibeateorial dpeiiisaagic s peot of pokanssiphieim sl phode
Irades tkam &1 fars and fanny acidk, in: M Cami, K Sang (Bde | CrysiaBzanion and
Podyimeplasm of Fars and Fany Ackh, Marcel Deliber, Hew Yorko 1988, g
#5197

|31 | Vanes, K. Sain, FT-18 medies oo polymeephism ol e molecelar areciune
ard wrsenmny, Food Bre Smem 33 018 248-124

|E2] MM, Hodiion, AR Amddo, LA Afera-Cao Conpulalon By-resed
approdcl 1o the vibrationad specma of molerslar gl s 1oy of bisd rogen
bnging anad peeiads-polwnorphism, Chen. Fras. Chem 7 00006 2050-2 161

137] V. Eongizin, v~ F Lebin, § Ly, K-rawdi Moion and mdorscaliomrmetry siud y of
ihex — jlirasasivrmation ol i palmitn, Thmmaohin. fcie 2080 TR 119 - 142

|34] A wad Legewchds, A Peickin, H Schenie Swdlure of B-Iimansin and -
Irisieatid fromn bigghi- roselatien Koy peesd et J isacrion deta, sima Oyt kg
RST o mN) 173137,

13%] I Wagrer, GM. Schneckes, Imeestigations of phaw tramiooms n e ael pae-
amfgraied frighsrndes m e A WP by il anaba e scmding i Smin
Thesmeorhire. Ams 724 (10 179- 166

1 L Farhai. © Himasae, %%, Saoe. ALF Sapley, A

g cabdireEny dudy of (he ofpiadliviten Mietics of
IriS AT -~ TSl L B PRI, | AL (4] Ohel, Soc. B3 (D006) | -3

[37] BN Taehan, B& Sroeep, C W, Appdication of glirmy b ol e sopen menns
ar comimlbed waier sctivities o predict (b ol id- refrAian beisera
arfiperoras arel Apcraied forms g (opiplinoe s @ moded doug ind. |
Mhadre. 247 (200Q] §-10

|28] M Ehan, DR, Craeg Rl o Biosimiing in 4 Terereg e SRaTage F1abd by of
lighd -toard dirmage foems, | Phame, 50l 53] [0 FHeE 25T

|381] W Farg, W Klrpama, K. Teaji, Sponuneous larmalicon of dokral aracianm o
irgl yeerghs wardace wiih reberence (o thor waler-mpeliend praperiey | Py
Chier. B 100 (32000 363-371.

C1-2] I




78 Original publications

9.2. Article 2: Influence of the composition of glycerides on
the solid-state behaviour and the dissolution profiles of
solid lipid extrudates



Original publications 79

Contanis iz available o SciercaDirnct

}* International Journal of Pharmaceutics
il

ELSEVIER

journal hemepage: www slaavier comilocatelijpharm

Influence of the composition of glycerides on the solid-state behaviour
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A monsacd tglyceride and 4 partal gyoeride wens eoroded below their ehing rasges alone and
Bogerlaer in diMeneng wENIune rkee 1o invemigase the infleence of che Chemical Gempdeiraen of due lipid
wratrin i Ehe solid-slate progentass o dissdution chacactenstics, The partial glyoeide exbilins a Roer
welane of the drog compared & the irigheende due 8o i serfatant propedies, The lgid migtures
sharw rather comples solid-siate betureiour and benoe unexpected disanlrtion characteristics, Adding
THIE [waiw ) partial ghoende io a trigheeride mairix bed 8o increased incdence of the unsiable o-fom of

mmmm the rrighyrerite leading o recrystallization of the stable B-Tonm over time wihich causes racnal sirscines
Clyerides o the exirudate suscs which decreass the disssurion rare. Addiag 50T (wbs) partad ghycsride oo the
Pubenzipbun mreglyveride matres dso rewddes in trsiearin a-fonnaten subeeduenthy Mllewed by recrysralization 1o
DuaaiieE the B-Tosin, Bul as S0 of the malris cosdisrs of the pactial glyceide e dissslulion rabe was Gaber than
Physical wahding the rabe chimned by pure brighoeride or the 806 1 [wiw ) migture of inghpoerkle and partial ghpoeride, The
Sanl-iLale e i re=uliz of ihis siudy Belp i undersanding ibe comples solid-state behadowr of solid |ipsd extrodaies
v th dfkerent compoestion and b manutaciure spitable pid-basesd ool desage forme

0 2009 Elsesier B, All righrs ressried.

1. Inireduction approach to process lipid-based dosage forms is solid lipid exim-

The applicatson af lipsds as excipeenis for the processing of oral
dhaiage Forms i3 widesprem] m the eld of phamadeutical -
erced, Due Do hew versalile sirociural appearasce Chey oller a
wide range of difTeres possshilivies for phanmaceatical fanmula-
N purpeses, Famhermsang, s aubslances are hindegradalle
and pwsiodogically non-poc, Lipids can be used to enhance sol-
whiliry and permeatilicy of drugs exhibiting poor bicavailabiliny
{Humberspane and Chanman, T Prabhs et al, 2005%; Porter and
Charman, 2001 jtorealize prolonged release (Hamdan et al. 2002
ard io achieve tasze masking (3 et al., 20087,

Zeweral technigees are established for processing lpid-based
dhasage forms and they are sobvert free and do not involee drving
steps, Either thermal or medhanical energy or a combination of buth
8 prse] b prodace Ehe dosagee Barm  ZRhang aned Schwearte, 2003; Liu
e al. 200 2 Cliaubuar e al,, 2005}, Generally, the prodss ion of ligad
dhosage forms imsokaes meliEng rhe lipsd and resolidificarion Bn com-
Binatica with a solsd acrhve pharmadeurical ingeedienn AP eo fonm
a cohererd marrix in vehach the AP s embedded. & relatively new

* Cosrespording aalbor
F-repil addrma - blsnesudd s -deroeidorlde [F K nebecddae

OT7E-5ITAIE - s fopnn meaiter & 1005 Elsewiar BV All ighes seoerssd,
o WS a3 6T

wom | Pinto and Silverio, 2000 ; Breitkreutz et al, 200%; 'Windbergs et
al. 20005, This fechrmgue wses lipids in povad ered fomm available 2=
pharmaceutical excipients like Dynasan™ which are blended with
Thee AP and exirodied through an extroder Below the lipid melling
L peranure, fhas avoiding melving of the complene lipid mazz In
A further snep e excrudanes e ¢icher sphenmized o pellegs ar
ol into cylindnical pieces of suitable size (Reitz and Keinebudide,
20007 . The chaoice of manmlacturing techinology strongly influences
the subsequent properties of the dosage o as surface Srucie,
orystalliniy, stability and reproducibilicg.

There are some difficulties in the processing of lipsd-hased
diocmage (o, Due o their versaiile struchare, they exhabit rather
complex sobid-stabe behavooar, Ussally lipids exhibit thres differ-
ent polymerphic modifcations: the thermodymamie leas stgble
o=l Che metastable B -Eorm el i stable Be-Torm {Sate, 2001
St et al, 19007 Esch ol these Forms is deffned by a specific pack-
i, s ool e Tarmy acid chasns, veich ik sratle B-Sorm exhabiting
the densest packing meds, Transformarsoms lnom a less stahle moa
e stahle formn can coour, Therefore, the processing of 1ipsd-hased
diczage forms & olten accompanied by transformations, melting
evenits and recrystallization. Furthermaore, the processed dosage
fionms often show transformatons dunng storage, which Gnally
affect the dissolution behaviour [Chioy et al, 20051 This =fTect in
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thee lieeminane often called “aging” 15 masthy due o 1 appssar-
ance of 3 metastahle Lpld modificarion during pmoezsing which
evencually transfonms o a more stable modification durng siorage
I'Whittam and Hosano, TU75; Sutananta ot al, 1984 L These clfects
gl result i alveratsons of the drug release. Thersfore, ke solid-
state behawiowr of lipkds during processing and s relabonship o
drug refease ard stnrage is quite ddfficult to predict.

The asm of this stody is (o modily (e composition of a lipid
imaalr uider Conbrolked comchisens in arder to diveleg solid hipd
entnuwdates widl Laikor-imade dessolulion pofikes. Fuillsaomane, the
soli-snane Bpsavious of the ghoenides thar are ised shmild be
underannd for the prodhiction of dosage farms aocoeding i the
Quality by Design approach. Based oo the results of sadies done
on pure friglycenides [Windbergs ef al. 2008 a pamial ghcerides
wias entmeded alome and in different ratios with 2 tnglyceride o
evaluare the effect of the lipld matrix compasition and possible
interactinns hetween either the lipids or matma comiponents and
AFL Solid-state analysis was conducied on the posders amnd on the
etrudates using a combinaon of UsL, XHPL, comtact angle mes-
sureends gl ATR-IE sprectros cogrg, T iGion, dissoliulon besding
il SLoTage ex e ments were performed,

4. histerials and methguls
A1 Mareriak

Tl fiesllbrevinng pussidered glycerdes wene providid by Sasal {Wil-
tem Germany and were used as rece ved: eristearin (Dynasan 1)
and glyreryl monostearate | Imyicor 491 L Tristearinis a manoaecid
trigdyreride which is 98% pure, whersas ghyoerd monostearate s a
partial glycende consisting of 965 monogheendes. Theophylline
anhydrate (B4SF, Ludwigshafen, Germmanyg] was weed as 2 model
drug im peevchered form as sugpplied. Bach of the crpztal Torms was
verified by -ray powsdier diffractiom and swhere possible compamed
& the thearetical paitend paoyided by the Cimbridge Stiscincal
Database [Cambridge Crvstallograghic Dara Centre (CCDCL Cam-
kil gie, LInatesd Kingidinm) with i agsceialed selaane Mancuny (v
151 The rel codes Tor the crysal sErucures ussd were; BAPLOTON
| then plgd Bine andgdrane) and YR [ irkstearin 5-form). Al lipid
powsders vere 0 their seable @-form before processieg. The parti-
e sizes were determined with laser diffraction and the following
resulis were obiained: iristearin 2™ = >7 Lt = 90 pnm; ghyoergl
maomostearabe o = 116 e a7 = 556 wms theophylline anhydrace
AV o, 7w ERE pm tabang the mean of three measure-
i,

23, Marhals

221 Extrasian

The powdered glyrerides in differerd racks were welghed
ina 121 ratin with theaphylline anhydrate and then hlended
in a laboratory mizer (L3I Bohle, Ennigerloh, Cermamy) for
15 min ab 25 rpre % gravime e dosieg device | K120 K- Tron Soder
Lepzhard, Swndzerland] fed the poveder migtures into the barrel
ol & co-rebaling twin-corew entruder (Mikro 27CL-2B0, Leidrmz,
Hilemheng, Germanyl Extrosion was perfiorme] swath a canstani
sorewe speed of 30mpm and a Teeding rae of 4Dgmin 1, The
[HOCEEENE [ rarure was cither 55 °C or B3°C with Bodh em-
peratures belos b meling tenpeiaiene of the excipients. The
eoruder die place comtained 23 holes of | mm diameter and 2.5 mm

length.

222 Differemiinl scowring coborasesiry {(0%0)
For D50 expenments a DSC 831e calorimeter [Meiiler-
Toleds, GieBen Germsany] was used The heating rabe was

0 Cmin~" within a temperature range of 20-300°C Hermeti-
cally sealed alamirsur pans (80 pl | were ysed contaiming sarmples
al approsimarely 3mg each, Al eaperiments wene coerlucied
DAt

223 K-y povder diffrection {XEPD)

A theta-theta Xoray powdsr diffractomester (D8 Advance, Bnaker
AXS LmbH, Earksruhe, Cermany | was used for XREPD aralysis. The
measurements were performed in seymmetrical reflection mode
with Cukn radiaion [L = 154 4 using Sébel mimror beng multilaywer
apbcy. The angular range measured was S5-40 (20), with a step
sige ol Q05 (287 a2 roweasonieg Linse ol 15 per sbep. The sarmples
waere pely Cormpressed in Che sample holders i olstain o smooth
arsd] Mar snrlace. AR expaeraments wiene oot coed in eriplicase Wirh
T s ¢ dilfraceomerer variahle [EmMparanure measLirgimanTs wens
permarmed in e temperaene range of 25°0 up T the melring
temgeraiunes of the indisidaal gkls.

224, Atenunied sotol reflectawce infrered [ATE-LR) speciroscogy

For the=e experiments an FTIR spectromeber [ Braker FTIH Verbex
0L Bruker, Citlingen, Gemmany |} with an ATR accessory Bized with
A single reflection dumand /2n5e eryeral plate | MIEacle ATE PIKE
Techmalogics, Madison, Wi, WA was used, Spectra veere oollected
ool preracder or e e be Dbz n S000and B50cm " aLa resalution
aldcm-"1 and using an average of B4 scans For #ach specoram. All
e perimenils e e conklicted ineriplicans

2345 DMsmalunon

A basket apparstus [ Sotax ATV smart, Sotas, Larrech, Germany)
in accordance with the USP2Y Method 1 was used for dissolution
experiments. For each vessel & sample size of 140mg was used
consslmg of exinalates cul to Jpprogimnately 1¢m Experiments
were perlormsed in pudilied water contairing DO E pohsor-
Date 20 & & clissclalion mediam, The Enperabure was ke o
FTLEDSC and the siering spidd was S0rpin. The absorprion
al the dissalution medium vweas measuned wsing the absorprion
wavelergihof 242 nam In 25 min intervals using a Y- Vs £ pecrmam-
eter (Lambda 40, Perkin-Elmer, Rndgau-Juegesheim, Germany) in
& comtimuuus Now-through coseite. Each ssperiment was cun-
ducted in triplicate and for the dissolution curee the mean was
caloabed. The standard deviaticon of the replicabes was below
e

226 Sorage
Samples waere placed in apen Pepn dishes and ex posed (o s oel-
eraned coistant ciimatis conditions (40 C7SERH ) for 12 months in

a climane chamnber [KEF 240, Rinder, Turtlingen, Germany|

227, Sanning elecirow micrascopy [ BEMW)

SEM miormgraphs were recomded with a waorking voltage of 20&Y
using a scanning eleciron microscope (Leo M3WE, Leo Elektron
Microscopy. Cambridgze. UKL Samples weore mounbed on aluminiam
shabs using double-sided carbon tape and sputter-coated with
poled Tor 150 (Agar Manual Spucper Coater BT, Sgar Scienrific,
sransted, LK),

3B Commeact anght mEasuemess

Contact angle measarcinenis were performed with an optical
contact angle mieter [Drop shape analysis system DSALOM, Krilss,
Hamburg, Cermany]. & 08wl drop of distiled water was placed on
e eximadate surface and the comtact angle was directly detesrmined
by u=ing the assonated software {Drop shape analysis DEA1 v 190,
Hambwry, Germaoy . For each sample eghi measure menis were
perfarmed and the mean was caloalated.
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1 Resales and discussion
AL Extrusiton and soifd-srare charoomerization of mrigisoonidies

Az shown in a presious paper (Windbergs et &, 2009 wigh-
erides provide a suitabie matrix for cral dosage forms. However, a
gnodd wnderstanding ard appropriste momEnring of the solid-state
Formatson is mandatary o oblain relishle desage formes, The =alil-
wlale betuviour during proces ding A storage | & dquibe ol aml
clilTul pe predics, The coonbimaion oF licton am] feaperaue
Aluring Thed @Rrrus]o proeess s fund o jifluence (e salid-sane
farmatian oo a large exrent, Tristearin far iretance, partly fisms che
metastabée a-form ar 2 processing iemperarare of 55°C, whereat
at & production temperature of B5°C only the sable f-form is
alitained. In the thermogram depiceed in Ag 1 relevant melting
enchotherms can be found a0 TOL? C {onset tristearin @-fonm | and
at 5020 [onset eristearin m-foom | (Hagemann, T98AL Inferaciion
with the model dnog theopkyglline anhydrate was nol observied as
the emchoiberma m the D50 thermogramy depict. Lipwd as well as
chrug [onset meling endotlwerns 2700 0] proside shanp and clearly
akefned melning peslks [ Chem el al., F9E7L

3.2, Extroeron and sefid-shafre charpcferisalion of parinal
gherridis

A partiad glyceride was inwesriganed with re spect o ies suitahil-
bty 2% macrix material for solld lipld excrudares. For che solid-szane
characterization a combination of DS, XREPD and ATH-1E specs
trusoopy was wsed (o monitor solid-state changes in powders aod
extridaies. The partial ghyoeride ghyeeryd monostearaie consists of
S memoghveendes axhibatig a reporied melting termperature of
TY-85C for the stable @-form ( Hagemann, 19858, Extrudaies were
aftained with prescessing e mperatures of 50 55,62 and 65 L The
silhes) exlnslales wene acliesed al G500, Fig, 2 depicls the
amalyrical resdis chigined for the possder companed [ exonsles
preehiced an different tengeratunes. XRPD difeacnegrams siugaesr
that the posader exists In the B-Tormn as thelr peakc positions {Fig. 2]
did ot change irmespective ol edtrusion femperarures. The stable
E-form of the lpid was imaimgained {Yajlma et al,, 20021 Minor
differences in peak intensiny are due to orientation effects of the
crystals. Therefore the lipid remains in a stable conformation after
OIOESSing.

Adcting 504 {whw | theophydline anhydrate as a moscel drug led fo
imberesting resulis, The DSC therrogranes of the pure possders al
thae exbrudate consisting of Fpid amd doeg {5006, wiw b (FIg. 3a)show

1

S
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a lomived imteraction Barween lipid and drug. In ok eamagram
depicring thee resailes Tor the exmnadaee the liped i oherac e sed
by Wis clear melting peak [onset 76 °C) whereas the drug shows a
broad endatherm (oaser 250 C) instead of ihe sharp meting peak
ohserved for the pure dngg powder [onset 2707 °Ch Due 1o the
surfactant properties of ghvesryl moncscearate the dneg 15 able o
partially dizzabve incn the molten lipid when the melting tempera-
tureol the liped is exceeded durirg he meisarement. The XRPD ard
ATR-IR spectra indbcate that the crystalline structures of lipid and
dmg i Lhie e irodeste meaim oot §Fige b, Bndlee XEPD pailerm
the drug i Dhe exirodate ekl e saiiee peak positions (40 71
(A0 ars] 126 (30 a4 in rhe pvaccer, argl Themefon o Cam oom-
cliidiz vhar e polymerphie changes hawe acoamad, Fethermess,
the ATR-IH specrra suggest no salid-srate changes &5 the peaks spe-
dific oo theopipiline anhydrate, such as the C=0 strecclhang | 1655
and 1783 om~! jand CH stretching [3122cmi-' 1 remain unchanged
[Mnolasco e al., 20065; Kahayashi, 19852 ) The lipid exhibits several
characterisiic peale such as ibose due io 4, scismoong {1473 em 1)
and Ce=i) strestching (1735 o' ) Yano and Sabo. 19991

Froom dhese resalis ol can be summarised Uhal ectrodaies could
e producesd m b chssen Temp ratums: range wilhoul undergeng
solil-atate ramalormations: as s resolt of processang. The arystal
srrucqure af che drug veas unchanisd, bar DS Tharmcarams wre
able poisclicane a Timined mierae iem Berwseen drug and [ipd dusing

Lhe imeasuremenl.

