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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; Löbenberg 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 issues will be covered in the next section. 



Introduction and theoretical background 4 

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 �-form, the metastable �`-form and the stable �-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 �-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 situ 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 situ analysis of solid dosage 
forms dissolution due to its lack of water sensitivity and relatively high spatial 
resolution (up to about 1 �m), 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: 

� To gain deeper understanding of the solid-state behaviour of lipids during the 
extrusion process below their melting points and during storage. 

� To establish extrusion conditions leading to stable solid lipid extrudates. 

� To correlate the solid-state behaviour of the lipids and drug distribution in the 
extrudates with the dissolution characteristics. 

� To vary the composition of the extrudates in order to broaden the range of 
dissolution profiles. 

� 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, Nürnberg, Germany). Extrusion was performed with a constant 
screw speed of 30 rpm and a feeding rate of 40 gmin-1. 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 in 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, Gießen, Germany). Approximately 5 mg of sample was 
weighed into hermetically sealed aluminium pans (40 �l). The samples were heated 
from 20 to 300 °C with a heating rate of 10 °Cmin-1. 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 CuK� radiation (�=1.54 Å) using Göbel mirror 
bent multilayer optics. The angular range measured was 5-40º (2�), with a step size of 
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0.05º (2�). 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 in 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-1 
with a resolution of 4 cm-1. 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 in 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-1 across the spectrum. For the maps, each spectrum 
was the co-addition of three 5 s exposures, and collected from 50-1530 cm-1 with a 
step size of 2 �m. An Olympus 100x objective (N.A. 0.9) with a 50 �m confocal 
pinhole was used to collect the Raman signal. The resolution was estimated to be 5 �m 
(axial) and 2 �m (lateral) using the full width half maximum of the intensity profile of 
the 520 cm-1 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, Lörrach, 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% in 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-1 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 situ 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, Krüss, Hamburg, Germany). A 0.8 �L 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 in 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, Gießen, 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 



Experimental 
 

19

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 �-form before manufacturing. Tristearin 
extrudates exhibited �- and �-form of the lipid after extrusion at 55 °C having their 
melting endotherms with the onsets at 50.2 °C (�-form) and 70.7 °C (�-form) 
respectively whereas extrusion at 65 °C resulted in pure tristearin �-form (figure 1) 
(Hagemann, 1988).  
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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 �-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 �-form peak (21.4°) 
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or the �-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 �-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 �-form from the unstable �-
form on the surface of the extrudate. In case of tristearin the extrudate produced at 55 
°C exhibiting partly �-form which transforms to �-form over time was found to exhibit 
a slower dissolution rate than the pure �-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 �-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 �-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 tristearin/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 �-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 �-form in the triglyceride. The structure 
of the partial glyceride exhibits some compatibility with the triglyceride structure and 
therefore stabilizes the less packed �-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 �-form formation can be 
correlated to the amount of partial glyceride in the matrix.  

During storage, recrystallization of the tristearin �-form to the more stable �-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 �-form during extrusion which was followed by transformation to the �-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 �-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 �-form after one year. In ambient conditions small amounts of the 
tristearin �-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 �-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 
�-form of the triglyceride leading to recrystallization of the stable �-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 



Results and discussion 30 

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 �´- and �-forms. The �-form, having its melting point at 14 
°C, is not stable at room temperature (Hagemann, 1988). After one day of storage only 
pure �-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 �-form 
after solidification. In this context, DSC thermograms exhibit some shortcomings as 
the sample which had originally been in the �-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 6c) (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 
�-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 �-form (figure 6e). 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 �-form appeared and after 48 days of storage only the �-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 �-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 �-form was observed. After 24 
days of storage recrystallization to the �-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 �-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 �-form (figure 7a) as can be seen from the reduced intensity of the 
melting endotherm of the tristearin �-form (onset 65 °C) compared to the pure 
tristearin sample (figure 7b).  The tristearin �-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 �-form during the DSC measurement, complete 
transformation to the tristearin �-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 �-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 �-form for 16 days 
whereas the mixture containing 50% glyceryl monostearate features the tristearin �-
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 �m. 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 �- and �-forms (extrusion temperature 55 °C) or the pure desirable �-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 �-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 
is 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 
is 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. 

