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ABSTRACT 
 
The number of poorly water-soluble drug substances in the pharmaceutical 
pipeline is increasing, and thereby also the need to design effective drug 
delivery systems providing high bioavailability. One favourable formulation 
approach is preparation of solid dispersions, where dispersing a poorly 
water-soluble drug in a water-soluble polymer matrix improves the 
dissolution behaviour and the bioavailability of the drug. However, in order 
to take full advantage of such formulations the impact of material properties 
on their performance needs to be investigated. 
 
An experimental toolbox has been designed, and applied, for analysing the 
processes which govern the behaviour of solid pharmaceutical formulations 
in general, and that of solid dispersions in particular. For the purpose of 
monitoring multifaceted phenomena in situ during tablet dissolution, 
nuclear magnetic resonance (NMR) spectroscopy and NMR imaging are 
superior to many other techniques, both on macroscopic and molecular 
levels. The versatility of NMR with its isotope and chemical selectivity 
allows one to follow the influence of the original tablet properties on 
polymer mobilisation, drug migration and water penetration selectively. 
Mapping these processes on relevant time scales in dissolving tablets 
highlighted the gel layer inhomogeneity below the originally dry tablet 
surface as a key factor for drug release kinetics.  
 
Furthermore, NMR relaxometry has been shown to provide novel 
information about the particle size of the drug and its recrystallisation 
behaviour within swelling solid dispersions. The NMR experiments have 
been complemented and supported by investigation of the crystalline state, 
the powder morphology and the surface composition of the dry solid 
dispersions. These experiments have been performed by X-ray 
photoelectron spectroscopy (XPS),  scanning electron microscopy (SEM), 
powder X-ray diffraction (pXRD), differential scanning calorimetry (DSC), 
Fourier transform infrared spectroscopy (FTIR) and dynamic contact angle 
(DAT) measurements. 
 
The methods presented in this thesis provide a new avenue towards better 
understanding of the behaviour of solid dispersions, which in turn may 
result in more effective distribution of promising drug candidates despite 
their low water-solubility. 
 



 

 

SAMMANFATTNING  
 
En allt större andel av de läkemedelssubstanser som idag är av intresse för 
den farmaceutiska industrin är svårlösliga i vatten. För att trots detta erhålla 
hög biotillgänglighet måste man utveckla beredningsformer som medger 
effektiv frisättning av den aktiva substansen. En lovande sådan 
beredningsform utgörs av fasta dispersioner, där den svårlösliga substansen 
finfördelas i en vattenlöslig polymer. För att utnyttja dessa dispersioners 
potential fullt ut måste dock materialegenskapernas inverkan på deras 
beteende kartläggas i större utsträckning än vad som tidigare gjorts.  
 
En uppsättning experimentella metoder har i detta arbete utvecklats och 
använts för att analysera de processer som styr beteendet hos fasta 
läkemedelsberedningar i allmänhet, och fasta dispersioner i synnerhet. För 
observation av sådana processer in situ, under pågående tablettupplösning, 
är NMR-spektroskopi (kärnmagnetisk resonans-spektroskopi) och NMR-
avbildning överlägsna många andra tekniker, både på makroskopisk och på 
molekylär nivå. NMR är en mångsidig metod med både isotop- och kemisk 
selektivitet. Genom att utnyttja dessa möjligheter kan de enskilda 
sambanden mellan den ursprungliga tablettens materialegenskaper och 
polymermobilisering, vatteninträngning och den aktiva substansens 
migrering följas separat. Kartläggning av dessa processer, på relevanta 
tidsskalor i tabletter under upplösning, påvisar att gellagrets inhomogenitet 
inuti den ursprungliga tabletten har stor betydelse för frisättningskinetiken.  
 