1.3 Exrrusion avad solld-szane characrertzarion of mimres of @
erigiwcenide and 2 parial ghecenide

To inwvestgate the impact of composstion of che liped matrx
struciure poweder mixbures of fristearin and ghyoeryd monnstearace
were prepared in tevo dilferent weighd ratios (9«1 and 5= Swiw],
Tha 94 1 i lore was extruded ab 55 aml 65O Aa the results of the
pull-slate analysis ol e dilferenl beanperatures et flse e
resulrs Thee 5« 5 [wiah misuee was iy exirmdad al 65,

Fig #a depicts rhe M0 thermegrams of the liped peesders
and thie exadaces of the micune risearingd ghvoenyl monosiearace
(9+ 1 wetwe] at vwn different processing temperatures. As the melr-
lieeg, e of the puere posscers (boch B-form | are guive dose iveach
other, chey ondy form one meiting peak due to the [@-form 6 the
exiruded mimture (onset 70 CL Im additson, there is a small meli-
img peak ot 50020 in the extrudates which & due o the metastable
m-formn ol tristeanin (Hagemarn, 9EE). &t a processng temper-
abwre of 55°C this pheosomenon can also be fowsd Tee the pure
tristEarin extradane (Fig 1) 45 his extrusson emperatupe heads
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to & partial solid-seate transformatian of tristearin (Wendbergs et
al, 200Ey Small parts of the lipid mass melt during the exine-
sion process induced by 2 combination of friction and temperature.
The temperatane 28 which the extrudate leaves the extruder deter-
e wheiber the mollen parts recrvstallize o Uthe measLabls
-l ar directly in the stable B-Torm. For pure rsleann exins-

Fig & D ihermdgraiTe of orbnednin and ghoend mMonaEenane | &) povwdens and
eemnniaies, b [ereni braii nge echemmes e (2 | mines sxineaies avih doog

dates andy the B-form is abeained at a processing rermperature af
65 [Fig. 1

‘When the tristearin B exiroded with ghosryl momosie srate, the
a-form is also cbrained at 2 proces=ang temperature of 65 O Mod-
ilying the EC megsorements bed o s deeper insight inbo (lwese
solid-seate phenomena, The DSC samphes wepe measired anced 15
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fearingl then snered Tor 24 him amSdeon conditians and measursd
agam [2nd heating) The resiilts are shown in Fig. b During rhe
first measarement the samples melt complecely, ard therelore the
resulzsal the second mezsurements depect the thermagrams cf the
recrystallized s, By comparing the pune tristearin wo the mixed
samnple i becomes quite obweous that the presence of the pastial
gyreride, ghypreryl monostearate, linders the formation of the tris-
feamim B-form, which is corsistent with pressous iedings [Garti
el al, TO8EL GRycery] mdnasbearale 15 able o Aabilize the a-lfeam
o Drvsteann amd prevend oo delay b Draers e valion B e 31alde
B-farim,

Thie chiemical sorarrane of ghyceryl mannsiearane sxhibis same
compac] iy with the oristearin somecoure and thenefore it s iely
that soene Formation of structures that combire bath bristearin and
glycery | monostearate ocours, which appears vo pronese the forma-
tion of the a-form [Garti, 19881 In e food industry especially in
the choonlate manufactuning this effect is deliberabely used mo pre-
wenk coystalllization of cocoa butter to the stable polymorph ol cooea
rrtfer ay ot lacks ghoss amcd 1= gesthetically unappeahing (Schicheer-
Arvnbime and Garto, 198877, The mset ol s poretristearinexinsdale
recrysLalliEes in o risiune of - (omse] 55500 and G- oo (orse
T 0] Thae rwen maelting endidherms are conessched I a reergaral-
lizarian exortbarmn (onser 58.8 °Chwhich s dis 1o thie matastale
= harm. Undormunately, medting of the [-form canndat be detecoed
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Fig. 5. Wanahle tempescrture XRFO paieres af T fereren (4 frin-
veg i g barergdl iisrariea raie [9+ Bowiw amd (b orsiean nfgvoend mosomsacne
15+ Smbw]

properly a5 it is severely suppeessed By the recrystallizarion m the
sratile [-foren (Hellens er al. 1991 )L The seoond measinsment of
the mixed macrx samiple depices abmost completely the @-form of
tristesarin Jonset 53.5 L. To test the ohserved conrelaton Botwoon
the presence of the partial ghoende and the effect on solid-stace
behaviour, teva mixing racios of the kpids were compared [Pz 5c).
&5 can be =een from the thermogram the quantity of trseann
m-loem im the extrodate ared the intensity of the interaction with
the drug canm bt be correlated Bo U arrsount of glcery] moess-
Learate ion Che oo ure, The coompaan i son ol B Paae frisbearin a-Gom
enderherms [ansel 32,8 - C) shodss that #een rhough e dmeeint of
rrishearin is hvaeer in the 5+ 5 mictare, the mntensany of the a-feim
parak Is bigher than in che@+ 1 mikmone. The extencof the iInteraoion
terween glycerd monostearate and drug can be seen i@ the incon-
shry of che drug meltong endotherm. In the s+ 1 miature the peak is
sharp and cear [onset 3593 C)whereas the peak in the 5+ 3 mix
ture 15 much broader and kess defined (onset 2607 €1 indicating
the inoeased mteraction with ghyceryl monostearabe.

To be=t the hypothe sis that the trisbearin ec-form m the lipsd mis-
Lure s ooy Formed via the peell powder miztures of isdesin and
alyrery] moriearate (G | ard 5+ 5] veere prepard ansd il
tograie warme Laken while heating the <amples ap Team 351635 C
| 5°C graps [FRg 54 amd b Thene waes no evidience of any sslkd-
stae charg@es uncil the mmple melied completehy a5 can be secn
froen the diffraicgranis
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Fig. B displays the resulcs ol losd wish XRFD and ATE-IR maa-
suremenss. Forhathmixing rarins of the man lpid s i the earridares
the XRFD peaks for the drug and Kpld are obvious [FIg. Ga). ATR-IR
spectra Fig. Bb) suppart the XRPD results. The crystalline stnscture
of the lipids and the drug & maintained

14, Suriece characterization

The surface of solid lipid exerudates is very impartant wnth
regand o the dissohution behaviour as the dissodutson from glyes
eride mainoess s comgletchy diffusion controlled. Thus. the mainx
stays intact and ro erosion socurs, The surfece of the progessed
enfrudates was invesiezabed usng SEM ard conbict drele meddu re-
e,

Thix SER iimagies [Fig. 75 prevdicke visual sapport foe g resiais
already obaned wich sofed-stare analysis, The susface of extrudates
conlaining S0E (wiw ) theoplp@line anhydiale was iwesligaec
The exercedares consisting ol ghoeryl morasrearace exbibic a rather
sty sarlace. The concact angle of 106 &5 in gocd agreement
with the SEM image (FIg. 7a] i Famg et al., 2007 . AR. Th depicts the
surface of a tristearing! ghyceryl monastearace (5 + 5 wha) eximedace.
Thee susface is also smooth but the higher contact angle of 106° is
due to the triglycende whach meduces the sonfactank effect of the
partial glyreride glyreryl monnstearate, The edtrudabe corsisting of
tristedrsn [imanufaciumed av 85 -C) exhibits a contact argle of 121
and a relatpeely smooth surface (Fig. 7cl A8 & comparison Ag 7d
depicts an exloeddale congisting of Dristearin sl @loeiyl momgs-
r@arace [B+ 1wl produced ar 65 -C which shosild be expecred ne
mMesess & rediiced comtact argle diie ea the surlactant ponpertes
ol the pastial ghyenide ghycerd monosiearace. But Fig. 7d deplos

am exrnelate surface exhibiting reedie-1ke smucangs, This phe-
nimenad, smerimes called Mesiming, 1= diie i rhe rransfarmarkon
fram the unstable cristearin c-form o che stabde [B-form [Khan and
Craig, 2004 ) Thes effect 1 intensified at a proces=ing temperature al
550 Fig. Ye depots the surface of the tristeann emrudates whereas
Fig. 7 depicts the surfzce of the tristearinigyceryl moncatearape
(0w} rmixed estruclabe. The surface of bogh extrodates s com-
pletely cowered with sharp needles possessing a conlact argle af
125 in Bafh cases A3 Che contact angle is & predidtor of Lhe wid-
Talviliny A0 is guise ol s Chal Ele sesecdles at Che extomlate suilace
srieEl W ATy the dassaliarion Behavioir,

LA, Disesfintion

Az alreacly stated fhe dissobution Trom solid lipsd marmces is
purely diffussan contredbed. Fa, & depiots i dissalution characmer-
inrcs off the processed Darches, The sus@actant o tesal The purne
parlal ghycerices marrly made of ghvoergd monastearate kead o the
fastest release of the drug companed oo the ofher barches. The S0
triszearin and 50% ghyceryl monostearate matrix macerials axhibi
a rekease curve between chose of the pure trighormcde and pare
partial glycende. Ewen though the partial ghveride poation results
in a promounced recryssallization of the tristearin fo the unstable
ce-fnrm during extrusion which & Ellowed by ransfarmation in
(e B-Towmn, the pebease of theophyllice anlydrate is Gster than
Tram Che pure iristearin extrodate doe to e susfaclant properies
ol the pamial glycedche. By comigaiiisg Ui pls Disheacin nsilnies
pracfuced ar different exinessn emgerananes with th cristearin
(RO and glyrenyl mosastearans [1E] minruee proacddoeed ar the
same wemperatures two key famors can be identfed. On che one

Fig. 7. SEPA [ Pea pes of Exanudane suifaces conlainiag S0 meopgiine anhpdraie prodeced ar diffess i e mpeatans (a) gpoensd mososiearale 65 C 08 irknean nighoend
remEsirera 0 Yl | 30O ] insieane S 5 d invissrm pheerpl moemira e |30 1 wipw T Cefdnisrmarn 3570 and O v sbearn g rerd mnowsaie 08 e T wim)

ol

dissolution profiles

PMhease cite this artsle m a5 Windbergs, M. el al. Iefluence of the al phecorndes om the salid-itate behasvious and Uhe
aﬁﬁﬂ@mw;m:m;mmmw '
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Fig. L Ihoahien profikes of dllerene bpehe and tseir meedares g diferen

EXTES 08 DETpEratTes (FL, mrighaenide mmmearn; PL, poriad ghvoeride givoeny
AR IEA T [ = 1, $ 2 Bl adworen .

far the batches produced at 95 °C exhibit a simwaficantly dower
drug release than the batches produced ot 65 *C. On the cther hamd
thwe e dlissolusion Toom the % 7 () miztures is sbower than
Froon thee posre Aristearin matrix which is uney pected on Gl glinge
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regard|ess of exrmusion remgeranine, T mixed manis waould be
expetad o sy 2 Ger release die o the sarfacrant properries
of the partial ghycerkde. I this case these surfactant properties are
onercome by the recrystallized fi-form oeating fractal stroctures
o the surface of the exinelate that impaic the wettabilivy of the
eximadaie by the dissoduton medivm and hence reduce the release
of the drug.

15 Srorcge sty

Storape experiments were performed in tevo different climace
conditions [ambient condticn and 40 € at ¥538H] far 12 months.
Samples were investigated using DSC Fig. S depocts the thermo-
grammy e Che samples stomed gt amlbient caruitions The tristeanin
exlnsdale prodhuced ab S50 and the mimed extrodabes 9+ 1 atlv]
pdused a8 Dotly es togsion ewperabures Dobh sUill €oatain 4 senall
partioi of wisgearin a-fomm, I che 5+ 5 (wiw] mised eorudanes
alter ane wear anly the rristearin f-farm exisgs, the recrysralliza-
tion process fram the metastable a-form o che scable B-fom s
already completed. The moleoalar mobiliey in thés matrix com-
pared to che 9+ 1 {wihw] matria s increased whisch immight Gcilicace
the remructerng of the stable [-form. In companson 2l the sam-
res stoned at #0°C andd T55RH forone year exhibit nnly the sahle
tristearin B-form, and thus ibe iransformation process is alreachy
completed. The resalts shows the Srong tomperafure dependency
ol Lhe Dransformsticen Tean brsbeanin ce-Forn o @-form.

4. Conglusians

The chemical compasition of ghcerides used for the manuge-
turing of sodsd lpid extrudaves was found e have a large infuence
o the solidstare behaviour and dissolution profilss. Due w its
surfactant properties the partial glyceride exhibits a faster release
of the drug compared to the trighroeride. In differemt mitures
of bath lipids the partial ghoeride led o increased incidence of
the urstable w-lorm al the trighcenide leading o recrystalloa-
tion of the stable B-Form over Dime which caases fracral st
o (e calrudane surface detenicrating the dissolution propermies,
Stodapr experinwls undien acoelevaned ansd ambisnt conditions
reveilied 3 o Enllsence of Iem peraiune an e recrystallizaton
kinetics. The resulrs of this sty belp 1o elucidare the complex
sodicl-stave betaviour of solid lipkd excrudares with different com-
positioms which facilitabes the development of suitable liped- hased
oral dosage Tormes with desired dissolubion characteristics.
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ABSTRACT

Different lipids were melted and resolidified as model systems to gain deeper insight
into the principles of recrystallization processes in lipid-based dosage forms. Solid-
state characterization was performed on the samples with differential scanning
calorimetry and X-ray powder diffraction. Several recrystallization processes could be
identified during storage of the lipid layers. Pure triglycerides that generally crystallize
to the metastable a-form from the melt followed by a recrystallization process to the
stable B-form with time showed a chain-length dependant behaviour during storage.
With increasing chain length the recrystallization to the stable B-form was decelerated.
Partial glycerides exhibited a more complex recrystallization behaviour due the fact
that these substances are less homogenous. Mixtures of a long-chain triglyceride and a
partial glyceride showed evidence of some interaction between the two components as
the partial glyceride hindered the recrystallization of the triglyceride to the stable -
form. In addition, the extent of this phenomenon depended on the amount of partial
glyceride in the mixture. Based on these results changes in solid dosage forms based

on glycerides during processing and storage can be better understood.
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INTRODUCTION

During the last decade there has been increased interest in lipids for the formulation of
pharmaceutical dosage forms'. The high variability in their structure and therefore
versatile physico-chemical properties offer various possibilities for the production of
different dosage forms. Several systems for the delivery of drugs have already been
introduced into the market, with their characteristics depending on both the choice of
lipid and processing technique. As one of the first attempts, capsules were filled with
liquid or semi-solid lipid formulations in which the active pharmaceutical ingredient
(API) is either suspended or dissolved™’. Solid particles can be produced with a variety
of different methods including melt extrusion®, melt granulation™, spray cooling’ or
spray drying®. The resulting particles can either be processed into tablets or filled into
capsules. Additional established systems are solid lipid nanoparticles’ and
nanostructured lipid carriers'® which can be produced by different techniques. In
general, each of the techniques mentioned above involves complete or almost
complete melting of the lipid followed by resolidification in most cases. There is also a
relatively new approach for the formulation of lipid-based dosage forms called solid
lipid extrusion, in which the lipid remains mostly solid during processing''"'*"*.

The advantages of lipid-based formulations include the possibility of prolonged
release'* as well as enhancement of solubility and permeability for APIs exhibiting
poor bioavailability''°. As the majority of newly developed chemical entities have
poor solubility and permeability'’, bioavailability enhancement is increasingly
important. Furthermore, taste masking and protection of sensitive APIs is possible
with the help of lipids as excipients'®. In addition, lipids are biodegradable and

physiologically non-toxic.

Lipid-based dosage forms can exhibit stability problems associated with complex
solid-state behaviour'”. In general, three polymorphic forms are characteristic for
lipids, in which the fatty acid chains exhibit different packing modes and consequent
thermodynamic energies™. The a-form is the highest energy polymorph, the p’-form is
intermediate and the B-form is the lowest energy and hence thermodynamically stable

form®'. Furthermore, for some lipids an additional form called the sub-o-form is
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known. The relationship between the different forms is monotropic, and thus
transformations to more stable forms over time are likely to happen. However, the
resulting polymorphic form and transformation rate are influenced by the temperature

of the system™.

As previously mentioned, most processing approaches involve the melting of the lipid
with the potential for an unstable polymorphic form to crystallize during
resolidification. Therefore the processing of dosage forms is often accompanied by

2% 1In addition, the polymorphic form of the lipid after

undesired solid-state changes
processing might undergo a change to another form during storage, often referred to as
‘aging’ in the literature”. These changes can lead to alteration of the dissolution

characteristics of the drug, and possibly bioavailability of the drug in human body'**.

At present, there is a lack of understanding of the underlying principles of such
transformations during the manufacturing of pharmaceutical dosage forms, and hence
the formulation of lipid-based dosage forms is often performed based on empirical
knowledge. However, for reliable and reproducible dosage forms an understanding of

the physico-chemical behaviour is mandatory to prevent potential stability problems.

In previous studies, different triglycerides which were processed to solid lipid
extrudates were found to exhibit different polymorphic forms after manufacturing
depending on their structure and the extrusion temperature'”. In addition, interactions
between triglycerides and partial glycerides were revealed during extrusion which
subsequently affected the release of the drug®’. Based on these experiences, a
systematic investigation of the influence of chain length, storage temperature,
substitution and interactions between different lipids was performed. Therefore,
different powdered glycerides were melted above their melting points and resolidified
in Teflon moulds as thin lipid layers in order to investigate their recrystallization
behaviour. Storage experiments were performed using different climatic conditions
(room temperature and 40 °C) to examine the influence of temperature on the
crystallization processes. In addition, mixtures of different lipid powders were
prepared and subjected to the same experiments as the pure powders to elucidate
possible interactions between the lipids which might affect the recrystallization
behaviour. Based on these studies with the lipid layers serving as model systems, a

better understanding of the processes determining the solid-state behaviour of lipid-
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based dosage forms should be provided in order to ensure reproducible and stable

lipid-based dosage forms.

MATERIALS AND METHODS

Materials

The pure powdered monoacid triglycerides trilaurin (Dynasan 112%), tripalmitin
(Dynasan 116") and tristearin (Dynasan 118%) as well as the partial glycerides glyceryl
monostearate (Inwitor 491%) and glyceryl stearate (Imwitor 900P") were provided by
Sasol (Witten, Germany) and used as received. The crystal structure of the powders

was verified with X-Ray powder diffraction before use.

Methods

Preparation of melts

The powdered lipids were completely melted 20 °C above their melting points. Each
melt was held for 3 min before they were poured into purpose-built Teflon moulds.

The melts resolidified in thin lipid layers (2 mm) in ambient conditions.

Storage
The lipid layers were stored at either room temperature or in a climate chamber at

40 °C (Ehret, Emmendingen, Germany).

Sampling

At certain time points samples of appropriate size of the lipid layer surface were
removed with a medical scalpel and investigated. Analysis was performed on the
freshly resolidified sample and after 24 and 48 hours. Afterwards, measurements were
conducted at 2 day intervals up to 16 days. The following measurements were
accomplished after 24, 36, 48 and 60 days.

Differential scanning calorimetry (DSC)

Thermal analysis was performed on the lipids using a DSC 821e calorimeter (Mettler-
Toledo, GieBen, Germany). Samples (approximately 5 mg) were weighed into 40 pl
aluminium pans which were hermetically sealed. The apparatus was heated from 20-

100 °C with a heating rate of 10 °Cmin™'. All experiments were conducted twice.

X-ray powder diffraction (XRPD)
Diffractograms were recorded with a theta-theta X-ray diffractometer (D8 Advance,

Bruker AXS GmbH, Karlsruhe, Germany). Measurements were performed in
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symmetrical reflection mode with CuKa radiation (A=1.54 A) with Gébel mirror bent
multilayer optics in the angular range of 5-40° (20). The step size was 0.05° (20) and
the measuring time was of 1 s per step. Each experiment was conducted in triplicate

compressing the samples into the sample holder hence providing a smooth surface.

Hot-stage microscopy

Thermomicroscopic investigations were performed with a hot-stage FP 900 (Mettler-
Toledo, Giessen, Germany) in combination with an optical microscope M 76 (Leica,
Wetzlar, Germany). The powdered lipids were heated up to 10 °C above their melting
points and the melt was held for at least three minutes at this temperature before

monitoring the resolidification at room temperature.

RESULTS AND DISCUSSION

Monoacid triglycerides and the influence of fatty acid chain lengths

Three monoacid triglycerides differing in their fatty acid chain length were
investigated with respect to their recrystallization behaviour from the corresponding
melts. The resolidified melts were stored either at room temperature or 40 °C and
investigated after certain time intervals with a combination of DSC and XRPD

measurements.

Trilaurin, a monoacid triglyceride containing 12 C-atoms for each fatty acid esterified
with the glycerol molecule, exhibits two melting endotherms for the freshly solidified
sample with the onsets at 34 °C and at 44 °C (figure 1 a and b). The first endotherm is
due to the melting of the unstable f’-form whereas the second endotherm indicates the
melting of the stable B-form of trilaurin. Both onsets are in good agreement with the
reported melting points of the two forms®™. As thermal events observed using DSC
may be associated with physical and/or chemical forms which have not been present in
the original sample, XRPD patterns were recorded as complimentary data (figure 2 a
and b). The freshly resolidified sample of trilaurin exhibits several peaks which can be
related to different polymorphic forms. Peaks at 19.4° and 23.1° are due to the B-form
whereas the peak at 21.1° corresponds to the p'-form®. After 24 hours of storage at
room temperature only the stable f-form can be detected using both DSC and XRPD
(figure 1 a and 2 a). The same result is obtained for those samples stored at 40 °C
(figure 1 b and 2 b). The unstable a-form is not observed in these studies due to the
fact that its reported melting point of 14 °C is below room temperature™. In

conclusion, for trilaurin the storage temperature of the resolidified melt is of minor
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importance as the samples stored at different temperatures exhibit the same thermal

behaviour irrespective of storage conditions.
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Figure 1. DSC thermograms of resolidified triglycerides during storage. Trilaurin (a)

°C, tristearin (e) at room conditions and (f) at 40 °C.

at room conditions, (b) at 40 °C, tripalmitin (c) at room conditions, (d) at 40

The recrystallization from the melt was visualized by hot-stage microscopy (figure 3

a). The appearance of the B-form is associated with flower-like morphology.