 

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-1 (monohydrate), and 1665 cm-1 and 1707 cm-1 (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 �m. Figure 15 depicts false 
colour images of the surfaces of different lipid-based tablets. The drug is encoded in 
green (signal at 3109 cm-1) whereas the lipid is encoded in red (signal at 2880 cm-1) 
(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). 

 

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-i). For this tablet release was observed but no monohydrate formation 
could be detected. These results correlate with the results obtained by in situ 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 �m). 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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Figure 16: In-line visualization of theophylline monohydrate crystal growth on the surface of 

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

 

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 �-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 
is 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 �-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 kohärenten Matrizes 
mit eingebettetem Arzneistoff verarbeitet. Systematische Untersuchungen mit einer 
Kombination aus neuen und etablierten Charakterisierungsmethoden führten zu einem 
signifikant gesteigerten Prozessverständnis und verbesserter Produktqualität. 

Die Kombination von Friktion und Extrusionstemperatur konnte als Schlüsselfaktor 
für 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 
Oberfläche der Extrudate bedingt war, ist es von großer Wichtigkeit, diese 
Veränderungen zu vermeiden. Um Extrudate zu erhalten, die nur die stabile �-Form 
des Lipids enthalten, sollte die Prozesstemperatur oberhalb der Schmelzpunkte der 
unstabilen polymorphen Formen eingestellt werden. So wird gewährleistet, dass die 
dünne Lipidfraktion auf der Extrudat-Oberfläche, welche durch Friktion schmilzt, 
nach der Herstellung direkt in der stabilsten Form rekristallisiert.  

Das Freisetzungsverhalten aus Lipid-basierten Matrizes hängt von der Kettenlänge der 
Fettsäuren und dem Grad der Veresterung des individuellen Lipides ab. Je länger die 
Ketten und je höher der Veresterungsgrad war, desto langsamer war die 
Freisetzungsrate. Interaktionen zwischen verschiedenen Glyceriden führten zu 
unvorhersehbaren Solid-State Veränderungen. Ein Partialglycerid war in der Lage, die 
metastabile �-Form eines Triglycerides zu stabilisieren, was die Oberflächenstruktur 
der Extrudate beeinflusste. Der Kontaktwinkel wurde durch die Rekristallisation der 
stabilen �-Form auf der Oberfläche vergrößert. Dieser ‘Ausblüh-Effekt’ verringerte die 
Freisetzungsrate signifikant. Das Rekristallisationsverhalten von wieder erstarrten 
Lipid-Schmelzen als Modellsysteme zeigte den großen Einfluss der 
Lagerungstemperatur auf die Rekristallisierungsrate.  

Maßgeschneiderte 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 Veränderungen 
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 Fettsäuren-Kettenlänge im 
Glycerid in Kombination mit Polyethylenglykol ergab die Möglichkeit, die 
Extrusionstemperatur zu variieren, was vorteilhaft bei der Verarbeitung Temperatur-
empfindlicher Arzneistoffe ist.  

Während der Lagerungs-Versuche in 40 °C und 75% relativer Feuchte blieben alle 
hergestellten Formulierungen stabil und schützten den feuchtigkeitssensitiven 
Modellarzneistoff gegen Hydratisierung. 

Die Verteilung von Arzneistoff und Matrixmaterialien im Kern und auf der Oberfläche 
der Extrudate wurde mit Raman-Mikroskopie abgebildet. Die Ergebnisse heben die 
Wichtigkeit der Arzneistoff-Verteilung auf das Freisetzungsverhalten von 
Matrixarzneiformen hervor. Die räumliche Verteilung bedingt durch die 
Herstellmethode hatte einen größeren Einfluss auf das Freisetzungsverhalten als Solid-
State Veränderungen des Arzneistoffes. Raman-Mikroskopie Aufnahmen von 
Extrudatquerschnitten nach definierten Freisetzungszeiten gaben Hinweise darauf, 
dass eine gleichförmige 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) ermöglichten 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 führt. Diese Transformation 
wurde auf Tabletten aus Pulvermischungen, jedoch nicht auf Tabletten aus Extrudaten 
beobachtet. Eine mögliche Erklärung ist, dass die extrudierte Lipidmatrix durch 
Unterschiede ihrer Oberflächeneigenschaften die Monohydrat-Bildung während der 
Freisetzung verhindert.  