Vidare visar sig NMR-relaxometri ge värdefull information om den aktiva 
substansens partikelstorlek och dess omkristallisationsbeteende i fasta 
dispersioner under svällning och upplösning. NMR-experimenten 
kompletteras med oberoende karakterisering av det kristallina tillståndet, 
pulvermorfologin och ytsammansättningen hos de torra fasta dispersionerna. 
Dessa experiment utförs med hjälp av XPS (röntgen-
fotoelektronspektroskopi), SEM (elektronmikroskopi), pXRD (pulver-
röntgendiffraktion), DCS (differentiell kalorimetri), FTIR (infraröd Fourier 
transform spektroskopi) och DAT (dynamisk kontaktvinkel) mätningar. 
 
De metoder som presenteras i den här avhandlingen pekar mot nya vägar att 
nå djupare förståelse för beteendet hos fasta dispersioner, vilket i sin tur kan 
leda till att fler lovande läkemedelssubstanser kan distribueras effektivt trots 
begränsad vattenlöslighet. 
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1. BACKGROUND 
 

1.1. Challenges for poorly water-soluble drugs and 
solid dispersions  
The solubility behaviour of a drug, together with membrane permeability, is 
a key determinant for its oral bioavailability. An increasing proportion of 
potential drug candidates are classified as poorly water-soluble and 
formulation of these compounds presents great challenges. 
 
In oral drug delivery, which is the generally preferred route of 
administration, bioavailability is determined by the amount of a drug that is 
absorbed by the intestinal tract [7, 8]. Various physical properties of the 
drug substance, as well as physiological factors, may affect its 
bioavailability. Developing delivery systems for optimal administration is 
often essential, as the bioavailability from conventional tablet formulations 
may be unacceptable for poorly water-soluble drugs. A few examples of 
emerging formulation strategies for the delivery of poorly water-soluble 
drugs are particle size reduction, crystal modification and drug dispersion in 
carriers [9, 10].  
 
Many of the new drug substances under development are intended to be 
used in solid dosage forms as they are considered to have many advantages 
over other types of oral dosage forms, such as greater stability, smaller 
volume, accurate and flexible dosage and easy production. One of the 
favourable approaches to increasing the water dissolution behaviour and 
bioavailability of solid dosage forms is by preparing solid dispersions. 
 
Solid dispersion refers to the dispersion of one or more drug substances in 
an inert carrier (a matrix) in the solid state, prepared by melting, solvent 
evaporation, or melt-solvent methods [11-15]. By preparing solid 
dispersions, it is possible to provide better wettability and dispersibility of 
the drug by the carrier material. Furthermore, the amorphous state of the 
drug may be introduced deliberately. Amorphous forms of the poorly 
soluble drug substances have an advantage from a pharmaceutical viewpoint 
due to their increased dissolution rate compared to the corresponding 
crystalline forms [16-19].  



BACKGROUND 

 

 

2 

 

The character of prepared solid dispersions may differ greatly. Most 
commonly, amorphous polymeric carriers are used to encapsulate the drug 
substance. Concerning the distribution of the drug within the solid 
dispersion, there are several possibilities, such as (i) the drug being 
dispersed as single molecules (solid solution), or (ii) the drug being present 
as small particles embedded in the carrier (solid suspension), or a mixture of 
both. 
 
The most common concern with solid dispersions and other amorphous 
systems is the stability of the drug. The amorphous state of the drug has a 
higher internal energy and more intense molecular motion, relative to the 
drug in a crystalline state, making it inherently thermodynamically unstable 
and prone to recrystallisation [17, 18, 20-24]. The conversion of amorphous 
to crystalline state can be either solid-state-mediated (resulting in 
recrystallisation during storage), solution-mediated (resulting in 
recrystallisation after administration), or both. The recrystallisation process 
normally starts by a nucleation event, often at a site on a surface in contact 
with some other species or phases, followed by crystal growth. 
 
Once in contact with a dissolution liquid (in vitro or in vivo), the rate at 
which a solid dispersion dissolves depends on many parameters, and occurs 
in a series of steps - wetting, liquid penetration, disintegration, swelling (if 
applicable) and dissolution of components - all of which are affected by the 
interactions between the dissolution liquid, the carrier and the drug. The 
need to formulate solid dispersions with desired physical and chemical 
properties, such as specific dissolution profiles, requires an understanding of 
the impact of these steps and knowledge of how to combine the appropriate 
drug substance, carrier and preparation method.  
 