94 Original publications

stored for 14 days . k

Intensity / a.u
g‘i}:‘}
Intensity / a.u

——=

k]
e B

freshly resolidified freshly resolidified
T

T T T T T T T T T T T
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Angle / °(26) Angle / °(26)

e
—

P A Jom—
v

stored for 36 days

Intensity / a.u.

Intensity / a.u.

freshly resolidified freshly resolidified
T

T T T T T T T T T T
5 10 15 20 25 30 35 40 5 10 15 20 25 30
Angle / °(20) Angle / °(20)

WMMJWW%“W
A ———
m
N0/ N
W%

Y At

freshly resolidified

Intensity / a.u.
Intensity / a.u.

freshly

T T T T T T T T T T T
5 10 15 20 25 30 35 40 5 10 15 20 25 30
Angle / °(20) Angle / °(20)

Figure 2. XRPD patterns of resolidified triglycerides during storage. Trilaurin (a) at
room conditions, (b) at 40 °C, tripalmitin (c) at room conditions, (d) at 40

°C, tristearin (e) at room conditions and (f) at 40 °C.

Tripalmitin is a triglyceride with the fatty acids each containing 16 C-atoms. The
corresponding thermograms are depicted in figure 1 ¢ and d. Different polymorphic
forms as can be identified in the figures for the freshly resolidified sample. The
endothermic melting peak of the unstable a-form is depicted with its onset at 44 °C
directly followed by the recrystallization exotherm of the metastable f’-form (onset 51
°C)*. This peak is formed through the resolidification of the molten a-form during
DSC measurement. The stable B-form can be identified by its melting endotherm

(onset 63 °C). The melting points in the literature are in good agreement with those in
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this study®®. The XRPD patterns of the sample samples are depicted in figure 2 ¢ and
d. The freshly resolidified sample exhibits only the pure a-form, as indicated by the
peak at 21.4°°. During the storage at room temperature (figure 2 c) the a-form of the

triglyceride remains the only polymorphic form which can be detected.
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Figure 3. Recrystallization of triglycerides from the melt. (a) trilaurin and (b)

tripalmitin.

DSC measurements exhibit some shortcomings in this context as the sample which had
originally been in the a-form is able to recrystallize in other polymorphic forms after
less stable forms melt during the measurements. This example shows the importance
of choosing suitable analytical methods as DSC must be complemented by a method
such as XRPD to defintively determine the crystal form(s) of the sample. The same
solid-state behaviour was observed with both DSC (figure 1 d) and XRPD (figure 2 d)
for the sample stored at 40 °C. After 24 hours of storage only the B-form of the lipid

can be detected. Interestingly, the B’-form cannot be detected, a fact which is in
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accordance with the literature®”. Two reasons have been proposed for this: on the one
hand the melting of the B’-form is strongly suppressed by the recrystallization of the -
form which hinders its detection, and on the other hand there is evidence that the o-

form can directly transform to the f-form.

In conclusion, tripalmitin crystallizes in its a-form after melting. During storage the
temperature plays an important role and affects the rate of recrystallization to a more
stable form. During storage at 40 °C the stable B-form was obtained after 24 hours
whereas at room temperature no recrystallization had occurred after 60 days. The
crystallization of the o-form from the melt could be visualized with hot-stage

microscopy (figure 3 b).

Tristearin is the triglyceride with the longest fatty acids (chain length 18 C-atoms) and
hence the highest melting point. It also showed different solid-state behaviour in
different storage conditions. The freshly resolidified samples (figures 1 e and f) exhibit
the following thermal events during DSC measurements: a melting endotherm of the
unstable a-form (onset 54 °C), a recrystallization exotherm of the metastable f’-form
(onset 63 °C) and a melting endotherm of the stable p-form (onset 69 °C)™. Tristearin
samples stored at room temperature exhibit all three forms in the DSC thermograms
during the investigation period of 60 days (figure 1 e). With respect to the storage at
40 °C the effect of temperature on the recrystallization is clearly visible (figure 1 f).
Already after one day of storage the o-form melting endotherm has decreased in
intensity while the B-form melting endotherm peak has increased in intensity. After 48
days the a- and B’-forms cannot be detected in the thermogram. Therefore the

recrystallization to the stable B-form was complete.

The data recorded with DSC and XRPD revealed a behaviour that was similar to that
of tripalmitin. The XRPD patterns of tristearin are depicted in figure 2 e and f. The
freshly resolidified sample exhibited only the a-form of the lipid, as indicated by the
sole peak at 21.4°*. The same results could be found for the samples stored at room
temperature over 48 days. Samples stored at 40 °C exhibited solid-state
transformations during storage. As for tripalmitin, no peaks indicating the B’-form
(peaks at 21.1° and 23.3°) can be observed as discussed above®. After four days of
storage peaks indicating the B-form appear (19.4° and 23.1°). The DSC thermograms
and XRPD patterns are in good accordance with respect to when only the B-form is

observed for the tristearin samples. Both methods suggest that the o-form is not
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present after 48 days of storage. Prior to this a mixture of peaks correlating to a- and

B-form can be found.

The influence of chain length on recrystallization rate was evident upon comparison of
tripalmitin and tristearin, with tristearin, which consists of longer fatty acids,
exhibiting a slower recrystallization to the stable form. This fact should be interpreted
in light of the temperature difference between the storage and melting temperatures of
the B-form of the two lipids. For tristearin this difference is 33 °C, while for tripalmitin
it is 26 °C.

In conclusion, fatty acid chain length, storage temperature and storage time were found
to affect the recrystallization behaviour of lipids from resolidified melts. The chain
length of the fatty acids which are esterfied with glycerol in a triglyceride molecule
affected the recrystallization as the transformation rate from unstable to stable
polymorphic forms decreased with increasing chain length at the temperatures used for
storage experiments in this study. The second variable, storage temperature, had a
pronounced effect on recrystallization to more stable polymorphic forms. Increasing

the temperature greatly accelerated the recrystallization to the stable form.

Partial glycerides and the influence of degree of esterification

In contrast to the triglycerides in which each moiety of the glycerol molecule is
esterified with a fatty acid, partial glycerides contain only one or two esterified
glycerol moieties. In this study, a monoglyceride and a mixed partial glyceride
consisting of approximately equal proportions of monoglycerides and diglycerides

containing stearic acid were investigated.

The DSC thermograms of the monogylceride glyceryl monostearate are depicted in
figure 4 a and b. The freshly resolidified sample exhibits two endothermic melting
peaks with onsets at 37 °C and 71 °C. The lower melting endotherm could be
identified as the sub a-form of the partial glyceride™. The endotherm with the onset at
71 °C is due to the melting of the o-form®*. The XRPD diffractograms (figure 5 a and
b) show a significant peak for the a-form at 21.3°°. The sub a-form could not be
identified with this method in this study. During storage at room temperature the sub
a-form can be detected up to 36 days with DSC. The a-form can be detected up to 16
days. Subsequently, the peak shifts slightly towards higher temperatures to reach a
melting endotherm with an onset of 75 °C after 36 days of storage. This peak
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corresponds to the stable p-form of the lipid®. The results are in good agreement with
the XRPD patterns (figure 5 a) as they also show evidence of the B-form after 24 days
of storage (19.5° and 22.5°)*. After 36 days of storage the peak indicating the a-form
disappears. In comparison, the samples stored at 40 °C only exhibit the sub a-form for
the freshly resolidified sample (onset 37 °C) as well as the a-form (onset 71 °C)
(figure 4 b)*®. After 24 hours of storage these peaks can no longer be detected. With
respect to other polymorphic forms the peak with an onset of 75 °C indicating the
stable B-form is observed after 1 day of storage at 40 °C. These findings correspond to
the data obtained by XRPD (figure 5 b).
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Figure 4. DSC thermograms of resolidified partial glycerides during storage. Glyceryl
monostearate (a) at room conditions, (b) at 40 °C and glyceryl stearate (¢) at
room conditions (¢) and (d) at 40 °C.

In conclusion, the peak assignment in case of the partial glycerides is more complex
than for triglycerides. Temperature plays an important role during storage as increased

temperature increases the velocity of recrystallization.




Original publications 99

a b
stored for 48 days stored for 48 days
‘ " : mwm

k)

Intensity / a.u.
Intensity / a.u.

.
freshly resolidified
T

freshly resolidified
T T T T T T T T T T T

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Angle / °(26) Angle / °(26)

stored for 48 days

el e
e
= —

freshly resolidified freshly resolidified
T

Intensity / a.u

Intensity / a.u.

T T T T T T T T T T T
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Angle / °(20) Angle / °(20)

Figure 5. XRPD diffractograms of resolidified partial glycerides during storage.
Glyceryl monostearate (a) at room conditions, (b) at 40 °C and glyceryl

stearate (c¢) at room conditions (c) and (d) at 40 °C.

The results for the second partial glyceride glyceryl stearate which was investigated
are depicted in figure 4 ¢ and d and 5 c and d. As the substance is rather chemically
inhomogeneous the assignment of melting or crystallization events in the thermograms
is very difficult, with the different thermal events overlapping®®. It can thus only be
stated that the melting endotherm during storage at room temperature shifts to higher
temperatures over time indicating transformations to more stable and less energetic
forms. During storage at 40 °C this shift occurs faster and the peaks are more defined
as the higher temperature facilitates such transformations. The peak at 22° in the
XRPD pattern (figure 5 ¢ and d) suggests the a-form of the glycerides for the freshly
resolidified sample®®. During storage at room temperature a broader pattern occurs
which cannot be definitively assigned (figure 5 c). In comparison, at 40 °C storage the

peaks become more resolved (figure 5 d).
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In conclusion, the peak assignment of the partial glycerides is more complex than for
triglycerides. Temperature plays an important role during storage as increased

temperature increases the velocity of recrystallization.

Mixtures of a triglyceride and a partial glyceride and the impact of interactions

Two different mixtures of tristearin and glyceryl monostearate powders were prepared
to investigate the impact of possible interactions between the two lipids on their solid-
state behaviour. The mixing ratios were: 90% tristearin / 10% glyceryl monostearate

and 50% tristearin / 50% glyceryl monostearate (w/w).

After mixing for 15 min the powder mixtures were melted as described in the
Materials and Methods section and resolidified. The DSC thermograms are depicted in
figure 6. The 90% / 10% mixture of tristearin and glyceryl monostearate (figure 6 a
and b) exhibits only one melting endotherm with an onset of 53 °C for the freshly
resolidified sample which corresponds to the tristearin a-form®. As there are no
further melting peaks it can be assumed that glyceryl monostearate is in a crystal form
which melts within the temperature range of the tristearin a-form. For the samples
stored at room temperature this melting endotherm remains essentially the same for 60
days of storage. In addition, after 24 hours of storage a tiny melting endotherm (onset
65 °C) appears which becomes more intense over time. This peak is due to the
recrystallization of the tristearin B-form from the molten sample during DSC
measurement™. The XRPD patterns (figure 7 a) only depict the tristearin a-form peak

(21.4°) during the whole storage time™.

The samples stored at 40 °C exhibit substantially different thermal behaviour (figure 6
b). After storage for 24 hours a large endotherm (onset 66 °C) can be detected
corresponding to the stable B-form of tristearin. In addition, up to a storage duration
of 16 days a small melting endotherm with an onset at 53 °C is present and
corresponds to the a-form of tristearin®®. Since glyceryl monostearate is only present in
a very low concentration and the melting ranges of tristearin and glyceryl
monostearate overlap, it is very difficult to make a statement about the polymorphic
forms of the partial glyceride. The XRPD patterns (figure 7 b) correspond to the
results obtained by DSC measurements. The freshly resolidified sample contains
tristearin in its a-form (peak 21.4°) which transforms to a mixture of a- and B-forms
(peaks at 19.4°, 23.1° and 24.05°) over time™. After 24 days of storage only the the

tristearin B-form is evident.
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Figure 6. DSC thermograms of resolidified lipid mixtures during storage. 90%
tristearin/10% glyceryl monostearate (w/w) (a) at room conditions, (b) at 40
°C, 50% tristearin/50% glyceryl monostearate (w/w) (c) at room conditions,
(d) at 40 °C.

It is interesting to compare the recrystallization behaviour of pure tristearin melts with
melts consisting of 90% tristearin and 10% glyceryl monostearate. The XRPD patterns
(figure 2 e and f, figure 7 a and b) do not show any significant differences. In this case
DSC measurements are the method of choice to investigate solid-state differences
(figure 1 e and f, figure 6 a and b). For samples stored in room temperature (figure 1 ¢
and 6 a) an increased incidence of the unstable tristearin a-form can be detected for the
sample containing the mixture in comparison to the pure tristearin melt. During the
DSC measurement the tristearin o-form melts and hence recrystallization of more
stable polymorphs can occur. In the mixture it appears that the glyceryl monostearate
is able to prevent or delay the transformation from the tristearin a-form (peak onset 63
°C) to the stable B-form as the B-form peak (onset 69 °C) exhibits a much reduced

intensity compared to the pure tristearin sample®.
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Figure 7. XRPD diffractograms of resolidified lipid mixtures during storage. 90%
tristearin/10% glyceryl monostearate (w/w) (a) at room conditions, (b) at 40
°C, 50% tristearin/50% glyceryl monostearate (w/w) (c) at room conditions,
(d) at 40 °C.

The a-form is probably stabilized by combined structures of tristearin and glyceryl
monostearate on the intermolecular level. The ability of a partial glyceride to hinder
another lipid transforming into its stable polymorph has been previously reported’'*.
In the chocolate industry this specific effect is used to maintain an unstable polymorph

of cocoa butter which appears more glossy than the recrystallized stable polymorph®.

It is also interesting to compare the DSC pattern of the tristearin and the mixed
samples stored at 40 °C (figures 1 f and 6 b). Even though the presence of the partial
glyceride, glyceryl monostearate, hinders the formation of the B-form during the DSC
measurement, complete transformation to the tristearin B-form is faster and more
pronounced than in case of pure tristearin during storage. For the pure tristearin sample

(figure 1 f) the melting peak of the a-form can be observed for up to 48 days of storage
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whereas in the thermogram of the mixed sample the melting endotherm of the a-form
is absent after only 24 days of storage®®. This phenomenon is probably associated with
a less organised and energetically favourable packing and higher molecular mobility in
the resolidified melt of the combined lipids due to the different structures of the two
lipids which are mixing. This might affect the mixed melt in terms of recrystallization

rate at higher temperatures.

The extent of interactions between the partial glyceride and the triglyceride was
investigated further in the lipid mixture containing 50% tristearin and 50% glyceryl
monostearate (w/w). The DSC thermograms are depicted in figure 6 ¢ and d. The
freshly resolidified sample exhibits three melting endotherms. Their onsets can be
detected at 37 °C, 53 °C and 66 °C respectively™. The first peak is likely to be due to
the unstable sub a-form of glyceryl monostearate. The melting endotherm having its
onset at 53 °C corresponds to the a-form of tristearin whereas the last endotherm
(onset 66 °C) is a mixture of melting events of both lipids which is difficult to assign
to the exact polymorphic forms of the lipids™. During storage at room temperature the
sub a-form of glyceryl monostearate as well as the a-form of tristearin remain in the
resolidified sample for the whole storage time. The melting endotherm with an onset at
66 °C also persists. After six days of storage a tiny melting endotherm (onset 72 °C)
occurs corresponding to the tristearin B-form. In contrast in the sample stored at 40 °C
the sub a-form is only detected up to six days of storage with the peak onset shifting
from 37 °C up to 41 °C (figure 6 d). The tristearin a-form (onset 54 °C) is detectable
up to eight days of storage. The melting endotherm with an onset at 65 °C
corresponding to both glycerides in the resolidified melt can be detected for four days.
After six days of storage this peak becomes bimodal, and then the peak completely
shifts to higher temperatures (onset 71 °C) with a shoulder remaining at lower
temperatures. The maximum of this endotherm is likely to be due to a mixture of the
stable p-forms of tristearin and glyceryl monostearate®®. The XRPD patterns (figure 7
¢ and d) supported this interpretation.

In conclusion, resolidified melts consisting of mixtures of triglyceride and partial
glyceride show diverse solid-state behaviour. Small quantities of partial glyceride (10
%) increased the amount of unstable a-form of the triglyceride compared to that of a
pure tristearin melt. This behaviour was also observed for the mixture containing 50%

partial glyceride. Nevertheless, the mixtures allow faster recrystallization of the stable
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B-form than pure tristearin samples during storage. This becomes obvious upon
comparison of the pure tristearin sample (figure 1 f) and the mixtures (figure 6 b, d)
after storage in 40 °C. Again, increasing the temperature accelerated the
transformation rate to more stable polymorphic forms. Comparing the different mixing
ratios suggests the ability of the solid state form of the triglyceride to incorporate
different amounts of the partial glyceride molecules which affect the transformation
rate to a large extent. The mixture containing 10% glyceryl monostearate exhibits the
tristearin a-form for 16 days (figure 6 b) whereas the mixture containing 50% glyceryl

monostearate features the tristearin a-form just for 10 days (figure 6 d).

CONCLUSION

Solid-state analysis of thin glyceride layers of pure triglycerides or mixtures of a
triglyceride and a partial glyceride as model systems for lipid-based dosage forms led
to a deeper insight into the principles of recrystallization from melts and during
storage. The combination of DSC and XRPD measurements was found to give a more
comprehensive overview of the recrystallization from the melts. It could be shown that

the results of only one method can be misleading for the interpretation.

Triglycerides exhibited chain-length dependant recrystallization behaviour. With
increasing chain length the recrystallization to the stable polymorph was decelerated at
each storage temperature. Partial glycerides exhibited a more complex recrystallization
behaviour due to the fact that the melting ranges of their different polymorphs overlap.
The combination of a triglyceride and a partial glyceride led to interactions influencing
the recrystallization. Generally, temperature was shown to have a pronounced impact
on the rate of recrystallization with the higher temperature accelerating the
recrystallization. However, storage at elevated temperatures does not necessarily lead
to a fast transformation to the stable form of the lipid. Based on these results changes
in solid dosage forms based on glycerides during processing and storage can be better
understood. A deeper knowledge of the underlying principles of solid-state changes in
lipids used in the pharmaceutical setting is mandatory to avoid unpredictable and

undesirable changes in a glyceride based dosage forms during processing and storage.
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9.4. Article 4: Tailor-made dissolution profiles by extruded
matrices based on lipid polyethylene glycol mixtures
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Extrudares consisting of warkous rabos of migadmem and polpeithylens ghaool & maire mesenals were
prodeced below their meling 1empera i res. Tallor-made dis solovion profiles for che model dnug theophyBine
ashydrare were obiained by sarying the mamin oom posicion. The hdrophilic pakpmer polyestylese glpool
ncreares the dissolution rae of the dig froen the eximaded manris b is disolunion and e femetion of
A nlErcansied pore ebwiik aliseuliog the reliaae of the diug.

E;L:ll::inw Evm thaugh lgpid-hed dosage Tomms offen sulfer feom polpmaphic mindboes derng minefsciarmg
Solid Ngkd eimurion afiectimg the dizokton profles and stabilig, these evimdaies were found oo exhibit sizble sl -stae
Comipdied rebeas behavipur, M polymanphic mandammations were evdent Jiter exmesion. Srabiliny teming waa perinemed by
P pesrpiene ghaal lgrd radi OpEn SOTagE eXpErimeEnts pver one year in acceleraied comditiens [40 TC/75 SRH) Eaxch dermuilaion
Blirin el pemained in i3 srable conformation.