Zum ersten Mal konnte eine hochaufgelöste in situ Visualisierung der Solid-State-
Eigenschaften und der Freisetzung des Arzneistoffes aus einer festen Arzneiform 
mittels kohärenter anti-Stokes Raman Streuungsmikroskopie während der Freisetzung 
realisiert werden und wird möglicherweise einen Einfluss auf die Erforschung und 
Charakterisierung weiterer Arzneiformen haben. 
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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 �-form from the melt followed by a recrystallization process to the 
stable �-form with time showed a chain-length dependant behaviour during storage. 
With increasing chain length the recrystallization to the stable �-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 forms1. 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 dissolved2,3. Solid particles can be produced with a variety 
of different methods including melt extrusion4, melt granulation5,6, spray cooling7 or 
spray drying8. The resulting particles can either be processed into tablets or filled into 
capsules. Additional established systems are solid lipid nanoparticles9 and 
nanostructured lipid carriers10 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 processing11,12,13. 

The advantages of lipid-based formulations include the possibility of prolonged 
release14 as well as enhancement of solubility and permeability for APIs exhibiting 
poor bioavailability15,16. As the majority of newly developed chemical entities have 
poor solubility and permeability17, bioavailability enhancement is increasingly 
important. Furthermore, taste masking and protection of sensitive APIs is possible 
with the help of lipids as excipients18. In addition, lipids are biodegradable and 
physiologically non-toxic.  

Lipid-based dosage forms can exhibit stability problems associated with complex 
solid-state behaviour19. In general, three polymorphic forms are characteristic for 
lipids, in which the fatty acid chains exhibit different packing modes and consequent 
thermodynamic energies20. The �-form is the highest energy polymorph, the �´-form is 
intermediate and the �-form is the lowest energy and hence thermodynamically stable 
form21. Furthermore, for some lipids an additional form called the sub-�-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 system22. 

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 
undesired solid-state changes23,24. In addition, the polymorphic form of the lipid after 
processing might undergo a change to another form during storage, often referred to as 
‘aging’ in the literature25. These changes can lead to alteration of the dissolution 
characteristics of the drug, and possibly bioavailability of the drug in human body12,26.  

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 temperature12. In addition, interactions 
between triglycerides and partial glycerides were revealed during extrusion which 
subsequently affected the release of the drug27. 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, Gießen, Germany). Samples (approximately 5 mg) were weighed into 40 �l 
aluminium pans which were hermetically sealed. The apparatus was heated from 20-
100 °C with a heating rate of 10 °Cmin-1. 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 CuK� radiation (�=1.54 Å) with Göbel mirror bent 
multilayer optics in the angular range of 5-40º (2�). The step size was 0.05º (2�) 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 �´-form whereas the second endotherm indicates the 
melting of the stable �-form of trilaurin. Both onsets are in good agreement with the 
reported melting points of the two forms28. 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 �-form 
whereas the peak at 21.1° corresponds to the �`-form29. After 24 hours of storage at 
room temperature only the stable �-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 �-form is not observed in these studies due to the 
fact that its reported melting point of 14 °C is below room temperature28. 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) 
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. 

The recrystallization from the melt was visualized by hot-stage microscopy (figure 3 
a). The appearance of the �-form is associated with flower-like morphology. 
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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 c and d. Different polymorphic 
forms as can be identified in the figures for the freshly resolidified sample. The 
endothermic melting peak of the unstable �-form is depicted with its onset at 44 °C 
directly followed by the recrystallization exotherm of the metastable �´-form (onset 51 
°C)28. This peak is formed through the resolidification of the molten �-form during 
DSC measurement. The stable �-form can be identified by its melting endotherm 
(onset 63 °C). The melting points in the literature are in good agreement with those in 



Original publications 95

this study28. The XRPD patterns of the sample samples are depicted in figure 2 c and 
d. The freshly resolidified sample exhibits only the pure �-form, as indicated by the 
peak at 21.4°29. During the storage at room temperature (figure 2 c) the �-form of the 
triglyceride remains the only polymorphic form which can be detected. 