Despite the advantages offered by solid dispersions, the marketed products 
based on this technology are few. This is related to the poor predictability of 
solid dispersion behaviour due to a lack of basic understanding of their 
material properties. One of the main reasons for this knowledge gap has 
most certainly been the limitation of characterisation techniques available to 
monitor the dissolution process on a molecular level in terms of impact of 
liquid ingress on tablet structure and drug release. The advantages of using 
nuclear magnetic resonance (NMR) techniques as tools to improve the 
understanding of polymer mobilisation, water penetration and state of the 
drug on drug release from solid dispersion tablets will be discussed in 
Section 1.3 and demonstrated in Section 3. 
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1.2. Drug delivery from swellable matrix systems 
Hydrophilic swellable polymers are widely used for controlled delivery of 
drugs. Apart from their use in solid dispersions, prominent applications 
include biodegradable depot formulations for peptide or protein release [25] 
and push-pull osmotic systems [26].  
 
The drug release from swellable polymer matrix tablets is a very complex 
process [27-29]. The general perception is that the gel layer surrounding the 
tablets during dissolution (described below) acts as a transport barrier 
influencing the dissolution and diffusion of drug molecules into the liquid, 
providing a mechanism for controlled drug release. The barrier performance 
is governed by many factors, including drug and polymer concentrations, 
molecular mass of the drug and the polymer, polymer viscosity and tablet 
pore structure.  
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Figure 1. Illustration of polymer tablet swelling and dissolution. Upon wetting, 
hydrated polymers form a gel layer around the tablet. As water penetrates further 
into the tablet, the thickness of the gel layer increases. Eventually, the outer 
polymer layer becomes fully hydrated and dissolves, while liquid continues to 
permeate towards the tablet core.  
 



BACKGROUND 

 

 

4 

 

Within a hydrophilic matrix tablet, the polymer (the carrier) exists in a 
number of states, from the dry state in the core, through a spectrum of 
partially hydrated states, to the completely hydrated state at the outer 
surface (Fig. 1) [28, 30]. The distinguishing properties between these 
regions are the hydration level of the polymer and the resulting mobility of 
the polymer chains. Disintegration of such a matrix is a dynamic process 
involving polymer wetting, gel formation, swelling and polymer dissolution 
(Fig. 1). The polymer dissolution process is the combined result of two 
phenomena: liquid diffusion and chain disentanglement. When exposed to 
liquid, the hydrophilic polymer matrix undergoes hydration and chain 
relaxation, allowing reptation of the individual polymer chains. A viscous 
gelatinous layer (a polymer solution in the semi-dilute regime), which is 
commonly termed the ‘gel layer’, is formed around the tablet. In this gel 
layer, there are still substantial cohesive forces between the chains. As the 
liquid continues to penetrate, the mobility of the polymer chains increases 
and in the outermost region, the eroding layer, the chains eventually 
disentangle from the matrix. The disentanglement of individual molecules at 
the matrix surface depends on the level of hydration and on the polymer and 
liquid properties. The subsequent step involves transport of these molecules 
from the surface across a liquid diffusion layer to the bulk liquid. As the 
outer gel layer fully hydrates and dissolves, layers below continuously 
replace it. 
 
Though often not sharply defined, the interface between the dry interior and 
the hydrated polymer layer is called the swelling front, while the interface 
between the swollen polymer and the bulk liquid is known as the eroding 
front (Fig. 1). The swelling front moves towards the tablet centre, whereas 
the eroding front moves outwards as long as swelling prevails. When 
disentanglement takes over from the swelling process, both fronts move 
towards the centre of the tablet until it is completely dissolved [28, 30]. 
 
Various mechanisms and mathematical models have been proposed to 
understand swelling and erosion of polymeric carriers used in 
pharmaceutical formulations [29, 31-34]. However, modelling polymer 
dissolution is beyond the scope of this thesis. 
 