€ JHE Bsevier IV, 8 nghi: pesenved,
1. Imroduction

Recenily, there has been sutetantial interest in newy proups of
exciments for the formulation of cral dosage forms. Lipids have shoam
Fogh potenial as the basis for a beoad range of different dosge formes
di B0 (heir versidile physicochemical characteristics [1-4], Parther-
e, Phey dre bodigradable and physiologically pon-tesic, Uniiorno-
marely, rheir versatile strocture ressilis in comgdex salid-stace
Erhaviour and a good kecesliodge of this befuvicor B requined o
chiain aabde and reproducible pid based dosage forms [3-7),
Generally, dureg foremulacion (be Bpead excipients are meloed and
resolidified with e active pharmaceatical ingredient (&P} o form a
mairix in which the APl & embedded [2-10].

epending oo the thermal condibons lipids exhibit different
polymonphic foema which are characiermed by a pasticular chain
packing aned specific thermal stability [ 11-13]. Sclid-state transforma-
tions dunng processing and storage are leely ts happen whem the
fpad = nod processed in the most slable foom Doe fo the Lok of
wederstanding and hemoe control of B preoessing conditions al
il i B Formmation of merastable forms af lipids, tee mimlser of
lipdid-harsed formulacions om the market & il limiced, To cincument
thir problems asockaied with wncommrolied polymorphic fonms of
Mplds during processing a refatively new approach has been
imtrodwced for the manufactoning of bped-based dosage forms —
solid Bpid exirusion. In this process, powdered ghyoendes ae mixed

¥ Camrespasding snher
E-mit] acdders bl ietosid e ducisciiam e (P, Keremaios]

MBS0 - s Frore maner © 30E Flwvier BY. A1l nghis ressred
b 1 G| o PG

wiih the APl and exiruded below e meliing poani of the lipid o
avond malling of the whole matrin matenal [19-170 The process
conditions can be selecied so that the mosd stable Toem i3 exclusively
s aireed] ) Dt chonsia e Formm weilli The resalt Being stoeage stability and
repraducible desolution profibes, Studies have Biem perTormid (m
using pure moseadil righceraes o provide stable desage Forers but
the exbrudates wene restricted oo sustaned release of the AP | EE|. To
breaden the range of dissclation possibilivies from solid lged
entrudates partial glycerides and mintures of mghyoerides with partial
ghyrerides have been irvest gated. Unfortunatehy, such mibed matrices
suffer from evieractions betvseen the different ghycerides resdting in
unconirolled pohsmarphee transitions folkeaed by a decreased release
rate of the AR [ 19

In this udy, 3 monoacid trighsoende vas extruded inoombination
with the hydrophilic pokmer polaethylens ghyodd in onder to obiain
Taik-made dissobtion profiles by dilferent miging cation of (he
matrix materials, Far the Tormulation of pharmacsaical selid dosage
Tarms polyethylens ghnl B used as a maoix for conbmllad release
and a5 2 tablet hinder and coating agent |20) In s34nian, palyethylens
ghvrnl has also been used in small quantities as a poce former and
release modifier |21-23] I general, the formulation of dosage forms
with polyetirlene glyool involves melding of the polymer and
resolidification with an &Pl [34] Unfortemately, this appeoach can
lead o unprediciable degeneration of the polymer | 25]. In this study a
high molecular weighi polyethylens glpool [mean molecular wesght
AW0D0 wias usesd. The solid -state behavioor of the staming povedernsd
maseriaks amd resplting exirudse wins imaesliganed with a coenlbiea-
tio &f diferentiall soanning cakon vty anid X-ay pireder dilfracnion,
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as contmolling the solid-stae hebaviour i crocial for predicable
rebease of che drug. Dissaluton resieg was performed in & Basker
apparatus and the results were correlated o the resulis obained by
surface analysis comprising contact angle meassements and scan-
mning electron macroscopy. The storape stability was bested im
accelerated conditions. In addimion, the vapour sorpbon behaviour of
the extrudates was investigaied with Karl Fescher erimetry amd
maoEture sorption analysis

& Materiah and metbods
LI Mansiak

Tripalmitin (Dymasan 186" a monnacd mrighrende, was used in
powdensd form as receved fom Sasol (Wieen, Germany). Poly-
ethylene giyool with a mean molecular weighe of 10,000 was provided
oy Clariant [Waaksijk, The Netberlands] and vwas in powdered form
{Polyghkol 10000 P*L The powdered model drug theopbylline
anhydrate was prodeced by BASF [ Lodwsigshafen, Germany]. For
companson, theophylline monohydrate woe recrystallized Fom
Thesapldnglline anfgdrate that had been dessolved m purfied waler,
Al ervanal B werne veriliid wiisg X-ray powader dilleaction.

2.2, Mirthads

F21 Ewiresion

The posedered matrix materials (rripaimicin, polyechpiens glyool)
wene rombined with the model drog theophyiline andydrabe ina 121
{w'w bio of matrx materials to drug. The matno corsssted either of
ome pure matrix component or 4 misture of both excipients in the
following ratios: 5+5 644, 7+3, 8+2 941 and 95405
{ripalrtin polyetindene ghaood (vwiw) ) The poveders were mixed
i 4 Latieabay iiiser (LM 30 Bolile, Ensagedloh, Germdy ] 88 25
for E5 min, The mised powsders weie flled inme the dosing device
KTR0E-Tron Sader, Lenehard, Switzerland | which gravimerically Tind
the poswder into the harrel of 3 co-rotatisg Dwin-scoew extruder
IMikro ITCL-ZBO, Leistricz, Mbrnberg, Germany ). Extnesion
was performed with a sorew speed of 30 rpm and a feeding rate of
41 min ~ ", The mass was forced through a die plage equipped with 23
holes exbabiting 1 mm diameier and 25 mm lengih. The processing
iemperature was 55 °C

J2.2 Dffereniml soaiming caformetoy (5C)

Thermograms were recorded with 2 IS0 B2ie calammeter
{Meter-Tolodo, GieBen, Germasy ], The samgles (approsimsanely
5 i) were weighed inte bermetically sealed 80 g aluminium gans,
Each expevimenr was conducred mwice using a heacing rare of
10 "Cmin~ ' within & pemperature range of 20-300

223 Xeray powder diffraction [XRFD)

Experiments were perinrmed with the use of a theta-theta X-ray
powder diffraciometer (D8 Advance, Braker AXS CmbH. Karlsnbse,
Germany]. Symmetrical refeciion mode with Cuko radistion
(=154 A] with Gobel mirror bent muoftiliyer optics was used =
the angular range of 5-40° (30 The shep side was 005" (2% adl the
ineasuring Timae was ol 1 5 per stiep, The samphes veere compressed inng
thi samysde halkder (o previde a smoath surlace, Each experiment was
canducted in wiplicanm

F 24 Diseafunnn

Dissolution experiments were performed i a basket apparatus
|Sotax ATT smart. Sotam, Lorrach, Cermany) in accordamce with
Wiethod 1 in the USP 29, The extriddates were mut 0o a unifioomn
lemgth of 1 cm. Each vwessel contaened 140 mg =ample. The
dizsalution medium consisted of 400 ml puaifed water contaming
QN E polysorbate 200 Dissoluton lesieg was peafonmed with a

conslant sering speed of 30 o and & esgeratuee of 37 05 °C &
LWV-Vis specmometer |Lambada 400, Perkin-Elmer, Bod gau-Jusgesheing,
Cermany ) 'wis Used 0o measne samphes in 4 continuois Sov-through
ruveite at L5 min infervak. Each experiment was conducied in
triplicate. The desolution turve was drawn based on the cakoulated
mean of the comceniration af each time poant. The standard
deviation at each time point was abwnrs beloey 4% for all extrudate
Composions,

225, Sromge

Sanrage expeviments were perfoemed o 12 months in acorerated
climatic conditions [40°C/75 ERH) using a climane chamber [KBF 240,
Binder, Tuclingen, Germany]. The samples wene in sered im0 open
Petri diches,

2215 Soonnieg efectron microsoopy [SEM)

For these sxpermments a scannimg electron microscope [Leo
14305F, Leo Elekirom Mhicroscopy, Cambridge, UKD was used with a
waorking wollage of 30 KV, Samples were altacked o alusmrmuom stubs
wilh the help of double-sided carbon tape. Spatter-coating was
performed wich gokl G 150 5 (Agar Manuad Spoiner Coaler B7H0,
Agar Sciinlific, Sasssed, LIK],

237, ConnarT enght medsrenmes

An optical contact aegle meter (Dmop shape analysis sysiem
AT, Krilss, Hamburg, Germany) with the assocated softaane
[Orop shape analysis 5841 v 190, Hambarg. Cermany ) was used o
detemime the contact angles of the samples. Each experiment was
performed eight trmes by placing a 05l dropof distilled wister on the
exbnadate suifice and caloslating Bhe mean resuli.

J2E Kol Fschr pierimotsy

Thie waner conbent af thee eximudanes was senified wsieg 2 Karl
Fischer ritrator [ DL 18, Mectler-Foledo GmbH, Gleges, Germany). The
medium consisted of Hydranal®=methaned dry and  Hydranal™-
lormasmide dry combemed in egual parrs. Hydranal™-composite 5
was used 45 a one-ompanent reagent Calibration was performed
with Hydranal® water standard. The mean of three mezssrements
was taken

229 Mpafwry soipidon oy

& dynames vapor sorplion analyger 5P5 11 [(Projekl Messteckmik,
Ll Germanry] was usid Do s The samples 1o a spegific climse in
contllind sevnpeiarine asd Bamiding Approsimacely 1500 mg of the
sarnple was veerghed inoo aluminium cups and the sample weight was
maniconed at certain timee niervals dureng e measuremeni=s.
Measurements were periormed in duplicale & room emperange in
i humidiey range berwesn I Jnd 06

1. Results and disoassion
A1 Extrusien and solid-stote cherpoierization of prwders amd etnndoles

AL Trpstminin

As already staved in a previess paper iripamain prosides 2 good
MmatTix meterial S the manufacnsing of solid lipd exirudaes | 18] A
& processing eemperature of 55 °C exudates mould be
which consier completely of the stable f-lorm ol the lipid providing
long-term stability of the dosage form and predictable dissolmion
characteristics. Both the lipid and drug remained crystalline and no
interaction could be observed. The extrudates exhibiied 2 good
extemal appearance with a smooth and homegenous surface
structure (Fig. 1a). Based on these observatmons | 12] trpalmitin was
chasen as the lipid malriz componesd Tor the present study,
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Polyethylene ghpcnl with a mean moleosar welghr of 10000 was
imvestigased with Tespect to iEs suitabiling s a matnm marenial for
exirusion below its melting point of 62 °C |26). Extruskon was
performed ot a processing temperacune of 55 °C SEM analysis revealed
that the exirudate surfaces weere rough (Fig 150 Solic-srake analysis
was periormed on the powders and exirudaies as 1 stable solid-staie
structure is necessany 10 obtam meliable and controllable efease
profifes from these kinds of dosage ooms. The esulis o depicied in
Fig. 2. Thermal anakwsis [P, 2a) revealed that polyethylene gl
remaingd in i sable erpdalling foermation doreg extsusion as the
melting endorherms depicr, There was noe evidenoe of any solid-srane
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changes The powderal submtance exhihinsd & melting endaahiom
wich an coset ol G " wheneas thoee For dhe exmrudates were ar b3 "C
The melneg pealr of the extredare is sightly shificd m kigher
temiperacures and sxhibdted a broader shape as polyethylene glyoal
has a racher poor thermal conductivity and the oylindric extrudae
melted dosver thar the respectwve prader, Comparenn of the sham
melting endothenn of theoptylline anhydrate poveder {onset 371 °C)
and the Matier melbrg endotherm of the model drug in e extrud ste
femel 2 T revealad that during the measuremenis theoghylline
anhwdrate partially dessolved into the molen palyethydene ghool [27].
Besulis o BRPFO rmeasprements reinlorce (Bar polyeibylens alponl
possessid & crysialling SIructune afer exmusion indicaed by the
peaks at WL W) and .37 UL The theaphdline aalgdrace KRITD
measurements werificd that the naodel dieg alse exhibied an
wnchaeged crystalling form i e estrudae. The most sgnificant
peaks can be fommd at 717 (26 and 12067 (28], respectively

T4 Metures of impaimihn osd polyetkslens gheool

Towbiain avwide ravege of di e rent dissobetion proiies mine] mairices
of inpalmiin and pohetndene ghaool m varioe ratios were produced.
lmatia Iy rmiwtres of Toth, sybatanc e ywere estroded o 55 "C oty ratios
| inipalEREn poketiylene gl 041 and 54+ 5w Wil dri B
wrvesnigale pocsilde inlerections, The thermal analyses el e
diepicied in Fig, 32 As the melting evdothenys of the pune sulsLanoes
can be found ar quire sivdar mmpesanes (oripalmicin onse 64 °C,
polvetidens ghyool oneet £1 C), the mived extrudanes e hibic only one
medting endotherm {onset 64 “C) mespective of mining ratin. Physical
powveder misitures of Both ranos were produced and heated in 5 U stops
from 25 5 1065 °C i the Koy dilliaciomeies with a diffracingran being
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taken at sach temperamine step. As the diffacmgrass for the 3+ 1
[FAE.3b)and the S + Smixgure | Fig 3¢ depict, boch substanoes remain in
the same orvstal structures efore meliing at 65 “C [ inchcated by an
amrphous Tealks' L

I & sepond step esirudates were produced contuming S04
treophylline anhydreée and 5304 matriz composed of different ratios
[wdi' ] o i amd podbret bl ne ghyool, The amount of polye byl
Ehecod i e mars (euchederg drag] s vared from 55 up o 50E
[wi ) Exlisdidics with acceplalle exisnial dpgrariige wie
ohtwaned for each mixing rang, Thenmal analysis and XEAD analysis
were peamnsd on the rasnclares, A% already seen for che earmaclates
withaur drug, one meloing endochermn was obtaned for the mamix
[nnset 64 C] (Fig. 4a), The dnsg peak was sivangly infuenced by the
amouni of polvellylens ghyool presemi. A higher proporton of
polyeihylene ghrool in the matrix fed to a less defined and Aatter
drug mel g, emclot herma The diffracogeams (Fig. dh) of the diffepens
estrdates indicate the crvstalline stnocture of theophy line anbyd rate
regandles of B malnix composilmn {pesks al 17 and 1268°L In
corlusion, produces esiinlales ooilahning Killeoa diie of e
MaTris mmaneriale polye iylem? gheool ard cripalmicin kad oo physically
frabke & madates, which provadss the Base I isprodicible el s
characrerterics of drugs.

3.2 Dyssesliriion Jiom estrsded saince

Missalutinn tesring v performed For 34 hosss wsirg o hasket
spcaranes confnamasg to the LSP 20, Fig 5 depicss the dissohaion
rurves Inr the pasre macrices ol bipalmitio and polyethylene gisoal as
well as the misesd mairices (o dilferent rabes. Pure iripalmdtin
manrices exbibir the slowess release of the drug. The dissalution is
purety diffusion ontrolled. and the drug & relsased via a pore
netveork formed by the released drug particles |22 | The release of the
drug particles 12 limiked in the inert mabns. I8 hkely that some dug
pariiches are completely surmounded by Ead and bence no releass is
ol an Chese casies AL Uhe other exbreme. pume polyetiodene ghcol
malrices release fhe drug ey pamd by dissolang completely.
Compete drug release i poodide w8h this marmis compoesicgn,
Taikor-made dzzolurios profles could be mealized with the mixed
matrices By sanging thi amount of polyerhylene glyosd the release of
teapimydline anhydrate could he conbmlled over 3 broad dissohaion
profile range. The dissalution medicm penetrates inno the matris and
drug i wwell as polyethyl ene phycol dissalve. These processes kead toa
parcus metwnurk in wiach. depending on the amount of polyetfylene
ghol, pores of different swes are furmed Even the addition of small
ammoepts of polyetindens glveol o the tripalenitin mabris resalts ina
sipnificant increase of the melease of the dreg o= observed in Fig 5
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SEM images were recorded of the exrnadane serfaces belone and
alter dissolution vesring. Some of these Images are deploied io Fig &
Belore cissoluiion testing the surfaces are intact without pores, The
comnparizon of the different matre commpositioss pore frpalmetin
(Fig. @), tripalmiting pobethylene glycol {9+ 1 wiw) [Pz o] and
tripafiemiie ) polyethyiene gyl (945 wiw] [P Ge) depicts that
the presence of pobetbylens glyool leads o sousither surfses
compared g0 the poume bipid métris. The pore tripalnilin matis
(Fig Ga) srays antact ader dissolutiom resring, and anly small pores
can he found ar these positions where dneg pamicles had besn
Wecated [Fig BhL The @41 {w'w] mixnane matris exhibits a sirlae
that is similar 1o that of the puse lipid extiudate belore Sssolution
{Flg Bc). Alter dissolurion cesting some higger pores can be denecred
{Fig. Gd) as the drug and polyethylene glyonl are simultanecoshy
released. The 5+ 5% (wi'w) mixture shows a differing ouber
appearamce as the surface 15 smocther (Feg Gel Afier relcase of
the druy lage poees can be [oaesd all over the sarface, where Lhe
drug as well ai the paketbylene glecol have bees released (Fe 6
lewaing 4 highly poroos fripalmitin metre. A dense netwark of pones
Bail Begs fofmed during the dissalilion greoes,

A5 ayrlede characiemaics and espicially veetling behaviour are
o tant for the dissolution behaviowr of 4 dosage Tonm, contacl
angke MEasuUrSEen s were condiacind on i different eimnedares. The
reauhts are depicned in Fig, 7 Pure triga imitin esiridanes poseess poor
weitahility Joontact amgle 115" due o the hypdrephobiciy of the lpid
mcdecules [29]. The wettability increased linearty I.Il:2 = (19912} Brom
the 9.5+ 05 |w'w) mixture with increasng polvethylene glyool in
the mainx, whick contritabes to the increasesd derug dissohdion raies

4. Scarage stabilry

Stability iesting was performed on the exirudates with opesn
storage im acockerated comcwions (A0 U §5 1HH] Tor one year. 0S80
measmements were performed bodetenrine the solid-stale strociure

Ry & TFM Grages of sinalies bebie a6l dier dhssahinin (&) mipafimdiin belee
theszion. [ B Ingareibn aller decsbitan (o) npabreiis, pelpciadere dpod (806 1
wi'we| belorw dnmiution, (d) irpabreie' polpsglere ghoal 041 miw) aker
dssahmon f] ropdnkic polwsingiens ghand (F+ 5 wiow] before dimdarion el
1) erspad miin i pod e ne givoal |5 - 5w ) et EEsolimen,

1054

105
-

t
=
5 q“-\.\“

a5

Bl WA

0 woo=m w4
Amount of PED in thie matrix /%

Fig. T Corwass angle mmeaarsmeTes o somudsie sarlees

ol the corponents The data o Pz 8a suggests gach of the substances
emaing in iy cfable coptalme orm ower leme. Even though
pokeehiviine dkcal is & adophilic polvener the e radang pemainad
slable during che stability eAing To inweshgale the inEractions
etz wallet Vaponsr aned The esrudaes duning storge Kl Fischei
ticrienecry was perfonmed Belong and after simrage fof one year Both
the pure tripalmecin sxrnafares 2 the i palmitios polyethylens
sivenl 8+ 1 fw /v ] miiure exbredaies congained bess than 0% waier
before and after storage. The tripalmsting polyethdene glyenl 5+ 5
[w'w] mixiure contained less than B1E waber befove storme. and
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aler shorage 1he warer content increased o UBE The pure
podverhidens ghvod exenedare possessed an infidal saer content of
CLITE which increased so 1LETE after storage. Bn concdusion, a8 different
batches were found o be very stable in accelerated condiboes over
O WA

In addition, vapour sorpiion analysis was performed with a
dhmamic vapor sorption analyzer which exposed the samples o a
specfic dmale. Mewsamemends were performed Jf reom emperaiure
in a hunadsty range between 0F and B The resulls were in good
agrieesrent wilh these obtained by Kard Fischer tirimetry (Fig 8b).

4. Conclusion

Tallor-made dissolution profiles were obtained from maninces
corststing of differesd ratios of Erglycenide amd the hypdrophalic
podymer polvethylene phoed produced by extrsson below the melting
jpeanls of Ehe dobatances, 'With thete dosage Foroe the advanbage: of
Napeach-toariaerl Foremularions Can b combned with Tasper drug dissoli-
ton snge e additions reélease of polweidylens ghool duning
dissplution leads 10 4 mdre edensive pore etwoerk, Laclgacing
release ol e dneg, Solid-mase analysis reveals that e mixnsre
components exhibit neither physical interactions nor palymorphic
transitiors during processing amd storage. These kinds of extrudates
provide a smzable bags for stable oral dosa ge fommes with desirable and
reproducible release profiles.
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9.5. Article 5: Influence of structural variations on drug
release from lipid/polyethylene glycol matrices
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[HiMernt comslrnatmns of moooacid irighvendem and pobpeifylens ghool preadirs of didfferent malec-
wlar weights were succesalully extruded Below thiss seling femperabeeey a8 & basis Tor oral dosage
fiorms. The incorporated polyettydens ghyeol exhibiting differers mean meleoslar weights were com-
pearesd wich respect o their effect on the dissolution rate for a mogdel drug. and a mean molecular veeight
ool 0L DR e s The nas 1 o N GO L L ha rac e Sucs: (S mest dissokarion L Tii ghsoerbdes wi o Grser-

ent By acid chain lengrhs provid ed addicionad apions for the snsion iespercure which is beneficial
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e LT alae e sensilivg dctive pharssesutica ingradissts. To ebits stable extnodanes with disirabie
and nisproducibibe dissslution charactenstios a geod wadentanding of the wsdeslying proceises dunng

processang ansd siorage = mandatory,

0 200 Elsevier BV, Al riphis reserved.