 

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 �-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 �-form of the lipid 
can be detected. Interestingly, the �`-form cannot be detected, a fact which is in 

a 

b 
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accordance with the literature29. Two reasons have been proposed for this: on the one 
hand the melting of the �`-form is strongly suppressed by the recrystallization of the �-
form which hinders its detection, and on the other hand there is evidence that the �-
form can directly transform to the �-form.  

In conclusion, tripalmitin crystallizes in its �-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 �-form was obtained after 24 hours 
whereas at room temperature no recrystallization had occurred after 60 days. The 
crystallization of the �-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 �-form (onset 54 °C), a recrystallization exotherm of the metastable �´-form 
(onset 63 °C) and a melting endotherm of the stable �-form (onset 69 °C)28. 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 �-form melting endotherm has decreased in 
intensity while the �-form melting endotherm peak has increased in intensity. After 48 
days the �- and �’-forms cannot be detected in the thermogram. Therefore the 
recrystallization to the stable �-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 �-form of the lipid, as indicated by the 
sole peak at 21.4°29. 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 �`-form 
(peaks at 21.1° and 23.3°) can be observed as discussed above29. After four days of 
storage peaks indicating the �-form appear (19.4° and 23.1°). The DSC thermograms 
and XRPD patterns are in good accordance with respect to when only the �-form is 
observed for the tristearin samples. Both methods suggest that the �-form is not 
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present after 48 days of storage. Prior to this a mixture of peaks correlating to �- and 
�-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 �-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 �-form of the partial glyceride28. The endotherm with the onset at 
71 °C is due to the melting of the �-form28. The XRPD diffractograms (figure 5 a and 
b) show a significant peak for the �-form at 21.3°30. The sub �-form could not be 
identified with this method in this study. During storage at room temperature the sub 
�-form can be detected up to 36 days with DSC. The �-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 �-form of the lipid30. The results are in good agreement with 
the XRPD patterns (figure 5 a) as they also show evidence of the �-form after 24 days 
of storage (19.5° and 22.5°)30. After 36 days of storage the peak indicating the �-form 
disappears. In comparison, the samples stored at 40 °C only exhibit the sub �-form for 
the freshly resolidified sample (onset 37 °C) as well as the �-form (onset 71 °C) 
(figure 4 b)28. 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 �-form is observed after 1 day of storage at 40 °C. These findings correspond to 
the data obtained by XRPD (figure 5 b).  

40 60 80 100

H
ea

t f
lo

w
 / 

m
W

Temperature / °C

d endo

stored for 60 days

freshly resolidified

 

 

40 60 80 100

freshly resolidified

stored for 60 days

H
ea

t f
lo

w
 / 

m
W

Temperature / °C

c endo

 

 

40 60 80 100

H
ea

t f
lo

w
 / 

m
W

Temperature / °C

endo

stored for 60 days

freshly resolidified

 

 

b

40 60 80 100

endo

H
ea

t f
lo

w
 / 

m
W

Temperature / °C

freshly resolidified

stored for 60 days

 

 

a

 

Figure 4. DSC thermograms 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. 

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. 
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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 c 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 overlapping28. 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 c and d) suggests the �-form of the glycerides for the freshly 
resolidified sample28. 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 �-form28. 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 �-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 �-form from the molten sample during DSC 
measurement28. The XRPD patterns (figure 7 a) only depict the tristearin �-form peak 
(21.4°) during the whole storage time29.  