                                                                  BACKGROUND 

 

                                              

                                                                                            5 

 

1.3. Scope of this thesis 
Solid dispersions and solid dispersion tablets are known to be an attractive 
formulation strategy in the pharmaceutical industry to increase the 
bioavailability of poorly water-soluble drugs. However, the application of 
solid dispersions is hampered by the lack of predictability of their 
dissolution. In order to identify the underlying reason for the internal events 
unfolding as a consequence of liquid penetration into solid dispersion 
tablets, the tablets have to be monitored not only in dry state, but also during 
the dissolution process. A key area in understanding the overall 
performance of a solid dispersion formulation is to understand the impact of 
molecular dynamics, such as polymer mobility and drug recrystallisation, on 
the drug release mechanism. As yet, a comprehensive investigation is 
missing of the relationship between material properties and overall drug 
performance of solid dispersions, covering in particular molecular 
dynamics. 
 
The aim of this work has been to create and apply an experimental toolbox 
which provides access to information about the impact of material 
properties on the various processes underlying drug release, both on a 
macroscopic and a molecular level. NMR is superior to many other 
techniques allowing in situ monitoring, as it can access spatially resolved 
information about swelling tablet structure, liquid penetration, polymer 
mobilisation, drug mobilisation, drug particle size and state of the drug. By 
exploiting the versatility, and the isotope and chemical selectivity, of NMR 
the behaviour of those different processes can be followed separately and 
interpreted in a coherent manner, which sheds new light on the nature of 
solid dispersions.  
 
The information obtained by NMR has been complemented and supported 
with surface characterisation techniques by X-ray photoelectron 
spectroscopy (XPS) and contact angle measurements, morphology studies in 
the dry state by scanning electron microscopy (SEM), and characterisation 
of crystallinity by powder X-ray diffraction (pXRD), differential scanning 
calorimetry (DSC), and Fourier transform infrared spectroscopy (FTIR). 
 
The performance of a solid dispersion may be manipulated via the system 
composition and the preparation process. An important aspect is to 
understand the effect of the individual sample preparation factors. In order 
to generate specific material properties, processing parameters such as 
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drying technique, solvent composition, type of polymer and model drug 
substance have been varied in this work. The investigated materials 
represent model systems of solid dispersions consisting of polymers and 
drug substances commonly used in the pharmaceutical industry. Selective 
information about the drug by NMR is facilitated by including one of the 
many poorly water-soluble drugs containing fluorine, an active NMR 
nucleus not present in the polymer or the dissolution liquid. The 
experiments have been performed at neutral pH in pure water. However, 
with slight changes all experiments may also be performed with marketed 
pharmaceutical tablets in simulated body fluids.  
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2. EXPERIMENTAL 
 

2.1. Materials 

2.1.1. Drug substances 
The choice of model drug substances has been guided, in different 
proportions, by their water solubility, toxicity, relevance to the 
pharmaceutical industry and ability to be analysed by NMR in the presence 
of polymer and dissolution liquid. Throughout the work, antipyrine, 
adamantanemethanol, hesperetin, flutamide and adamantane have been 
used. Their chemical structures and selected physico-chemical properties 
are provided in Fig. 2 and Table 1, respectively.  
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Figure 2. Molecular structures of (a) antipyrine, (b) adamantanemethanol,  
(c) hesperetin, (d) flutamide and (e) adamantane. 
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Table 1. Physico-chemical properties of the model drugs used in this work.  
 

Used in Paper Model drug substance Log P * Mass solubility (g/L) ** 

I, II, IV Antipyrine 0.3 6.8  
IV Adamantanemethanol 2.7 3.3  
IV Hesperetin 2.9  0.14 
IV, V, VI Flutamide 3.7 28·10-3 
IV Adamantane 4.2 18·10-3 
* The octanol-water partition coefficient at 25°C 
** Unbuffered water, 25°C. The mass solubility of flutamide and hesperetin are measured by 
UV-Vis spectroscopy. Other values are calculated using Advanced Chemistry Development 
software, © 1994-2009 ACD/Labs. 