1. Inirodwction

In the comrse af investgating new groups of excipients & 4
basis Tor oral dosage forms lipids have recently genecsed sub-
stantial imterest (Prabhu e al, 3005 Porier and Charman, 200 ;
Lia et al,, 3001 ; Humbserstone and Chanman, 1997: Qi e al, 2008,
L pesd-hased dosags Tormes imclude salid dispersions [Chauhan & al.,
2005] and solid lipld nanoparcicles (Bunjes et al, 1996, Mehnert
ared Meder, 2001) which involve the meding of the lipdcl Solid
lipid extrusion, in which the solid stnacture of the lipid is main-
tained, has been showm to be a suitable manufaciunng process bo
oitain dosape forms with reproducible and stable disscduison pro-
files (Wimdbergs et al, 2000y; Bretkreoiz et al. 5003; Pinto and
Silwerio, 2001; Michalk et al. 2008: feitz and Kleinebudde, 2007
lIn Chis proess, e posscbered ligid is mixed with the scise plar-
madeubical ingredient and the poveder misiure i5 esiroded below
tha iesning i of the lipsd weith the oryseal Sormoof che lipad
bedng retained, The process condetions can be adjusted to the meli-
ing empersture of a specifc lipld soothar different lipids can be
used for the process. As lipids are a rather versatile and diverse
groupal subistances, 3 broad rarge of sxtroded matrix compasitions

* Corespoading o rher, Tel - =48 310 811 4330 fac =10 310 R4S
E-viil adveis. bbb udd el i-dueseonlde [F K imhadde

FIIN-MEE 7§ ~ e Trored rmustier i STR00 Chirvier LY. Al mghis meseed
dhod; 0| pjps. HERLALTIE

15 possahle. Solid lipsd extrusion expenments have already been
performed on pare monoacd nglycerides weth different dhaim
lengths (Wendbergs et al., 20006 The cembimation ol exfruson
Berpperatung and [ricticn mside e exiroder wis demlified a5 a
bty Factow fiowr thee podymanphic Behuavious of the glycerides during
processing and storage. & then molten lipd layer on the surlace
al the extnsdate i always obtained dusring extnasion due o the
eflect of temperamine and Irioticse This Laver directly resolidifies
affter leaving the die plabe. When the extrusion temperature does
not exceed the melting points of any unstable pelymarphic feem
during extrusion the thin liped kayer on the surface of the extru-
date recrystalbzes im the unstsble o-form of the lipid. Rapidb,
transformation o the stable B-Torm takes place whech appears
in the form ol Gne needles covering the surface of the extrudale.
Hence, the welling af this extrodate @ impeded and hevelooe
v oliain decreased dissolulion rafes, Wihen Che tempersume of
thr arruder is adjusted acconding 1o these findings only 1he sta-
hili H.-I'ﬂ.l‘m aof he |ipdd is obcaned on the excrudane surface amd
palymerphic sransfomations can be avoeded (WindBergs er al,
20054 1. Furthenmare, the chain length veas Tourd fo have a signid-
icant influence on the releass rate of the drig. The release profile
could be varied by selecing the appropriabe bipid, but the release
was always rather slowe To extend the range of dissodution pos-
sibilsties, mixed matrices of a nglyceride ard 3 partial ghgceride
were produoced [Winkdbergs o al.. 20086]. Unfortunately, some of
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those formulaisons were accompanied by interactions between
the tveo excapients keading to undesirable polymorphic transriions
influencmg, the release of ibhe actrve pharmaceutscal ingredient
(AP The palymorping behavsour of these mixbupes i3 o fom-
ek to apprebend and comirol duse 1 Che dilferent palyrmorphic
narures of mons-, di- and triglycerides, & pohsethvlense ghoal
has already sscessfully Deen used 35 3 pore Sormer in concralbsg
refease dosage foems (Cleck of al, F9197; Herrmanm e al., 2007a)]
a furcher approach invalved combining erighoerede and polyethy-
lene glyeod with 2 mean molecular weight of WD00Windbergs e
al, 200Ec). Despive the fact that polyethylene ghyool can undergo
polymearphic changes this could not be ohserved for those for-
malations (Craig, 19951 By varying the propostions of the tweo
excipients. tailor-made dissolution profiles could be obtained. in
skdition, those formualations were physically stable m scoelerabesd
cuelilsons,

I this stesly, tripalmitin, & monoacd righpoeride, was exonaded
bl i0s mneliing poeint in combination wich 105 polyethylene
ghyeal af diffsrent mean moleosar weight: s che range of
100000 7,000 O0HF dn ordker 1o Insestigane the infoence of molic-
ular wesght of the hydrophilic palemer on the drug dissobition
behawvicar, In addition, three monoacid trighcerides of different
fatty acki chain lengths were extnsded with W2 polyethylens
ghycol with a mean malecular weight of #0000 bo wary the formmu-
|lation for these matrices. The extrusson temperabare was waried
in these cases doe to the diferent requrernents aof the dhosen
lipids, Foar the Formalagion of desage farms based on substindes
such a3 lipsh which vend o Torm different poliymaorphic Toems
during processing and sioeage caeful monitoring of the aolil-
slare behanisir is mandarory e abiaia relishbe i meprodieible
dosage forms, a5 solid-stane changes of the components might
thange desirable characteristics of the dosage formy especially
dissolution behaviour {Choy et al., 2005; Khan and Craig, 2004).
In ifiis shwcdy, the solid-state behaviour of powders and extru-
dates was investigated using a combanagion of differential scanming
calorimetry amd X-ray poscler dilfraction. Dissoduison testing was
performed with a basket apparatus following the USF 29 method
1. The dissolution profiles were comelated 1o fhe resuls ol sobil-
sLabe analysis, The =tabilicy of (he extrodabes was Desbed oer
fame e room condilicens and acceleraced] condlitions (400 C75%
RHL In addition, moisiung sorprion analysis cEperiments were
performed [ ineestigate the vapour sorption behaviour of the
Earrudars

2. Materials and methaods
21 Materiak

Three monoacid frighserdes in povwdered Form were used a3
reveraed: Crilmurin (Dymasan 112% ], cripalmitin Dynasan 186%) amd
uristearin (Dyrasan 118% ) Each of these subrstances was produged
Iy Sasal [Wirten, Germany)l The average of ik harckses which
weiere used comtained B85 pure righwendes. The hydrophilic poly-
mer pobyertylens glyood was used in diflerent mean maolecular
weights. Powdered podyeiiplens ghools with 2 mean medecu-
lar weight of 10,000 [Polyghiod 0000 P¥] and with a mean
masderular weight of 30,000 [ Pahyglykol 20000 F*) were provided
by Clarart {Waalwijk, The Metherlamdds L Polyethylene glyools of
mean molealar wesghis 100,000 {Polyo: WEE N10FL, 1,000,000
(Polyus WSRE M1ZK®) and TO00000 (Polyox Wik 303%] were
providhed by Dow Chemacal (Hew Milford, CT. USAL The pow-
derad malel drug theapliylline ankrp@rane was prodduced by BASF
| Lindwigahaten, Carmany'), ATl cryscal Tormss waese werified with X-
ray poradder dilfraction measurements and differencial scanming
calorimetry,

22 Merhody

221, Extrusion

Thee izseci pient = Lrighnoeriches arsd polyetbylene glycol of diffenent
mean molecular wiights) and (Be mudel drog theophyllive anky-
drane veene wisgled in 4 121 racio arsd mized in g Laboranry i
(LK1 20V Bahle, Enngerioh, Germany ) an 25 npm for 15 man, The pos-
der mistsre was gravimerrically led by a desing device [KT20K-Tron
Sodler, Lenzhand, Switzerland) into che barre] of a co-rogating rwin-
screw extruder (Mikro 27CL-ZED, Leisricz, MOmberg, Germany L
The die plate contained 23 holes exhibicing 1 mm diameter and
2.5 mim length. The temperatureof the extruder barrel was adjusted
as described in the individual expersment. & constant screw speed
weas lept at 50 rpm with a fixed Teeding rabe of 40z min .

232 Dilferentinf somaning miprioetny (D50

Therimagrans were reconded using o G0 A e calarimener
[Menler-Tokido, Gieken, Germanyl Hermetically seakd  alu-
miniuen i (40 pl)ossgained waeighed samgdes ol approsimany
SmE Experimends wens conducied ratice with a heating rate ol
10 Crnin-! within a temperature range of 20-300C

223, X-nzy powder diffroction [XRFD)

[firactograms were recorded with a theta-theta ¥-ray pow-
der diffractometer (08 Sdvamce. Bruker & GmbH. Karlsrshe,
Germany] in symmetrical rellection mode with Cuka radiation
[ = 154 A} ard Gibeel mimror bent mwultilager optice The angufar
rampe of 5-40 [28) verd wsed with a step size of 005 [29) aml
Che measuring vime of |5 per step, The samples wene genily com-
pressed bt the saimple holdeis oo obisn a sivsath surlace, Each
cEpEriment was conlued in traplicare,

224 Disscdurion

&ccarding o LSP 29 method 1 dissolaion sxperiments wene
performed im a basket apparatus (Sotax AT7 smart, Sotax, Lbre
rach, Germanyl Extrudates with a daameter of 1 mm were cut
indo cylinders of 1cm length aml weighed inbo the baskets {bofal
1480 e m each basket]l Dissolution testing was performed ina
medium coisaslng of W ml pashed waler containing 0001
[wiiy] polyscabaare 200 The stiring speed woas Repd consiamt M
Giiepam and e emperaiee was 37 4 05 O Thi driug comeentna-
tion im solution was determined at 2.5 mdn Inervals ar 243 mm
with a UV-Wis specorometer [Lamisda 40, Perken-Elmer, Rodgau-
Juegesheim, Germany) and a contimoous flow-through cusetne.
Each experiment was cond ucted in triphicate. The mean for the dis-
solwiion carve was used and the standard deviaion at sach bme
podnt was always below 5

225, Somge

Thee sarvgpbes were slamed i open Petri dishies Tor 12 months in
a climare Chambaer (KBF 2400 Bivder, Tuttlingen, Germaanyg ] an 40 C
and 75X EH,

220 Scowming seciron mirnescaEy (SEM)
bmages were recorded wich a scanning elecironmicrescope [ Leo

1430%F, Leo Elektron Microscopy, Cambridge, L) at & working vl =
age of MV, After attaching the samples to aluminium stubs with
double-sded carbon tape the samples were sputter-coated with
gold for 180s (Agar Manual Sputter Coater B7580, Agar Scienitfic,
Stansted, UKL

227, Conlact anglhe medsuremens

An ogtical concact angle mens [Drop slape analysis system
DA 100, Kirilss, Hamburg, Germany with the associaned soltwane
[ircp shage analysts DSAT v 1,90, Hambsirg, Germary | was used fo
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detenmine ibe romac angles of ihe samples. Each experiment was
performed eight tires by plaong 2 U5 pl drop of distilled water
om the extrudate waface and caloulating the mean rewnli,

228 Laser diffracrion

The particle size of the powders was detenmined with a laser
dilfractomeeter {Helos, EF-Magic, Qawshal-Zellerield, Germany)
using the dry dispersion method. The median and the 908 quantike
were devermined ibree times. The mezan was calculared for each
material

229, Mokture sorprien analyis

The samples were exposed o a specific climate compoesed of
conenallied rern perarure and hambding in a dynanmic vapour sooption
arulg,ln-rm 11 [ Progelr Messcechndk, U, Germamy . The sans-
ple veight was continoously monstored to detect mass changes.
Alumineum cups contaimed the samples of approumadely 1500mg
Measuraments were perfonmed twios at oo lemperature in the
aumsidity ranpe of 0-80T with steps of 10% sach.

X Hisalts and discussion

R Esrrusron ol smedvioes consialing of bpnls and polveihdme
gl

Rakd 04y resious experience, the critical process varlable for
rhar earrislcd of lipld-based marriees s the exmrasion Emperarane
(indbergs eval. 20092 ). All other process varaes were e po con-
stant as described m Section 2. The extrusion iemperature affects
the erystallizacion behaviour of the bpid. Trighoerides exhibic dif-
ferent polyrmarphic formes that are characerzed by specific thermal
stahilities. Therefore. a lipid prodored im0 a metastable pobymor-
phic Farm mighd transform o4 more sSable oo during sSorage.

557

! M

Fig- L SER anagge <1 in eslneals conaming pakninfpobmibylesr gl
M | B+ |, o]

Hence, suitable temperatares for each foernulabion had to be found
Iz mairkain the stable form of the lipd. In addition, a minmmum
requmre et for g succesihal extrusion process ® extrodates with
& gond extereal apgarance providing a homogenons aml smooth
surface (Fig. 1], Thas airn could B rea i Bor cach of Che prepanesd
T vmilatice s, Fan Chie i iishon sCudiss widlvmiituies al Bripalivile
arud peoitya il o] of differens moleoalar waeghis the remger-
ACL ik Alvays ket at 350 which 15 belosa the reported melting
paings of 55 °C for eripalmatin (Hagemann, 1288 ] and 62-66C for
palyethylene ghyool (Craig and Meston, 19691} For the formulas
teons comtaining trilaurin the extrusion remperatuare was adjusoed
o 40 C 2= the melting point of the substance is 46 C | Hapsmann,
19858, For formudatinns contaiming tristeann with a meltmg paint
ol 73 °C [Hagermann, TA88] the meling poicd of polyethyviere ghval
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1T, Sodnd-state chamoferimniton of fripalsitm mobrces
ooaraining podwrcindess givool wank dglEren eaedecular welghhs

Extowsilaties connlaiiping SIE imodbel dyuy theaplofine anliydrste
amd S0 manrdx (ww ) were produced with 2 mamix consisting of
tripalmirin and pobyeislens glyeol [9+ 1, wiw). The mean malec-
ular weight of pelyeitwylene glycol in the formulation was warked
Iromy TG wp oo TOHRIDOL Sodud-state analysis waes perloomed
on the powders and extrodates with & combination of D80 ad
HEPD. The resulis are preseried in Ag. 2. The D50 thermograms
of the poesders [P 2a) depict the melting peaks of the indnichal
yubstanies. Tripalmiiin is represented with the peak af the most
slabde B-Torm fonsel 6ROy [Hagemann, FIEEL The polyethylens
povaders sl & skight shilt of the melting peak o highey lan-
perarires amd peak hroadening with increasirg mean malecilar
vt (naset BVT-R56C) {Craig and Neagon, 1991} The madel
drug theaphylline andwdrare & present wicth a meling peak ac
2711 C[Chen et al, 19571 Fig Zb displays the thermograms of the
eatrudates. Irrsspective of polyetylens ghoal molecular welght
il mairix ks represenced by one combined melting peak with an
anset at about 61 °C for both excpienis as the melting poines of
e indbwidual substances are quibe dloss o each other wisereas the
drug shoras a narmosy melting peak weils the onset of 2009, Mo
interactions or solid-state changes coubd be detecied, The Jiffrac-
Ieerams obtaned by XRPD lfor poswders (Fig 2¢) and exsinslates
(Fig. 2] also do per poovide any svidence of solid-sraee dhasges
Thir significant peaks Tor cheaphyllive can be denected ar 717 and
126 indecatiog that theophwiline remalned in it scabbe crystalline
[[TT{18

23, DMesodeation from exrradod marrices besed on ovpalmicin and
different polyethyfens phyrnls

I inestigate the effectof the molecular weight of polycthylenc
ehvoal on the pelease characteristics of the model disg, dissolation

Feslnasad drag 1%

0 L A il B0 UL e R K L)
Tima § min

Hi 5 Ueosibkilien profles of eisdabes ooalu i img GIVETE sl oSimpailitic
hased on mipaimien amd ol phpeol, EE0E s 1 syw) (mean, e e, S0 1K
T 5 AT L

studies were performed usang a basket apparatus conform o the
method 1 in the USP 29. The resules are depicted im Fig. 2 The
dizsalution curve for extredates contaiming only tripalmatio as
matrix maberial = added for comparison The release im the Litter
case i conimdbed by difusion amd dissoluticn of the drug in the
veiler Gilled pores of the matma The doog is libeeated throagh a
netwank Crealed by prees Toomed by drog panticles swhich Do
already bewn released. In contrast, palyethylene glucol as 2 wane
sl whle polymeer inoreases the disseduean rate of the diig. &8 wane
prenetrabes e the marie polvetndense glecol |5 dissolved as well
a5 the drug leawing higger pores and increasing the pore nebwock
within the matnix {Henmmann et al, 20072 k). The acceleration of
the dizsalution depended an the modecular welght of polyetbylens
ghyenl, Polyettwlens ghool HEI0 leads oo the largest increaze
irn dissolution rate, and all the other polvethylene glyools in the
matrices had approomately the same influence on the dissolubion
rate. The partscle size of the different polyet hylere glycol poveders

P 4. S0V images of cdnadetes coniaiz g enpalm e n ] polyribdene ghaool 10800005+ 1, w' ) @ differeni magaiScaian (oaod o | befone and |baed djafier d o ien
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was chefermimed with laser diffraction. All powdors exbabil the N ||

e of the SO percentile im the range of 300- 500 gpm. Theve- I'l |

Fore, phenomsend depersling an partile sze difTerences could be Ad Tl-lll_’_‘ll“l:'l-rl'-l! e el I

el Seanning #lecimn micreseny was perfenmed with the i

samples Befiore and after dissolumion o inwesigan surface rrans- -E |l|

farmarians, resperrive of mean moleoular waeighn of polyetiylens E I

glyood phe dilferent formusdarions led o the same DULET appe aranos j L T e R

after 24 h of dissolution. As am example, the surface of an exmudare - — = B

cnntzining mpalmicingpalyethybene glyenl 100000 15 depacted in !