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 �-form of tristearin28. 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 �-form of tristearin28. 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 �-form (peak 21.4°) which transforms to a mixture of �- and �-forms 
(peaks at 19.4°, 23.1° and 24.05°) over time29. After 24 days of storage only the the 
tristearin �-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 e 
and 6 a) an increased incidence of the unstable tristearin �-form can be detected for the 
sample containing the mixture in comparison to the pure tristearin melt. During the 
DSC measurement the tristearin �-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 �-form (peak onset 63 
°C) to the stable �-form as the �-form peak (onset 69 °C) exhibits a much reduced 
intensity compared to the pure tristearin sample28.  
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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 �-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 reported31,32. 
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 polymorph33.  

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 �-form during the DSC 
measurement, complete transformation to the tristearin �-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 �-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 �-form 
is absent after only 24 days of storage28. 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 c and d. The 
freshly resolidified sample exhibits three melting endotherms. Their onsets can be 
detected at 37 °C, 53 °C and 66 °C respectively28. The first peak is likely to be due to 
the unstable sub �-form of glyceryl monostearate. The melting endotherm having its 
onset at 53 °C corresponds to the �-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 lipids28. During storage at room temperature the 
sub �-form of glyceryl monostearate as well as the �-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 �-form. In contrast in the sample stored at 40 °C 
the sub �-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 �-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 �-forms of tristearin and glyceryl monostearate28. The XRPD patterns (figure 7 
c 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 �-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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�-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 �-form for 16 days (figure 6 b) whereas the mixture containing 50% glyceryl 
monostearate features the tristearin �-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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9.5. Article 5: Influence of structural variations on drug 
release from lipid/polyethylene glycol matrices  
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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. In 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.1 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.2-4 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.5  

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.6 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.7 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.8 The maximum spatial resolutions possible with NIR and IR 
radiation are approximately 6 �m8 and 4 �m respectively,9 while that of Raman 
microscopy may approach sub-micron levels.10 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).9 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.11 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.12 However, the spatial resolution 
in this study was 100 �m (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 
forms,13,14 the set up used was not capable of spectrally resolving different solid-state 
forms of the model drug, theophylline.14 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-1 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.2, 15 

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-1 across the spectrum. For the maps, each spectrum was the co-addition of 
three five second exposures, and collected from 50-1530 cm-1. An Olympus 100x 
objective (N.A. 0.9) with a 50 �m 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-1 band of silicon; a level of 50% of the maximum 
intensity was used to define the resolution boundaries. The lateral resolution was 
approximately 2 �m and the axial resolution 5 �m. The spectra were collected with a 
step size of 2 �m  in both the x- and y directions. Rectangles of 36 �m x 500 �m were 
mapped, and for the cross-sections two adjacent rectangles were used to construct 
maps of 72 �m x 500 �m, 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 
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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-1 were recorded at 30 s 
intervals between 200 and 2200 cm-1. 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 efficacy,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-1 for tripalmitin, 554 cm-1 for 
theophylline anhydrate and the combined area for the peaks at 844cm-1 and 860 cm-1 
for polyethylene glycol. If polyethylene glycol was not present in the system being 
investigated, the peak for tripalmitin at 1130 cm-1 was used.18-20 The maximum peak 
area of each constituent-characteristic band was determined from all 9000 spectra 
collected from the 72 �m x 500 �m 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.21 
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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 D10 = 
12 �m and D90 = 288 �m, tripalmitin D10 = 28 �m and D90 = 489 �m and polyethylene 
glycol D10 = 21 �m and D90 = 461 �m. 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.5 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 a result, 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). 

 

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 
media used,2,3,22 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.5 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.23,24  
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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). 

 

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 stress2 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. 6c 
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.15 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 �m 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 �m 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). 

 

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 �m 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,14 

and is interesting because pure theophylline anhydrate is known to undergo solution 
mediated conversion to the less soluble monohydrate upon contact with water.16 
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 situ 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-1 (monohydrate), and 1665 cm-1 and 1707 cm-1 (anhydrate).18,20 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.16 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 f).   
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Figure 10: Scanning electron micrographs of theophylline and tripalmitin tablets 
prepared from a physical mixture (a, c and e) and extrudate (b,d and f), after 
different immersion times: before immersion (a and b), after 30 min 
immersion (c 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-1, while that of the 
monohydrate is 6 mgmL-1.25 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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