 
2.1.2. Polymers 
Polymers have been the most successful carrier material for solid 
dispersions as they are readily able to form amorphous solid dispersions. 
Two of the most commonly used water-soluble polymers are the natural 
product-based hydroxypropyl methylcellulose (HPMC) and the fully 
synthetic polyvinylpyrrolidone (PVP). HPMC has been used as carrier in all 
papers while PVP has been used in Papers III and IV.  
 
Hydroxypropyl methylcellulose (HPMC) 
Among the various types of cellulose ether derivatives, HPMC is one of the 
most frequently used carrier materials in hydrophilic matrix tablets for 
controlled drug release [35]. The large interest in HPMC as an excipient is 
mainly due to the fact that it is non-toxic, easy to handle, relatively cheap, 
easy to compact and compatible with numerous drugs [36, 37].  
 
HPMC consists of a backbone of cellulose with methyl and hydroxypropyl 
moieties substituted onto the glucose units (Fig. 3). HPMC is commercially 
available in many different viscosity grades. HPMC is further characterised 
by its degree of substitution (i.e. the average number of substituted hydroxyl 
groups per glucose moiety), and molar substitution (i.e. the number of moles 
of hydroxypropyl groups per mole of anhydroglucose) [35-37]. However, 
even when the degree of substitution is known, the substitution pattern of 
the molecule may remain unknown and the substituents can be randomly 
distributed along the polymer chain or be clustered on neighbouring 
monomers. 
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In this work, a HPMC of USP type 2910, grade 603 with an approximate 
molecular weight of 17 000 g/mol [38] and an apparent viscosity of 3.07 
mPa s, as measured in a 2 w% (weight %) solution in H2O at 20˚C, has 
mainly been used. The nominal degrees of methoxyl and hydroxypropyl 
substitutions are 1.9 and 0.25, respectively. 
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Figure 3. The chemical structure of HPMC. Substituent R represents either a 
hydrogen, a methyl group or a hydroxypropyl group. 
 
 
Polyvinylpyrrolidone (PVP) 
PVP is particularly suitable for the preparation of solid dispersions by the 
solvent method, due to its good solubility in a wide variety of organic 
solvents [39]. PVP is a nonionic polymer obtained by polymerisation of the 
monomer N-vinylpyrrolidone (Fig. 4). Some of the properties making it 
suitable to be used in dosage forms are its low toxicity, low price, 
physiological tolerance and good film formation properties. PVP is 
available in a wide range of molecular weights. In this work, PVP K30 with 
an approximate molecular weight of 50 000 g/mol was used.  
 

N
O

CH CH2
n  

 
Figure 4. The chemical structure of PVP. 
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2.2. Sample preparation 
Solid dispersions of polymer and drug have been prepared by two different 
solvent evaporation methods: rotoevaporation and spray drying. Both 
methods involve solubilisation of the drug and the carrier in a volatile 
solvent which is later removed. Physical mixtures of individual drugs and 
polymers (used as received) were also prepared by thorough mixing in jars. 
 

2.2.1. Spray drying 
Spray drying is used extensively in the pharmaceutical industry as it can dry 
a product very quickly compared to other methods [40]. Typically 
performed using aqueous systems, spray drying can also be undertaken with 
other solvents. 
 
Spray drying involves dispersing a liquid feedstock into a spray of droplets 
and contacting the droplets with hot gas in a drying chamber (Fig. 5). 
Evaporation of solvent from the droplets and formation of dry particles 
proceed under controlled temperature and gas-flow conditions. The 
resulting powder is then separated from the drying gas. The particle size 
distribution, residual moisture content, bulk density, and particle shape of 
the end-product can be controlled by the choice of experimental parameters. 
The particle size of the dry product can be very small (~ 10 - 500 μm) in 
comparison to other drying methods.  
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Figure 5. A spray dryer typically consists of a gas disperser (1), a feed pump (2), an 
atomiser (3), a drying chamber (4) and a vial for powder collection (5). 
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2.2.2. Rotary evaporation 
A rotary evaporator (or rotoevaporator) is a device used for gentle removal 
of solvents from a mixture of compounds by evaporation (Fig. 6). By 
reducing the pressure above the bulk solution, the boiling point of the 
solvent is lowered. This enables solvent removal without excessive heating. 
As the sample flask rotates, a thin film of warm and dense solution is spread 
over a large surface. The dried film is usually milled and sieved to obtain a 
powder with the desired particle size. 
  