Fig. d4a=d. After dizzolution {Fig. 4k and d) the smooth sarface is 1

dusrupbed by pores created by the release of drog and polvethylene | .|

glyeoll As there are o morphologe differences an the surface the I — M |

resulis should depend an the swellimg aml dissolution behaviowar — 'H'-.',"' i L —————

al the palvethylene glynd molegsles in he malria, 10 is Knoam . . : . .

tlsar che veselling of podeethpdens ghoal & a phenomseesen ahich L1} R[1] 100 2m 250 i ]

chepeerels o0 The mslevular woight as higher modevular vweeghis Temperatars |

rend o gl imare Bul mose slowly than lovwer moleoskan weaghts

{Aploeita et al, 1993; Maggi ot al, 2001). In addinlon, the bigger o

minlenskes dissolee more siowhy. Based on chese assumptions,

the similar drug dissolution behaviowr for all moleoslar wesghis

of polvethyiene ghyeol cocept 10,000 @ anexpected and rograines

further explaration. in addition, contact angle measurements

were performed fo investigate the wetting abalitees of the differsnt

extrmlate worlaces belore dissolution. The results are depicted in 5 | i i wM AL

Fijg. 5. The comlact amghe is increazing with increasing mean molec- B e e et e et o

ular weight of the polyetbylens ghicol in the matrix, Thenefire, - i Wt s

churing dissalubion tesling il exinelages codainiog polye iyleos st L 4 k R e L P R

dyced 10N provide che besr conract surface Tor the dissolugisn Tistwes prrudes BN Fasohylien

i, B ._.-j._ | I A _M_..".-"'x_-'u_. e A

! | | Trimsr R 0 s S aopiyliee

FA. Solid-snane characreriatinn o mareoes comiaining diine | i A ,:l,"l.__ﬂq_.,

tvighyriidis ol padyethpives ghrol 10000 [ e e T

5 10 W 2 = 10

In addirinn oo the combination of tripalmizin and palyechylens
glyrod BO000 (5= 1, ww], ilaunn as a moncacid iriglyceride with
shorter facty acids and tristearin 25 a monoacid tnglyceride with
longer fatty acids were extruded with polyethylene glycol 10000
(5 I, wiw] Eachi of the formulations consisted of 50% mainx and
Srp AM (welw L Solbd-stabe analy=as was performed on the exins-
clates with DSC and ¥EPDL The resulty are depocted in P 6 The
Ol thermodrams sogeesl (hat the ceenbived mstrix ealaining
Arilaurin amd polystlylene glypool W00 el B wa stable systam
[ Fig G ) P coomsari soum alsa e TP riveramys ol the pure msrices
sweth APl ane depicted. The mised mare excrudate exhibies thive

Angle 5201

Fig- B " al haaimrmaiion of eninsdaies |&) DAC herrmsgarms of eeindales
comniairing rilasnn (W) DEC thermmogrars of rdrecstes coaizirvirg maieane ard
(] KEPD podiorns of meorudases coniainbeg tri ke nand triseain

prak= ome o each component. Trilaurin is represented By iis melc-
ing enclotherm wilh Ehe ansct a1 43.5 O indscatmi Lhe most stable
Br-Towns ol gl ligs] [Hagemsann, 196880 Polyethylene ghoal P00
s 3 simall peak {enser 386 C) duse po the cmall quantivy wreed
in e Frridane (Craig and Mewean, 19811 The AP seaphy@ine
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amhyalraie can be sdenisfied by s meliing endodhe rm ssib en onsst i = —_—
an FY C (Chen et al. 1997 The different shape of the peak | Tl T =
the different matrices s doe in the theophylline anbypdrate being | -4 'i.;:'.h'ﬁa.lm e
alde to partly dissodve in Che molten polvethylene glyosl during Ll g i e e
1 messurement. o conclusion. the combiration of trlauris aesd ) o T e
prol et iy b gyl 10RO Lol ar a slalele extrnmlale as (e was no r T Ie—
etderen of any ol e subatances changing their crystal sSeroctures Lo P e . TOR—
during rorusm, wiich i the Basis for a oepeodiscible s seliable -

d i sscdurhan by,

The resules ol the thermal analysis of the combination of
iristeanin aoel polyethylene glypod are depicted in Ag. &b, For
coTipanon the thermograms of the pure matrix estrudates with
A are al=a represented. The extroson was performed at 85°C
which was the high=1 temperatare at which pahvethylens gheal
could be extruded without melting. Tristearin exhibited polymor-
phic dransitivs at thas extrusion tempecaivee, which s consestent
with privicas sy on dristearinn and theophylline eximsdanes
{eindbsrrgs of al,, 200Ra L Dhepend@ng on the eximasian Dmgera-
Teire & mikning of - and B-forms [edrrusion temperagiae 55000
ar the puire desitabie f-Torm (eximesion remperature 65 0 of the
lipid can be slaned in il exinodae. The ibsnagnain of the
[ILICE brisieamn matriy |excrasion performed at 55 L) rootains three
thermal evenits for the lipid and the meltng endotherm of the drug
(ooser 2711 'CL The metastable m=forrmn of the lipid can be fouesd
2% 3 mekirg endotherm [onset 520 CL The molten part of the
sample recrysiallizes o the metastable | -form during the mea-
surement wisshle through fs recrvdallization exotherm ol {onset
SRG O {Hage mann. 19853 The sdable [B-Torm is mmdicabed by the
melring endorerem @i am ot 30 BT O, The cornbined macris
alsihirs the Tedloawimg Dhenmal #enis: melting endoCherm (ot
52,3 0 al the wwistieario a-Fanm, recrystallizaion exsobworm of the
tristearin B - form fonser 58 °C)and mefring endoche rm of the stable
tristeanin [J-form (onset 7005 C). The AP theopdyilne anhydraze
Is represenned by ios melting ercoiberm (onset 271.2 °C) [Chen et
al, 159457 L. RHFD expenments were perfonmed an e extrudabes bo
investigate the crystal stocture. The diffractograms are depicoed
in P Ge. Theophylline anbodrate remains in ibs stable ooystal fomm
in each Formulation indcated by the sigrdficant peaks at 707 amd
1ER,

o T T L s T ¥
[ v=) Boo B 1300 1380 140

Tidvad i fun

HE T Dusshilian profike of sdraddles el on @lfeiend ighdee dnd
pkgwibrirne ghend, PEC BHE (e 1wy Dmearn, o= e 46w e L

15 Wesnlutinn from exdraded matrices hosad on diferent
prtglvceridhey aned palvetiedkene plves! ROO00

Dassgilution testing was performed on Dw exioodates (o mes-
rigare the effect of the chain lengeh of the different messacid
reigheerickes on Che dissalurion behayvioos, R @nmguism alin
thie curve ol wripabmicing polyethylens ghaeol 10000 miced marrices
recorded for a previous stody{ Windbergs et al, 20080 |5 dis plape.
Rl gace ol the dinug from pare wighaenide inatrices i purely dil-
fusion controdled, as the matrx says intact. The release e is
dependane on the chain kength of che fatty ackds =xerified with
the glycerol moleoals. The lomger they are the slowser is the releass
of the drug (Fg 7. The contact angle of the extmsdase surfaces
i increasivg with increasing chain length of the lipid lesding o
decreised wollivg ability and hence decreased dissolulon rates,
Fxtmilales enaatainieg Irilairin eakibited 4 codact argle ol B8,
valhille ey inElages congaining ripalimitin passessed 4 Concat angle
af MHF sl cxtridares cantaliving trisecarin bad a concsr angle af

A0 jm

P 5. 500 images of cdnadedes coniais g grnirannipclesitylese gl ] 10000 {86 1, whee | ond dBereai sy fcaiiom (s aed ¢ befory and b and dj afier disclziion
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Wi 8. Vapour oepiian anabpss of differsn raredabe

1=, Fareach dilferent imlsceride, the dissoluticn bel o the
pure Fipld mari= and che miaed magrix led co b conclasion char
palyethylene ghoal could acoekerate the dissolistion in each case,
Thee surlace of Uhe dilFerent mised eatrudales was investi gated witls
SEKL Fig. Ba-d depicts the surface of cristsarinpolysthylene glyrod
extrisdates befone and afver dissolution. Mo general differenceswere
eyident in & comparison of the images takenof che miked exirudace
surfaces with different teglycerides [data not shown . The surface
of the exinslate before dissolution is bomuogenous amd relatively
smuoath. Alber dizsoluton pores can be [oursd at those places whipe
dhrmg or pelyelbgdene ghval was previously located

0. Vapour sorpricd analyss

To inyestegate the mierachons between the ewtrudates and
weater vapar the samples were exposed (o a2 specfic climate As
palvethylene glycol i & relatively hydroplatic polynser this 15 an
mmportant point o sddress with regand to sbarage stabiligty. Exper-
fmenes were parfermned oo earudaes confaliving diTeren ropes
of polyctlylene glyeal in the melatiee hamiding ranges of 0-500%
T residis are depictsdd In Fig. 9. A correlason beraden che msass
ingreass ol the omnidare and the mean melecular weight of e
polyethylens ghacal in the sample can be ectabllshed. Increasiog
the moleculzr welght of the polyermviens ghycol in the formalazion
beads to a brwer mass inorease of the sample and benoe smaller
mmteraction with water vapour. A sobstantial mass morease is only
oiwerved for a BH of 90,

4 Concdlusson

Dilfere nr caamibmarions al moscackd crighornides and polaethy-
lever gyl paneadliens af dBlerent moleoulis weights wirs sdokis-
fully exonacied below cheir meling emperanines &5 4 hasis for
promising nral dosage lorma. Variatan of the mean molecular
welght of polyetiylene glyool showed that each of these polymeTs
was ahle 1o accelerate the dessolution rate but & mean moleos
lar weight of 10000 had the best effect. The higher molecular
weights ranging from 20,000 o 7000000 had a less promounced
effect and were similar among Ehemselves. Therelore. the addifion
of pulyethylene glycol with & mean molecular weighd exceeding
N0 proyides no additbonal advantage. The wariatioo of Che By
aciel chaen length in the lipsd coonpomsend of the extrodabe hroad-

erwd Tl range off poscible processing remperatures. and 0 e
cacse af prilawdin the #arrusing pemperanie of 40T was suicahle

which & advaniagesas fur temperaiure sensiiive AR Incase of
Im=tearmmn the extrusion emperabure could mof be increased (o the
suitable bemperature at which this liped remairs s most stabde [§-
T a8 podyelibnlene gyodd melecl, Therefone, lipil pEelymorphic
Iranstiors ocourred wehich can Bave s pronounced efTec om ke dis-
sulution claracieristics amd are wimonlroflale, The resolls of s
soaRly el s gain adeepsr undersraseding of rhe variables that may
inifienee doag dicedirion behaviaur From these cral desage Fame,

Sxich krradedae binadens che poteraial applications of solid |1pid
earrudates throcgh the ahilicy o provide cadlor-mads dissobanon

profiles.
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9.6. Article 6: Investigating the relationship between drug
distribution in solid lipid matrices and dissolution
behaviour using Raman spectroscopy and mapping
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ABSTRACT

In this study, in situ and mapping Raman spectroscopy measurements were used to
investigate the physical structure of solid lipid extrudates and relate the structure to
dissolution behaviour. Theophylline anhydrate was extruded with tripalmitin, with and
without the water soluble polymer, polyethylene glycol 10000. Raman mapping of the
extrudate cores revealed that drug particles of diverse size were dispersed in a
continuous lipid phase with or without polyethylene glycol. At the surface, there was
evidence of more mixing between the components. Previous characterisation by other
methods suggested that the extrudate surface is covered predominantly by lipid, and
the Raman mapping suggested that such a layer is in general less than a few
micrometres thick. Nevertheless, the lipid layer dramatically reduced the drug
dissolution rate. The extrudate cores were also mapped after a period of dissolution
testing, and there was no evidence of a uniformly receding drug boundary in the
extrudates during drug release. /n situ Raman spectroscopy analysis during dissolution
testing revealed that the drug distribution in the extrudate affected the formation of
theophylline monohydrate. However, the drug release rate was primarily determined
directly by drug distribution, with the solid state behaviour of the drug having a

smaller influence.

KEYWORDS
Raman spectroscopy, Raman mapping, extrusion, lipids, dissolution, solid state, solid

lipid extrudates, tripalmitin, theophylline, polyethylene glycol
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INTRODUCTION

Sustained drug delivery systems are commonly used to prolong drug release from a
dosage form and thereby produce a more sustained therapeutic activity while reducing
the required dosing frequency. Such dosage forms are often matrices in which the
active pharmaceutical ingredient (API) is dispersed among matrix-forming excipients.
The release of the API takes place via diffusion through the matrix or by matrix
erosion.' One relatively new formulation technique is solid lipid extrusion where drug
and lipid are extruded together below the lipid melting point to form a lipid matrix
with dispersed drug particles.”® They can be further processed by milling or
spheronisation, to incorporate into, for example, tablets. Solid lipid extrudates are
promising sustained release matrices because the diverse physicochemical properties
of different lipids potentially allow tailor-made drug release profiles, the lipids are
physiological and nontoxic, no solvents are used during processing, and the lipids can

mask unpleasant tasting drugs.’

The release behaviour from matrix dosage forms in general has been extensively
studied but is still not completely understood because analysis and modelling is
normally based on dissolved drug concentration measurements alone.® In matrices
which remain intact during dissolution, such as solid lipid extrudates, there is evidence
that the dissolution behaviour is largely a function of drug distribution at the surface
and within the core of the matrix, and at present this distribution is not well

understood.

Vibrational spectroscopy microscopy has been used to map drug distribution in matrix
dosage forms.” Near-infrared (NIR), mid-infrared (IR) and Raman microscopy have
been used, and the data acquisition has involved point mapping, line mapping and
global imaging. While global imaging has the advantage of speed, the mapping
approaches provide rich spectral data which is important when analysing complex or
poorly defined systems.® The maximum spatial resolutions possible with NIR and IR
radiation are approximately 6 pum® and 4 pum respectively,” while that of Raman
microscopy may approach sub-micron levels.'® NIR microscopy is characterised by a
greater penetration depth than both Raman and IR microscopy (if the IR microscope is
fitted with an attenuated total reflection (ATR) setup).’” The acquisition of
spectroscopic maps using Raman microscopy tends to be slower than the other

techniques. Water sensitivity is another important differentiating point, while IR and
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NIR show strong bands associated with water this is not the case in Raman
microscopy, although moisture changes may be indirectly detected in Raman spectra
through band shifts and band shape changes.'' These technique differences make the
optimum analysis method for drug distribution analysis sample specific. In a study that
directly related drug distribution and release in sustained release matrices, the drug
distribution in the matrix before and after dissolution testing was imaged using Fourier
transform IR imaging with an ATR sampling set-up.'> However, the spatial resolution
in this study was 100 um (as defined by the detector pixel size), which is typically
larger than the size of drug particles in sustained release matrices, and the high
pressure applied to the samples during analysis with an ATR accessory can be
destructive. Recently, we have used CARS microscopy to image the drug distribution
in lipid matrices before and during dissolution. A significant advantage was that it was
sufficiently rapid for in situ analysis of the dosage form surface during dissolution
testing. While the technique shows much potential for imaging drug release in dosage

13,14
forms,

the set up used was not capable of spectrally resolving different solid-state
forms of the model drug, theophylline."* In this study, the structural aspects of
sustained release matrices that influence drug release behaviour were investigated
using high resolution Raman point mapping and spectroscopy. A triglyceride was
extruded with the model drug theophylline anhydrate to form solid lipid extrudates.
Extrudates containing the watersoluble polyethylene glycol 10000 as a pore-builder
were also produced. Raman microscopy was used for chemical mapping of the
components at the surface and in the core of the resulting dosage forms before and
after dissolution testing. The drug distribution was then related to the drug dissolution
behaviour. Furthermore, the influence of drug distribution on the solid-state behaviour
of the model drug during dissolution was investigated using in situ Raman
spectroscopy.with Raman microscopy being less sensitive to water than NIR and IR
based methods. These technique differences make the optimum analysis method for

drug distribution analysis sample specific.

MATERIALS AND METHODS

Materials

The pure powdered monoacid triglyceride tripalmitin (Dynasan 116") was provided by
Sasol GmbH (Witten, Germany). The model drug was theophylline anhydrate (BASF,
Ludwigshafen, Germany) in powdered form. For comparison, theophylline

monohydrate was recrystallized from theophylline anhydrate which had been
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dissolved in purified water. Polyethylene glycol with a mean molecular weight of
10000 was provided by Clariant (Waalwijk, The Netherlands) and was in powdered
form (Polyglykol 10000 P®).

Particle Sizing

The particle size of the powders was determined with a laser diffractometer (Helos,
KF-Magic, Clausthal-Zellerfeld, Germany) using the dry dispersion method. The 10%
and 90% quantiles (based on volume distribution, D) were determined three times. The

mean was calculated for each material.

Extrusion

Tripalmitin was used either alone or with polyethylene glycol in equal parts as the
excipient component. This was then weighed in a 50/50% (w/w) ratio with the model
drug and blended in a laboratory mixer (LM20, Bohle, Ennigerloh, Germany) for 15
min at 25 rpm. The powder mixture was fed from a gravimetric dosing device
(KT20K-Tron Soder, Lenzhard, Switzerland) into the barrel of a corotating twin-screw
extruder (Mikro 27GL-28D, Leistritz, Germany). Extrusion was performed with a
constant screw speed of 30 rpm and a feeding rate of 40 gmin™ at a processing
temperature of 55 °C. These extrusion conditions have been shown not to result in

solid state differences in each component before and after extrusion.” >

Intrinsic dissolution testing

Intrinsic dissolution testing was performed on tablets prepared from extrudates with
and without polyethylene glycol, and also from a mixture of equal parts of tripalmitin
and theophylline anhydrate blended in a Turbula mixer (Willi A. Bachofen AG, Basel,
Switzerland) for 15 min. The extrudates and powder mixture (designated as ‘physical
mixture’ in this study) were compressed on a tabletting machine (Korsch EK 0,
Erweka Apparatebau, Berlin, Germany) using flat-faced punches (diameter 9 mm).
The tablets were inserted into a dissolution flow through cell with a quartz window.
The dissolution medium was water at room temperature and sink conditions were
maintained. The drug concentration of the dissolution medium was measured in a flow
through cuvette with a UV-Vis spectrometer (Ultraspec III, Pharmacia Biotech,
Uppsala, Sweden) at 244 nm.
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Raman mapping

Surfaces and cross-sections of the extrudates were mapped. Cross-sections were
obtained by cutting the extrudates orthogonal to the extrudate surface with a razor
blade.The Raman mapping data was collected using a Senterra dispersive Raman
microscope (Bruker Optics, Ettlingen, Germany). OPUS version 6.5 was used to
control the microscope and collect spectra. Both the Sure Cal® and Spectral shape
correction options were implemented within OPUS to ensure wavenumber stability
and transferability respectively. An excitation wavelength of 785 nm, with 100 mW
power and a 1200 groove per millimetre grating were used. The resulting resolution
was 3-5 cm’ across the spectrum. For the maps, each spectrum was the co-addition of
three five second exposures, and collected from 50-1530 cm™. An Olympus 100x
objective (N.A. 0.9) with a 50 um confocal pinhole was used to collect the Raman
signal. The lateral and axial resolution of this experimental setup was determined from
the intensity profile of the 520 cm™ band of silicon; a level of 50% of the maximum
intensity was used to define the resolution boundaries. The lateral resolution was
approximately 2 um and the axial resolution 5 um. The spectra were collected with a
step size of 2 um 1n both the x- and y directions. Rectangles of 36 um x 500 um were
mapped, and for the cross-sections two adjacent rectangles were used to construct
maps of 72 pum x 500 um, which constituted 4.6% of the cross-sectional area of the
extrudate. Peaks unique to each component were integrated with the integration
function in OPUS 6.5, and, for each component, normalised as a percentage of the
maximum signal observed for that component in the analysed area. The resulting data
were used to construct maps with Origin 7.5 (Origin Lab Corporation, Northhampton,
MA) which were exported into Adobe Photoshop 7.0 (Adobe Systems Incorporated,

San Jose, CA) to create the images as shown.

Mapping of samples after dissolution testing

The dissolution of the extrudate samples used for mapping was performed in a basket
apparatus according to USP 29 method 1 (Erweka DT 600, Erweka GmbH,
Heusenstamm, Germany). Extrudates were cut into cylinders of 1 cm length and
weighed into the baskets (total 140 mg in each basket). Dissolution testing was
performed in 900 mL purified water containing 0.001% (w/v) polysorbate 20. The
stirring speed was 50 rpm and the temperature 37+£0.5 °C. The extrudate sample
without polyethylene glycol was removed after 120 min, and the extrudate sample

with the polymer was removed for analysis after 10 min. The extrudates were patted



Original publications 131

dry using a non-linting tissue and the cross sections were mapped as described above.
The drug concentration in solution when the extrudates were removed for mapping
was determined using a UV-Vis spectrometer with a detection wavelength of 244 nm
(Ultrospec 2000, Pharmacia Biotech, Cambridge, England).

In situ Raman analysis during intrinsic dissolution testing

The intrinsic dissolution testing setup described above was combined with a Raman
spectrometer for in situ analysis of the tripalmitin and theophylline anhydrate tablets
during dissolution testing. A Raman spectrometer (Control Development Inc., South
Bend, IN, USA) equipped with a fiber optic probe (Raman Probe RPS785/12-5,
InPhotonics, Norwood, MA, USA) was used to record spectra through the quartz
window of the flow-through cell. An excitation wavelength of 785 nm was used and
the Raman signal was detected using a thermo-electically cooled CCD detector.
Spectra with a spectral resolution of approximately 8 cm™ were recorded at 30 s
intervals between 200 and 2200 cm™'. An integration time of 1 s was used and spectra

were the average of 3 scans.

Scanning electron microscopy (SEM)

SEM micrographs were recorded with a working voltage of 20 kV (DSM 962, Carl
Zeiss, Oberkochen, Germany). Samples were mounted on aluminium stubs using
double-sided carbon tape and sputter-coated with platin for 20 s (Agar Manual Sputter
Coater B7340, Agar Scientific, Stansted, UK).

RESULTS AND DISCUSSION

Drug release during intrinsic dissolution testing

The dissolution behaviour of theophylline from the extrudate and physically mixed
powder dosage forms was very different (Fig. 1), with the amount released from the
extrudate sample after 3 h being 16% of that released from the physical powder
mixture. Since both samples initially had approximately the same surface area exposed
to the dissolution medium, the different dissolution rates must result from structural
differences between the two samples. The release rate of the drug was also
dramatically enhanced by the presence of polyethylene glycol. Such differences in
dissolution rate would be expected to have therapeutic consequences. In the following
sections the component distribution in the solid lipid extrudates before and after
dissolution is examined using Raman mapping, and related to the drug release

behaviour. Since solid-state changes of theophylline may also affect its dissolution rate
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and therapeutic eff1021cy,16’17

the solid-state structure of the drug in the dosage forms
during intrinsic dissolution testing was also determined using in situ Raman analysis

and scanning electron microscopy.
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Figure 1: Amount of drug released during intrinsic dissolution testing of theophylline
anhydrate and tripalmitin physical mixture and extrudate, and theophylline

anhydrate, tripalmitin and polyethylene glycol extrudate.

Distribution of the components in the dosage form

The Raman spectra of tripalmitin, theophylline anhydrate and polyethylene glycol are
shown in Fig. 2. The aromatic theophylline was a much stronger Raman scatterer than
the aliphatic excipients. Peaks that were unique to each chemical component were
used to construct the chemical maps: 1100 cm™ for tripalmitin, 554 cm™ for
theophylline anhydrate and the combined area for the peaks at 844cm™ and 860 cm™
for polyethylene glycol. If polyethylene glycol was not present in the system being
investigated, the peak for tripalmitin at 1130 cm™ was used.'®*° The maximum peak
area of each constituent-characteristic band was determined from all 9000 spectra
collected from the 72 um x 500 um sample region. The constituent-characteristic
bands within each spectrum were subsequently quantified as a percentage of the
appropriate maximum peak area, and represented using a graduated colour scale. To
create Raman maps that are representative of the component distribution it is crucial to

use appropriate signal thresholds to define the presence of each component.”'
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Figure 2: Raman spectra of theophylline monohydrate (a), theophylline anhydrate (b),
tripalmitin (c), and polyethylene glycol 10000 (d). Peaks that were
integrated and used for constructing the maps are labelled with the peak

position.

If the particle sizes are much larger than the sampling volume of the Raman
microscope at each point, then a threshold should be adopted such that most pixels are
represented by one component. The particle size distributions of the powders (based
on volume distribution) before extrusion were as follows: theophylline anhydrate D, =
12 um and Dy = 288 um, tripalmitin Dy = 28 um and Dyy = 489 pum and polyethylene
glycol Djp =21 um and Dgy = 461 um. Previous SEM analysis of solid lipid extrudates
after dissolution testing suggested that the particle size in the extrudate core after
extrusion was still much larger than the Raman microscope sampling volume.’ In this
study, three different thresholds were investigated: 4%, 8% and 16% of the maximum
peak area for each component. When mapping the cross-sections of the extrudates
with and without polyethylene glycol, a threshold of 16% resulted in regions in the
composite image not being categorised as any component, which was not consistent
with the low porosity of the extrudates observed with light and scanning electron
microscopy. At a 4% threshold, most of the extrudate was categorised as both
tripalmitin and theophylline in the binary systems, and all three components in the
extrudates with polyethylene glycol. The 8% threshold resulted in the most complete
categorisation of at least one component over the mapped area, and the least overlap.

As aresult, the 8% threshold was used for all maps.
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Figure 3: Cross section of theophylline anhydrate and tripalmitin extrudate. Raman
map of theophylline anhydrate (a), tripalmitin (b), and both components (c);

and optical image of area mapped (d).

00 M0 N0 w0 00 0 oo o d

Figure 4: Surface of theophylline anhydrate and tripalmitin extrudate. Raman map of
theophylline anhydrate (a), tripalmitin (b), and both components (c); and

optical image of area mapped (d).
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The chemical map of an extrudate cross-section containing tripalmitin and
theophylline anhydrate is shown in Figs. 3 a-c. An optical microscope image of the
sampled area is shown in Fig. 3d. The distribution of drug and lipid are separately
depicted in Figs. 3a and b. From these two images, it is evident that the cross section is
heterogeneous: where a large signal for one component is observed the signal for the
other component is either weak or nonexistent. The separate maps of the two
components have been overlaid to obtain a chemical map representing both
components. In a few areas the spectra represent both components, and these regions
are probably due to intimately mixed particles smaller than the sampling volume of the
microscope or interfaces between larger particles of both components. The lipid
appears to be the continuous phase. The images are consistent with the wide range in
particle size of theophylline observed using particle size measurements before

extrusion.

The Raman map and optical image of the surface of the same extrudate is shown in
Fig. 4. In contrast to the image of the cross-section, a larger proportion of the spectra
from the surface represent both theophylline and tripalmitin. This shows up as purple
in the map representing both components (Fig. 4c). This suggests a more intimate
degree of mixing at the extrudate surface than core, at a level that is below the
sampling volume of Raman microscope. Despite theophylline being a much stronger
Raman scatterer, there are very few regions where the lipid signal is completely
absent. Since the lipid matrix remains intact during drug release in the dissolution

: 23,22
media used, >

the initial drug release rate must be largely determined by the surface
area of the drug exposed to dissolution medium. The extrudate exhibited a much
slower initial release than the physical mixture. Therefore, there is some evidence that
the drug exposed at the surface of the extrudate is disproportionately low. This is
supported by previously recorded scanning electron microscope images of solid lipid
extrudate samples after dissolution, where the voids created by drug release are less
numerous and generally smaller at the surface than the core of the extrudate.” The
Raman mapping is not inconsistent with the presence of a thin lipid layer and a low
concentration of drug at the surface of the extrudate. Such a lipid layer is consistent
with the ‘wall depletion’ effect that has been observed during extrusion of slurries with

a high concentration of the disperse phase.”**
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Figure 5: Cross section of theophylline anhydrate, tripalmitin and polyethylene glycol
extrudate. Raman map of theophylline anhydrate (a), tripalmitin (b),
polyethylene glycol (c), and all three components (d); and optical image of
area mapped (e).
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Figure 6: Surface of theophylline anhydrate, tripalmitin and polyethylene glycol
extrudate. Raman map of theophylline anhydrate (a), tripalmitin (b),
polyethylene glycol (c), and all three components (d); and optical image of
area mapped (e).
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In this case, the lower melting lipid in contact with die walls is known to melt during
extrusion due to shear stress® and it is expected that it fills the voids created by the

solid and irregular-shaped drug particles against the die walls.

In the samples containing 25% polyethylene glycol, distinct regions of all three
components in the extrudate core were observed (Fig. 5). The maps suggested there
was a large particle size range for all components, in particular the drug and
polyethylene glycol, and there was no evidence of any component preferentially
associating with another in the region studied. The white regions represent those areas
of the cross-section where the peak area was less than 8% of the largest peak area in
the map for all components. These regions are probably associated with pores or
elevations in the prepared cross-section. The Raman image of the extrudate surface
suggests that all three components were present at the surface (Fig. 6). In the area
imaged, large polyethylene glycol particles are present, and these would rapidly
dissolve during dissolution testing, increasing the surface area of drug exposed to the

dissolution medium.

Interestingly, longitudinal striations were observed in both the tripalmitin (Fig. 6b)
and, to a lesser degree, the polyethylene glycol map of the extrudate surface (Figs. 6¢
and d). In the extrudates without polyethylene glycol, the lipid also exhibited
striations. This was not observed for the drug (Fig. 6a). Elevations of similar width
were also observed using scanning electron microscopy.” These occur during

extrusion if the die hole is not perfectly drilled.

Raman mapping of extrudates after dissolution testing

The drug distribution in the extrudates after dissolution was mapped using Raman
microscopy (Figs. 7 and 8). The binary system was mapped after 120 min of
dissolution using the basket apparatus, after which 17% (w/w) of the drug had been
released according to analysis of the dissolution medium. The system containing
polyethylene glycol was mapped after 10 min, with 19% (w/w) of the drug released. If
the drug exhibited a uniformly receding boundary, one would expect to observe an

absence of drug approximately 45 pm from the extrudate surface for both systems.

In the map of the binary system (Fig. 7), there is almost no signal (above 8% of the
maximum observed in the map) for either component up to 15-20 um from the edge of

the map (and extrudate). This area may have been occupied by theophylline, but it is
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Figure 7: Cross section of theophylline anhydrate and tripalmitin extrudate after 2 h of
dissolution testing. Raman map of theophylline anhydrate (a), tripalmitin

(b), and both components (c); and optical image of area mapped (d).
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Figure 8: Cross section of theophylline anhydrate, tripalmitin and polyethylene glycol
extrudate after 10 min of dissolution testing. Raman map of theophylline
anhydrate (a), tripalmitin (b), polyethylene glycol (c), and all three

components (d); and optical image of area mapped (e).
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also possible that no signal is present because the surface was not completely smooth
when the cross-section was prepared. Further into the extrudate tripalmitin is present,
and this surrounds a theophylline anhydrate particle 30-70 um from the edge of the
map. In the sample containing polyethylene glycol (Fig. 8), theophylline is present
very close to the edge of the extrudate. These results suggest a uniformly receding
drug boundary does not exist. Such behaviour can be expected for two reasons. In the
matrices, non percolating drug particles may be completely surrounded by lipid, and
since the lipid remains intact, these drug particles are never released. Secondly, the
tortuosity of the channels in the matrix through which the drug must diffuse during
release will differ greatly since the drug is randomly distributed and particle size varies
greatly. Larger areas must be mapped to better investigate this phenomenon.
Nevertheless, these studies show the potential for Raman microscopy for spatially

resolved analysis of drug loss from matrix dosage forms.

The Raman spectra of theophylline anhydrate and monohydrate are distinct (Fig. 2),
and there was no evidence of theophylline monohydrate being present after dissolution
in any of the spectra used to construct the maps. This supports previous indirect
evidence obtained using coherent anti-Stokes Raman scattering (CARS) microscopy,'*
and is interesting because pure theophylline anhydrate is known to undergo solution
mediated conversion to the less soluble monohydrate upon contact with water.'
However, it is possible that the monohydrate could dehydrate before the sample was
mapped. To investigate this further, the solid state form of the drug in the binary
systems was recorded in sifu using bulk Raman analysis during intrinsic dissolution

testing.

Solid state analysis using in situ Raman spectroscopy

Raman spectra obtained from the tablets during intrinsic dissolution testing were used
to monitor the solid-state form of the model drug, and are depicted in Fig. 9. The
Raman peaks used to differentiate the anhydrate from the monohydrate form were
1687 cm™ (monohydrate), and 1665 cm™ and 1707 cm™ (anhydrate).'**° In the sample
compressed from a powder mixture of theophylline anhydrate and tripalmitin,
transformation of the drug to monohydrate was observed (Fig. 9a), and the conversion
was virtually complete after 15 minutes. The monohydrate remained after 180
minutes, when the Raman analysis was stopped. In comparison, the spectra of the

tablet compressed from extrudates suggested that there was no conversion at any stage
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up to 180 min (Fig. 9b). This shows that the drug distribution was found to have a
pronounced effect on the solid-state behaviour of theophylline monohydrate during

intrinsic dissolution.
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Figure 9: Raman spectra from in situ analysis during intrinsic dissolution testing of
physical mixture (a) and extrudate (b) of theophylline anhydrate and

tripalmitin.

The results observed using Raman spectroscopy are supported by SEM images taken
of each formulation after different times of immersion in water (Fig. 10). After
immersion for 30 min, needle-like structures are present on the surface of the tablet
compressed of the powder mixture (Fig. 10c). Such structures have previously been

associated with theophylline monohydrate formation.'® After 180 min of immersion all
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needles on the surface had dissolved (Fig. 10e). It appears that in the physical
mixtures, theophylline monohydrate initially forms on the surface and then in the core
of the sample. The theophylline monohydrate on the surface then dissolves before that
in the core. Such needles were never observed on the tablet compressed from

extrudates of the same composition (Figs. 10 b, d and ).

Figure 10: Scanning electron micrographs of theophylline and tripalmitin tablets
prepared from a physical mixture (a, ¢ and e) and extrudate (b,d and f), after
different immersion times: before immersion (a and b), after 30 min

immersion (¢ and d), and after 180 min immersion (e and f).
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Since the conversion to the monohydrate is solution mediated, different solid-state
behaviour between the compressed extrudate and physical mixture must be related to
the drug concentration in solution at the extrudate-dissolution medium interface. The
solubility of the anhydrate in water at 25 °C is 12 mgmL™, while that of the
monohydrate is 6 mgmL™.> The drug exposure at the surface of the tablet prepared
from the physical mixture, leads to a higher initial dissolution rate, and a sufficiently
supersaturated solution to initiate monohydrate crystallisation. As the anhydrate at the
surface is depleted, the monohydrate also dissolves (Fig. 10e). Presumably, because
less anhydrate is exposed at the surface of the extrudate sample, the solution does not
become sufficiently supersaturated to induce crystallisation of the monohydrate
form.While such solid state analysis reveals that spatial distribution of the drug can
have a pronounced effect on solid-state behaviour of the drug, the formation of the less
soluble monohydrate appears to have a minor role, if any, compared to the direct effect

of spatial distribution of the drug on drug release.

CONCLUSION

This study showed that Raman mapping can be used for chemically-resolved high-
resolution imaging of multi-component sustained release matrices as a means to better
understand their drug release behaviour. Although, in this study, Raman microscopy
did not have sufficient spatial resolution to determine the exact component distribution
at the very surface of the extrudates, it was shown that micrometer scale differences in
surface structure can have a pronounced effect on dissolution behaviour. The
technique has also shown potential for chemically resolved imaging of drug
distribution after dissolution, and in this case a uniformly receding drug boundary was
not observed. Solid state changes during dissolution testing can also be analysed. This
study has emphasised the importance of drug distribution on the release behaviour
from sustained release dosage forms, and Raman mapping is potentially a very useful
tool to understand drug distribution in such dosage forms and physical changes during

drug release.
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RESULTS AND DISCUSSION
Dstermimastion of Suitable Yibratonad Bamds for Compo
nend-Speciic lmnging. i
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Figure B. indine vissalization ol drug relaasa from a tabiet ol ipalmitn ned) and heophyiing manorwdeta ignean | during dssokiion lesiing.

I Flgure Th, From 1461 g0 185 om !,
1l peenkis @l DRET A0hsoqy o oy thy 70T (et
T anhpdrate) . aml 1728 crm* (ergealoitien) Bee been sssipned
i C={) stretching. = = All three substmces exhibit CH sireich
i Belwern 2

highlighied and drpilay.

P00 amd 3200 oo, In dripsalmitin, the CH stredching
wxsnclmied with the .|||||'||:.'l b Pt
UH: ol UH st siretcling
and ZRE0 cm ', respectively . Theophyline exhibits THy anti-
symmetnic sirelching ab 291 (eopbydline monohydrate)
A7 o ! ithenphy e anbyridraeed anid CH stretching associatsd
willy the |

1 M A o while

e B jrsiks gl HHA

lpeoke ping al 2B (dhoopdlline monolysdrsie) and
al 3123 cmc ! dlheopindline anlndnate]. ™ For compmenbagpecilic
anabysis, the IEI0- 1800 om ' region with the thres componenis
exdiiiEing highly dstinguishable paks 2eamed o be Gronible
Listoriunaiehe wiler onwes 5 2o LAMS peapnns® I che
gorreaponiling anti-Stokes region al about 165H] ¢m L which
prechded the use of this region In the 2000— 338 o region,
tripsilmitin amel theoghylline can be seleciively imaped using
the: peakz at 208590 (ripalmdéting and 3108 cm ™" {theophylline).
Lo bsS mpectra and B By
related fo vach other,™ The CARS specir of the pore samples
will be very similir o the Raman specira due to the relabvely
weik nooresonant signal from the sample izl The CARS
specirn ol the snpk= ilssnberd In wr will e sligphily,
thue s thee mmisinge of (b spnresssant waler signal with the
resonanl sigmial This cooses the peak posilioes o shil a fewe
wivepmambers down. Omn the hasis of the Faman specim, i &
chear thad a distinctbon betwesn theaphylline anbydrace amd

metedhidlrae was ol posible with CARS an this region

izl Bil i

b R A T

Meeriheless, the peak ol 3108 o " can be used o imege both
furme of thesophylline, Arowmd 2880 cme®, e CARS intensity
[nr iripalmitin snsity (e thie thesog
e
can hus be laken @ represent fhe sguare of thed
Inpslmitin density distribution. AL 3R om ', the CARS
imensity for the monohydrate exceeds that for tripalimitin, The

B 1]

£

271 Rressn, 50 B Warssi, M2 Khedifa, I Chiws, Plsal gl 2005, 2054, 115
| o]

(28 Mol B M) Swiako. A ML BibereClam, 1| A Onte M Chss,
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174 Soewla, o 5L Meslaeen 51 N BbpireCOam, POL A ) Fioea S 24K
&5, | A=

8 Jams M Korerik, ), Podnes, O Herek, |
SRS, JE, Lk Ll

s Dierhmis, H L Ofr B

sienelly Tor the monotydnate is closer to thae for che tripalmmiin
=01 that the previse ratio is strongly miluenced by the amoune
of nonresorand hackground. From the Imapes i wns clear ihat
the monohydrate @eeeded the tdpalmitin by & Gctor larger
than 3, based an areas that coal] be Bentifed o contain anly
ames of the comstituenis. The inages at different wivesmmmbers
can he relaiesd in each other by picking o 2pot thil can be seen
e cotain pure tripalmitio and scaling the inlensity in the 109
cny " inagre in reflect ibe correct ratio. Furthermore (not shown

im the graphs), ibe phase of tbe impalemtin signal is between
T ame] Sk degress separmied from the signal of the theaphyllineg
imonefvedrste or anbydrate] so that the fotal sigmal from a
combination of ihe subsiances (Ehe absolute square of the
comhined amplitude] iz almost squal o the addition of the
absalute souare of both images. The ripalmilin image, once
correcily scaled, can than thes be subiracted fom the other

mmage bo obiam an almost pure mage, and this proceduore =
possible eyen in regioss that coniain signals nm both
subsianves, For o more precse analysis, the CARS amplibade
and! phase can be detecisd ool wing heterodyne detection®
B exiracd the relplive componends, This gaper foouses an the
cuiallative description;  farther work will mchecde detaibesd
cuanlilalive measmremnenls. Al mnages in this paper are based
om CARS sgmals anly.
Derug Distribution in Diflferent Lipid-Based Oral Dosagge
Forms, Tablelz and exirodates were amlyeed osmg CARS
merEcopy bo visualize the ds=inbution of lipkl anil &g in he
dosaape [orns. Figure 2 degicls mlsecolor images of the surface
off e dosage forns wilh & spatial resokefion of aboat 1.5 gom. The
mrEpges o (hal the theophyBne drog particdes gl al 3100

e el in prees) are camdontly disisbated A e surfsee
af hee Tl fisiiren aiprigil a1 2880 e, enceded m red), A
mix of bk ssgnaks would appenr velloan, and since this m& il

e, e substances do i auE al thie sesalissn, The

[RUECTREENE s A Al ool Fipnare 2 revesls Chal s ||||||:. Rl
[ -:'||||I'.|I|' [E] |'||..:'.|.Il1|.u'|| v Ehin '.I'l':ll:'\- J.lll'l'\l'.l- I|I|'
anhwilrate exhibiis anisameirc pinticles. Figere 20 depicis the
mage of a mhle compressed from exctrodates. In this Emage, the
drug partic b= represent o smaller proportion of the surface simal
tham is the case for the emextruded samples, which may be
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attributed to a depletion of drug adjacent to the extruder barrel
wall during processing. ™ The mages of the extrudate itself e
depicsed in Figure 2. In the extroded matrooes, the drug partickes
are bomogenously distribuled.

Monitoring Drug Release and Solid-Seate Transformations
during Dissolution Testing, The lipid based dosage forms were
imaged after immersion in 50 ml. of purified witer snd comnpared
with the imegges of the dosage kemrs befure dissolution, Afer 30
and 180 min of immersion, they were removed and mmaged using
CARS microscopy 1o investigate drug redease and solid-state
tramsformations (Figure ). The rebease of the drug from a tablet
consisting of a physkeal mibceure of tripalnsisin and theophyliae
monodydrate (Fygure 3a-¢) i eviden! from & gradual loss of green
color representing the drug. Afler 30 min of imenersion, the drug
wars still visible whereas after 180 min no drug was evident on
the surface of the tablet. [nstead, pores in the lipkd magric where
drug peedks were located wre represented s dark areas la the
Eadscolor imsage. The lipid (red color) resmained afler dissolation,
demonstrating that the malrix stays completedy intact during
dissolution. It can thus be concluded that the release of the drug
is purely diffusion comtrolled with the drug initially dissolving at
the surface of the matrix and then dissolving within the matrix
and diffusing thorough the resulting poevs in the matr.