1

2
3

4

5

 

1

2
3

4

5

 
 

Figure 6. A rotary evaporator typically consists of a round rotating sample flask 
(1), a hot water bath (2), a collection flask for evaporated solvent (3) and a 
distillation tube (4) connected to a vacuum pump (5). 
 

2.2.3. Tabletting 
To produce tablets, which is the form most commonly used for oral delivery 
of solid dispersions, portions of powder corresponding to the intended tablet 
weight were compressed with cylindrical flat-faced punches, either in a die 
or directly in the NMR sample tubes, using a laboratory hand press. The 
applied force may be varied to achieve desired tablet volume and porosity. 
In this work, the force applied was as low as possible (below 100 N/mm2) to 
minimise deformation of the constituting powder particles, but high enough 
to create tablets. 
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2.3. Characterisation techniques 
The different characterisation techniques are described briefly, focusing on 
their applications in this work.   
 

2.3.1. Scanning electron microscopy 
Scanning electron microscopy (SEM) was used to study the morphology of 
solid dispersion powders and tablets. SEM offers superior performance 
compared to light microscopes, particularly in resolution and field depth. A 
scanning electron microscope constructs a virtual image from the response 
emitted by the sample when scanning an electron beam, line by line, in a 
rectangular pattern over the sample surface [41]. As the beam electrons 
penetrate the sample, they give up energy, which in part is carried away 
from the sample by ejected or scattered electrons. These electrons are 
collected by a detector, converted to a voltage and amplified. In order to be 
able to generate and focus the electron beam, SEM operates under vacuum.  
 

2.3.2. Dynamic absorption tester 
In this work, the surface hydrophobicity of tablets compressed from solid 
dispersion powders was evaluated by measuring the apparent equilibrium 
advancing contact angle of water with a dynamic absorption tester (DAT). 
In the DAT, liquid droplets with predefined volume are deposited on the 
substrate from a syringe. The imbibition process is followed by image 
capture and analysis, giving parameters such as drop volume, base diameter 
and contact angle as a function of time.  
 
Measuring contact angles on substrates with high surface roughness and 
porosity requires certain precautions [42]. In an attempt to decouple the 
spreading and absorption processes, the apparent equilibrium contact angle 
is determined by first identifying the time interval during which the drop 
diameter remains constant and when the contact angle decreases steadily 
with time (Fig. 7). A linear function is then fitted to the contact angle 
evolution in this region (lower part of Fig. 7). The value extrapolated to t = 
0 is used as an estimate of the value of a contact angle that would have been 
observed if the substrate had not been porous, and spreading to the 
equilibrium value had occurred instantaneously, without pinning down by 
surface roughness, on contact with the substrate.  
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Figure 7. A schematic picture of how to obtain the apparent equilibrium contact 
angle by fitting a linear function to the acquired contact angles (X) in the region 
where the drop diameter (O) remains constant over time. 
 

2.3.3. X-ray photoelectron spectroscopy 
In this work X-ray photoelectron spectroscopy (XPS), also known as 
electron spectroscopy for chemical analysis (ESCA), was used to probe the 
molecular composition of powder surfaces, and thereby the amount of drug 
distributed there.  
 
XPS is a surface-sensitive spectroscopic technique that can measure, for 
atomic numbers above 3, the elemental composition and chemical state of 
the elements in the upper 2-10 nm of a material. The XPS spectrum is 
obtained by irradiating the sample surface with a beam of X-rays while 
simultaneously measuring the kinetic energy of the emitted photoelectrons. 
This energy depends upon the element and orbital from which the electron 
is ejected. The instrument is operated in vacuum in order to maintain a clean 
sample surface and prevent the ejected photoelectrons from being scattered 
by gas molecules before reaching the detector [43, 44].  
 