Different phenomena were observed in the tablet consasting
of trigalmitin and theophy@ine anhydrate (Figure 3d—f). Figure
24 depicts the tablet surface before Immersion with the anhydroos
theophyline clearly visible as dispersed particles in the lpid
matric. After 30 min immersion in water, the surface of the sablet
was complelely green and fine needles could be observed (Figure
%¢). This can be attributed to the solution-mediated formation of
theaphyline monobydre, a phenomenon which bas peeviously
been observed upon immersion of the anliydeate in water, ™ In
these studies, monohydrate growth = wiler has alwvays been
associated with needlelike morphology. Afler 180 min of immer-
sion in water, the green color had completely disappeared and
the red color of the lipkd was once more visible, suggestiog that
the theophyBine monohydrate had comphetely dssobd, The
dissolution process of theopbndline anhydrate in this dossge form
can therefore be subdivided in several stages. First, the theophyl
line anhydrate dissolves and, with the moaohydre being less
soluble than the anhydrate, @ supersaturated soktion with respect
10 theophylline monohydrate is created, This is follkewed by 3
rasssformation phase in which the monohydrate crystalizes ™
Afterwand, dissolution of the two forms takes place.

To investigate the inflocace of the extrasion process on the
redease behavlor of the dnag, a whiet was comgeessed from
tripalmitin and theophniline anhydrate extrudstes sod subjected
1o the same dissolution stwdy. For this tablet (Figure Sg-10,
release of the anbydrate particles was observed but, strilkingly,
no monohydrate needle formation oo the tablet serface was
observed. These observations coerelated with results obtained on
the saume preparations m the same setup using i sily Rassan
spectroscopy (lhe Raman spectroscopy setup wsed has been

(1) Reite, C. Sernchar, C. | Keincbude, P, Eve ) Marwe. 50 2008 25
RELENTAN

(32 Aado, H Iebil M Kogarn, M. Dvag fvr fwd Marw. 1992, 15, 455
»i.

O Dy Sk, JOI; Vokkens, ) G Gamerks, 1L Crommeln J AL Marm
Sci. 1086, 75 490-50.
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published”), where mosobydrnte formation was observed for the
compressed powder mixtures but not for the extrodase (data oot
shown).

With the CARS setup, additional studies were conducted using
the uncompressed extradates made of tripalmitin and theophylne
anhydrate (results depicted in Figure €&-d) and in these wmenodi-
fied extrodate ssmnples there was aso no evideace of theophyline
mosobydrate formation during the dissolution of the sahydeate
particles, A scan i the pores of the extrudiate at a depth of 50 pom
was performed (Figure 4d) 10 observe physicochemical changes
within the matrix o addition 10 at the sarface. A1 this depth a few
very small monohydrate seedles can be found inside the pores,
The reason for such different solidstate bebavior of the unex
troded wnd extruded samples needs further investigation, How-
ever, in an atbemgd 1o understand such behavior, coe can look o
the mechanism of crystallizstion of the monohydrate, The mech:
antsm of comversion Is believed 10 be solution-mediated, Fiest,
macleation from solution mest occur followwd by crystal growth,
Nuckeation typically cccurs in the presence of a suitable surface
and supersatursted solution with respect %o the monohydeate, and
crystal growth & dictated by the degree of supersataration, The
outer surface of the extrudate may be a poor substrate for
eecleation sece it [s very smooth, Ia contrast, the surface of the
compressed powder mixtures is likely 10 be rougher. With regard
to supersaturation, as already stated it appears that the extrasion
peocess reduces the drsg exposere st the surface of the exanadate
and hence of the sarfsce of the tablet consasting of extrudiies,
which may meean that the solution adacent to the surface is less
supersaturmed with respect 10 the monohydrate inhibiting its
socleation and crystal growth. Within the pores, the rougher
surface which is left after the release of drug particles in the pores
way promate nuckeason, In addition, the diffuslon within the small
pores is Bkely 10 be very slow, and therefore through greater
supersaturation in these regions crystal formation is more Bely
8o ocour. We plan 1o lovestigate this lssue i future work.

In Situ Insagging! of Solid-State Transformations. To monilor
the solidstate transformation @ real time, tablets consisting of
the physical mixture of tripaiositin and theopbylline andydeate
were placed directly on the microscope stage in 3 small comtainer
moumted on a thin glass dide which was filled with purified water
s0 that & thin water luyer was located betwoen the sample and
the microscope objective. Figure Sa- [ depacts seversd frames
of the recorded images. In real time, the transformation from
theeghylline anhydrage to monohydrate coudd be visualized for
the first time on a tablet surface (see Video S0 in the Supporting
Information).

In Site Monitariag of Solid-State Charnctoristics during
Dissolution Testing. [n this part of the study, experiments with
the dissolution flow through cell, which provides a pharmaceuti-
cally rebevant dissolution setup for oral dosage forms, were
performed. M was possible Lo obtaim o good CARS signal intensity
from the tablet through the flowing dissolution medium. Figure
6 depiots images recanded during the dissohstion testiog with a
tablel consisting of the physical mixture of tripalmitis and
theopliylline moachydrate. The release of the drug from the
matrix could be visualized in redd time. Usdormunately focal deis
and wavedength deift prohibited a relisble quantitative analysis for
these images ot this time.
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CONCLUSIONS

CARS microscopy was wsed (o vissalize the spatial distribution
of diervnt components in oral pharmaceutical dosage forms and,
by cambining the method with a suitable flow-through cell, drug
refease and physicochemics changes during dissolution sesting
were monitored in real Gose, As solid-state properties of pharms-
cruticad dossgze forms affect the dissolution behavior, the visualizs
tion of solidstate changes with this method can expand the
knowledge about dissolution mechanisms. Such knowledge will
help kead o tailor-made dissokstion profiles by mussdacturing of
phiarmacesticn dosage forms that exhibit desirable physicochens
wul progertivs during dissolution. In the case of solid Epid
extrudates, the drug and lipid distribution on the surface of the
solid dosage form was rapidly visualized with a spatial resolution
of shout 1.5 um every 2 5, CARS was wsed 1o monitor the ks of
the model drug theophylloe from the ligsd matrix s well as
solution-mediated solid-stale ransformations (from theophyTime
anbydrate (o the monokydrate form) on the surface of tablets in
real time. Solid fipid extrusion peevented theophylline hydrate
formation, which was cearly observed with CARS microscapy,
O U busies of these resalts, CARS microscopy miy be o valusble
characterization method = the future developosent of diflerent
kinds of oral sobd dosage forms.
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9.8. Article 8: Coherent anti-Stokes Raman scattering
microscopy to monitor drug dissolution in different oral
pharmaceutical tablets
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COHERENT ANTI-STOKES RAMAN SCATTERING
MICROSCOPY TO MONITOR DRUG DISSOLUTION IN
DIFFERENT ORAL PHARMACEUTICAL TABLETS
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Coberent anti-Stokes Raman scattering (CARS) microscopy i= tsed 1o visualize the redesse of a
model drug (theophylline) [rom a lpid (tripalmiting based tablet during disolution. The effects
of transformation and dissolution of the drg are imaged in real time. This study reveals that
the manufacturing process causes significant differences in the release process: tablets prepared
from powder show formation of theophylline monohydrate on the surface which prevents a
controlled drug release, whereas solld lipld extrsdates did not show formation of monohydrate.
This visuadization technique can abd futire tablet design.

Keywords: Drig release; colierent anti-Stokes Raman scattering (CARS) microscopy,

1. Introduction form of the drug. During dissolution, the drug can
Dissolution of drugs from solid pharmacentical "‘““‘forf" os 'l_’&‘ dissolvable !l,vdmto.‘ For tl.ns
tablets is a complex process that depends on several ~ Feson, it is crucial that the solid-state properties
properties of the drug and tablet, such as the distrj- 2 monitored during disolution.

bution of the drug in the tablet and the nature and Coberent anti-Stokes Raman  scattering
flow of the dissolution medium, One important fac-  (CARS) microscopy has been shown to be a chem-
tor that influences drug dissolution is the solid state  ically selective method for investigating  highly
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sepdtering medin? using the Raman active vibra-
tiomal mesdes with real-tone? maging. Henes, we
expect that it = oo suitabde method for probiog
plysicochemical plenmnena in tablets, in which
tlse dring is sually dispersed i pacticalate form,
with such dosage fomms cosstitating the majority
of mesdicines cwrrently macketesd, The CARS & a
Foner-paleston no-losear prooess. where o puog gl
toan il [“H]III!I'JI.'_I.' gy L Stk ]:||||:-1.-|.l|| af :rrl"l.]IJI:"III.'_I,'
wy mwd probe photon of frequency o), (taken the
siune as the puomp fepuescy ) interact with the
sumpde and geoeraie an anti-Stokes plaoton of fre
quency wyy = wy — oy + ot The CARS signal i
resonant ly enhanced when rﬁu: difference frequency
wly =y coinicles with o molecular vibeatioosl level
transition. With CARS, it is posible to achioe
temporally amd spatindly resobved visualization®?
af the distribution and tle solid-state proguerties
of the powders and tabdees. This stwdy foouses on
tlse vismielzation of drog dissolution aond solid-state
Eranslornations,

2. Experimental System

The CARS sct-up is based on o Coherent Paladin
MYl lnser mnd an APE Lovante Emerald opti-
el parameetric cecillator [CYEPC)), The fondaememtal
(100 ) of the laser is used as Stokes, whereas
the signnl from the OPCY (tanabde between T nm
andd 10 mm ) = wsesd ae the pomp and probe, The
beams are scannesd over the sampde by galvane
mirrors (L vmpns FheeYies 800, 1XT] ) and focnzed
by m 20 = DLANA ohjective lens into the sample,
Bath beams hove o power of severnl bens of mW at
tler sample, Dae to the highly seattering samples, the
forward-generated CARS sigoal is collected in the
hackward direction.” The collected signal is filtered
and detected by a ploto mmltiplier tuhe, All images
are: H12 = 512 pixels and obtained in 2 seconds,

To determine suitable vibrational bamls for
compotEnt-specific imaging and analvsis, Haman
spectra. were recorded of pure tripalmiting tleoe-
phylline anbydrate, and monolydrate and water
with a 1EW0 pixels COCD camers | Newton D-
970N, Amdor Technology) (Fig. 1), The samples
wore irrpeisted by s Kr o bon Laser (Ocherent,
Immewva WK ) ar 647, 1 nom of 30mW and focused by
i = LGS NA micreseope objoctive lens, Care was
taken to ensure that the focal spot was filled with
pare material, The spectra are shown in Fig, 2,
Figare 2(a) slews the spectra of the three powdered
substances. The region exhibiting the large spectral

O
cH-0-c0 feHt cH, HC~, N
CH-0-CO | CHA-CH, )| ’?
M
CH,= 0 -CO + CH3: CH, |
CH,
e S

Fig. 1. Naobkecular strsctions Iormvsls of the lpid tripadmicia
maul alewg hewpdoelline,

differenes between the components is highlighted
in gray amed also featured in Fig. 20h). Hetworn
??lljl.'lq:nl.'l ancl E20HY rlrl". the TH stretch in the
akdelpde function of tripalmitin gives rise to o peak
nt 3715 em— ! whierens the CHa and CHy symmetric
stretching in the fatty scid chains cormespond o
praks ot 2850cm ! andd 2880cm ", respectivels®
Thessphvlline exhibits OH stretching at 31089 cm !
for the theophylline monohydente and 3123 cm—!
anhydrste ™ Specific component annlvsis in the
16K ]Eil[lrm'l rogion & nob fnvorahle thoe tay el
witter wibrmtionn] mwsles  aroand ll:"h"'rl:lrm" el
cannot be weexl for reaktime dissolution experi-
mints. Inm the EFI.'H]-:_E?I'_H‘.IH:F:' ririnn, tripalmitin
and theophyliine can be imged  selectively using
peaks nt 2880 cm~" (tripalmitin} and 3108 cm !
|theophyliine ). Unfortunatedy, o distinction betwoeen
theaphylline anhydrate and monobvdeate s oot
peesible in this region. Nevertheless, the ponk ag
M@ em~" can be used to image sclectively both
forms of theophylline, The ivterference from water
in this region would seem large as well, bt these
hands are a0 broad and de-phase so quickly that
their influenee s limited,

For o qualitative and quantitutive monitoring
of the dreg distribotion in the tablet doring dis-
sofution, & translation has to he moade from the
Raman spectra to the CARS images. Using the
images at 2830 cm " and $10%em !, the comeentra-
tion of theephylline can be related to the copeentra-
tion of the tripalmitin, Since the tripahnitin stays
intact during dissolution, it can serve as the marker
for the local theophylline copcentration, which is
ke from the fabrication, The Raman spectra
are related to the CARS spectra, bt they are ot
the zanee, In short, Raman spectra depend linearly
aai the comstituent copcentration whereas the CARS
spectra depend guadratically on coneentration, The
Raman speceral ntensicy can be expressed as the
imaginary part of the (resonant ) CARS amplitude.”
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CARS Microscopy to Menitor Drag Dissedstion i Differvat Ol Pharsacutical Toblets 39
2880
i 2850
3 3
s s
- 2061 3100
g Traoogt ylese 300 0 b9 A A
Trgekmtn
s N2
Ve
500 1000 1500 2000 2500 saoo 2600 2800 3000 3200
Rasmran shilt (cm’) Raman snift (cm”)

()
Fag,

(b}

2. Ramsam specten of the powdersd substanoes amd water: (a) full spectrn of tripalmatin (blwk), theophylEne snbydrate

(red). theophylline monoboedrate (blue), and water (green) and (b) highlighted detail of mmage (a).

Imensity (au.}
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Fig. 3 Simulation ve R
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Raman shift {om’)

(b)

data (Fig. 2) of tripabmitin (black ), theophylBne ashydeate [rad), theophyBine monobydrate

(blue), to obtain the (n) resonamt CARS spectra and (b) CARS phase

To simulate the CARS spectra, the Raman data
were fitted to the imaginary part of multiple com-
plex Lorentzians, The resonant part of the CARS
inten=ity spectra and their phases are depicted in
Fig. 3. The full CARS spectra also contain a pon-
resonant part that cannot be deduced from the
Raman measurement. This real part can be effec-
tively described as a constant where the magnl-
tude depends on the excitation pulse lengths and
wavelengths, For our experiments, the non-resonant

component can be estimated as somewhere between
1% and 10%% of the peak resonant amplitude. This
non-resonant contribution has little effect on the
signal Intensity close 1o a resonance,

The CARS spectra shown in Fig. 3 reveal
that the different powders have partially overlap-
plog spectra. To overlay and compare the CARS
images obtalned at different vibrational resonances,
weight factors have to be found based on the CARS
spectra. Around 2830 cm~", the CARS lntensity
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Fig. 4.
corer plass)

Phatograph of the Bow cell with talilet [withost the

for tripalmitin exceeds the intensity fr the theo-
phivlline {bocl menobredeate and anhydrate) b s
factor of 20, The images obtainesd ot 2880em
cam thie e taken to represent the tripalmitin den-
sity distribution {abeolute squared), At 3109 cm—',
the CARS intemzity for the monohydrate eoeeeds
Ll tripalinitin by a fsctor of 18, The bntensity
for the moschydrate is closer to the tripalmitin
s that the precise rato = stroogly influemced by
Pl snnesint of pon-pesnant. backgroond, Frouo tl
Images, it 8 clear that the monobydeate cooseds the
tripalmitin by a factor larges than 3, based on areas
tlsat conld be dentifed to ecntain only one of che
coiEtiiaemts,

Tlse insages at different wavelengths can be
related to ench otler by pheking o spot contaln-
bng pure teipalmitin apd seallug the mtensity o
e AWE e~ bmage 1o rellecl U oorpecl ralio
Furthermore, the plose of the trlpalmitin slgnal
= between TU amd 90 degrees separated from P
signnl of the theoplyllise [ooncddeate o aoby-
deate}. Therefore, the tolal sigual from a combane-
tiom of the powders, which is given by the absoluate
squeare of the combined amplitude, is almost equual
bey e pebdlition of the absolute square of the compo-
nemds as b= cdisplayed i both oasges. Tlee tripalmitin
tmage, omee correctly scabsd, can thias be suberacted
from the other image to obtain an almost pore
e o Ui procedune is albowesd even lor reglons
tlunt conbnin signals from bath salstanees. Since the
(imitial} distribution of substances (Figa, 5(a). (d}
anad (g} B coarse on Bl seale of the meges, most
piwels can b nasigned to contisin either tripalmitin
or theophylline and the percentage of dioug and lipid
it the sorface ean be extracted stimply by counting

pizels which vields the coverage percentages nsen-
tloned In Fig, 5.

For & move preciss analyst=, the CARS ampli-
tude and plase can be detected locally using
heterodyne detectlon' to extract the relative com-
poments, This paper focnses on the gualitative
deseription, licther work  will  bclude  detaibed
fuantitacive messrements,

I thi= study of dissolution from two diflerenm
types ol phaomaesubical  lablets,  Uoes model
gyatems of a drug (theophylliee) in & matels
(ertpalinitin] - were  investigated: (1] tablets of
teipalmitio with theoplylline monakpdimte, croated
b pablediing a powder mixtore, {2 tables of
tripalmitin with theophylline aabgdrube, also fron
a porweler mixture, ancd (3 tablets om an e
date of tripolmatin with theophyllioe anloclrate,
The deiails of ihe sample preparation are given
claewhere 'V Two different types of experiments
are pecfocmed: desalntion by immersion in i
fiexl water ancd disscdution by lowing purified waber
in n Hoow cell. The flow cell wsed for the in situ
dissoluticn imaging consisted of a Teflon chame.
ber with two metal bars that fic the tablets in
thee mickidle of a Aoewing water bed (Fig. 4). Puri-
fiml water waes constantly pumpesd throngh the cell.
The lrweer siche of the cell comsists of o thin miboroe
soope cover gl Bhat s pliced on the micros
seope stage. This specilic sei-up allows @ sifu
visualization of the solid-stote properties of the
tihlets mwler pharmaomtically relevant dissolution
o ikioms.

3. Results and Discussion

Figire & degicts fabse-eolor lmages of the surface
al the three mode] systems. The drug = always
depicted o grea, repective of s solid-state
form. Tlee Ligad mabrix is depicted o ped. The frsi
colwmn depacts the three dry systems, The sur-
fce of the theoplylline monehydrate 5(a) is char-
acterimed by thin needbes wherss the anhydrate
Siel) shows ansometric particlss=. The tablet of com-
presssl extrodates 5(g) slwws a smalles proportion
af drug signal oa the surface, so that the dmg can
b copesidered more epsbedied i the ombrix (el
ohserved oo an wocompressed cetomdate). On the
dry tahdet, the surface coverage was determined as:
Sia) tabdet tripalomitin/theopbeyelline osackydeate
A0S G0, Sld) tabdet  tripalmiting theophyl e
nnh}'drni:r [Ell','!{-.-"-il'l'i-{.] el E,ll:'g'l- tihlet of exctradates
tripalmitin ftheaphylline anbpdrate (205 805,
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il
L1 o the hpid tripalomit by [ | hiEoqliy f L green | alter datle durnk s
ol liserdion. | a t&hlot tri i) Tl hisrdlin ey lrato i I cabdot trijuamsitin ' tiaeapll ali i i
1kl [ emtrinbates iripalomi h we gl
The release of drmg aned chenpe: o che sar- Inratexl, The tihlet mastingg nf RN AL itin anrl
fare wero first momitowred by imegimg aBer diffior- thoeophylline anhydrate (Fig, o(d] to (T} shows
ot immmersion tmes, The tehlets wers immersed ipnificant surfmee effects. Aftor S0 minawti the
Wl il :-";'il"l WRLET I afier  dehined surface of the tahbet i= verrew] with P i -
Pigii i HWHIR rerimicved] il ii |'-_.'-i [Fig n liss (| |I T | w luin E picsl likieds Ll ':-|-|:'.|i|l'
Thie tobled  oonsi=tin r ol trips ] [ N thirs motinhydrane lint hins o mach lower solo -|'i'_'.
_'_.|:|-| (1] et I e Hal To i | = RS e ervstalliees on the surface after transformation
thi eloage of the drug from Sl matriz with- Fromm thie anbvdeate forem, Y Feer 1RO nimytes of
nnt glEmibrant surtace alterabion Tl ||.I-' JRHA R & I T W the nowwlles have |||||-||"|.l\.
stays intact, while the o LE wnlves withi t i fissmlvied
atrizy aned  then s I|-I||I| r Ll s i Far thie tabder il ||||'|||Il'\-'\-'! et ety
the matriz, After 30minutes. /7 Few momahvdrate [Fig, 0 L | release of the anlwdracs [T
el e =N wlaids el =S Tnaiaiaies [ ik thieles was observed  asithosd wnolydrabe  messdls
i |-'-.'|.I i il -|;|.:| il B I:l||||'| |'|||-'\- (] LA L] | I||||||'u| | Lesls WeT -"--Iuil;:'l-'- I=RTaET

rlark i e Errved] WHETE (FIT  Ties lims ey the wneompresss] extrodates, where the SO0
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