When a sample contains substances with complex molecular structure, as in 
the present work, the obtained atomic surface composition has to be 
converted into surface compositions of known molecular components. This 
may be done under the assumption that all molecular species are present at 
the surface in patches with a depth of at least the depth of analysis. The 
relative surface coverage of the different molecular species can then be 
estimated by solving a system of linear equations obtained via the known 
stoichiometries [3].  
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2.3.4. Differential scanning calorimetry 
Differential scanning calorimetry (DSC) is a thermoanalytical technique, 
widely used to characterise pharmaceutical systems, determining whether 
they are amorphous or not. In this work, the technique has been used to 
study the state of the drug incorporated in solid dispersions.  
 
By observing the difference in heat flow between a sample and a reference, 
DSC is able to detect phase transitions, such as melting, glass transition or 
crystallisation. The result of a DSC experiment is a curve of heat flux versus 
temperature or time (Fig. 8). This curve can be used to calculate enthalpies 
of transitions by integrating the peak corresponding to a given transition. 
DSC allows for analysis of small sample masses (mg) and wide temperature 
ranges [45]. 
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Figure 8. Illustration of a DSC thermogram used to characterise melting properties. 
Examples of detectable events are glass transition, crystallisation and melting.  
 
 
The lack of a melting peak in a DSC plot of a solid dispersion may indicate 
that the drug is present in an amorphous rather than in a crystalline form. 
Since the method is quantitative, the degree of crystallinity can also be 
calculated for systems in which the drug is partly amorphous and partly 
crystalline. However, experience shows that crystallinities less than 2 % can 
generally not be detected [14, 45]. Care must be taken when evaluating DSC 
data, as the sample is heated during the measurement, which may induce 
changes in the sample (e.g., solvation of one component in another) so that 
the measured data do not represent the state of the sample at ambient 
conditions. 
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2.3.5. Powder X-ray diffraction 
Powder X-ray diffraction (pXRD) is a non-destructive technique for 
material characterisation and quality control, particularly useful for 
identifying fine-grained powders and mixtures. It may be used to determine 
phase diagrams and to measure the relative amounts of each phase present 
in a mixture. In this work, pXRD has been used to examine the state of the 
drug, both in dry and wet samples, as a function of preparation parameters.  
 
During a pXRD experiment, an X-ray beam hits the sample and the 
intensities of the reflections are monitored (in counts per second) as a 
function of the scattering angle. Periodic variations in electron density in the 
sample may give rise to constructive interference and to a number of 
resulting diffraction rings around the beam-axis. In accordance with Bragg's 
law, each diffraction ring corresponds to a particular reciprocal lattice 
vector in the sample crystal. The angle between the beam-axis and the ring 
is the scattering angle. Powder diffraction data are usually presented as a 
diffractogram in which the diffracted intensity is shown as a function of the 
scattering angle [46].  
 
Crystalline materials produce a distinctive diffraction pattern consisting of 
narrow peaks. Both the positions (which correspond to lattice spacings) and 
the relative intensities of the peaks are indicative of a particular phase and 
material, providing a fingerprint of the sample. Owing to the specificity of 
the fingerprint, the crystallinity of the drug can be separately identified from 
the crystallinity of the carrier. Experience shows that crystallinities less than 
5-10 % can generally not be detected with pXRD [14, 46]. Small crystallites 
cause peak broadening, which makes it difficult to detect nanometer sized 
crystallites by pXRD.  
 

2.3.6. Nuclear magnetic resonance 
Since the demonstration of the nuclear magnetic resonance (NMR) 
phenomenon by Bloch et al. [47] and Purcell et al. [48] in 1946, a large 
variety of applications, including analysis of chemical composition as well 
as determination of molecular structure and dynamics, have been exploited. 
NMR has many advantages in pharmaceutical applications because of its 
molecular specificity, possible spatial selectivity, high sensitivity to 
molecular mobility and ability to give quantitative information on a 
molecular level [49, 50]. NMR can be used to measure, for example, 
concentration, diffusion and mobility on time scales relevant for tablet 
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dissolution. The following section will serve as only a very brief overview 
of NMR spectroscopy and NMR imaging. A large variety of text books are 
available that cover NMR in greater detail [51-57]. 
 

2.3.6.1. NMR spectroscopy 
Experimentally, the sample is placed inside a radio-frequency (rf) coil in a 
highly homogeneous magnetic field of known strength. Nuclei with non-
zero spin (such as 1H, 2H, 19F, 13C and 31P) have a nuclear magnetic 
momentum and will align to some degree in the magnetic field. At thermal 
equilibrium, each magnetic momentum aligns with the field (lower energy 
state, N-) or against the field (higher energy state, N+). The energy 
difference between the spin states, E, is determined by the magnetic field 
which in turn sets the Boltzmann factor, N-/N+ = e-E/kT, where k is the 
Boltzmann’s constant, and T is the temperature. This provides a population 
difference between spin energy levels, which leads to a net nuclear 
magnetisation.   
 
To perturb the nuclear magnetisation from thermal equilibrium, the nuclear 
spins are excited by an rf pulse. The precessing magnetisation after 
perturbation induces a small voltage in the surrounding tuned coil by the 
process of electromagnetic induction. It is this voltage that forms the NMR 
signal. 
 
The NMR sensitive nuclei can absorb energy at a frequencies corresponding 
to the difference between their energy levels. The difference between higher 
and lower energy states is influenced by the local environment of the nuclei, 
which is influenced by the neighbouring electrons, providing local magnetic 
fields that differ for each unique nuclear position within a molecule. Their 
nuclear magnetisation thereby precesses with slightly different characteristic 
frequencies, Larmor frequencies, ω0 = γB(1-σ), where γ is the gyromagnetic 
ratio of the nucleus being observed, B is the applied magnetic field and σ is 
the shielding factor associated with the chemical environment of the nuclei 
being observed. The difference between different shielding factors is called 
chemical shift. The NMR signal is intrinsically weak, but increases in 
strength with increasing gyromagnetic ratio of the nucleus being observed. 
1H is by far the most commonly investigated nucleus, having close to 100 % 
natural abundance and high NMR sensitivity.  
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Since the NMR signal is the sum of all different characteristic frequencies 
that the spins are precessing with, the Fourier transform of the NMR signal 
yields a spectrum in which the integral of each peak is proportional to the 
number of nuclei having a specific chemical environment (Fig. 9). 
 
Generally, after excitation by rf pulses, the nuclear magnetisation eventually 
returns to equilibrium. Often, this can be characterised by two relaxation 
times: the longitudinal relaxation time (T1), which describes the exponential 
recovery of the equilibrium longitudinal magnetisation that is aligned with 
the applied magnetic field; and the transverse relaxation time (T2), which 
describes the exponential decay of the precessing component of the net 
magnetisation, and, hence, also the decay of the NMR signal. T1 and T2 
strongly depend upon the local molecular environment and are very 
sensitive to molecular motions, carrying extra information about the sample. 
The decay of transverse magnetisation is also sensitive to variations in the 
applied field (ultimately leading to an inhomogeneous line broadening). 
Hence, these phenomena may be used to monitor phase transitions, for 
example. 
 
NMR spectroscopy can be used in combination with linearly varying 
magnetic fields, field gradients, to obtain spectral information from a 
selected region of a sample (localised NMR spectroscopy). The possibilities 
offered by the use of field gradients will be explained in more detail in the 
next section.   
 
 

 
 

Figure 9. Example of a 1H NMR spectrum of the model drug antipyrine dissolved 
in deuterated water. 



EXPERIMENTAL                                                                  

 

 

18 

 

2.3.6.2. NMR imaging 
In NMR imaging, the NMR phenomenon described in the previous section 
is utilised to acquire images. Although NMR imaging (or magnetic 
resonance imaging, MRI) is routinely performed at many medical facilities, 
imaging of small objects remains less wide-spread [58]. NMR imaging is a 
powerful technique that provides cross-sectional images inside undisturbed 
specimens in situ. It is superior to many other optical imaging techniques in 
enabling observations of internal events in opaque systems. In this work, 
NMR imaging has been used to study internal mechanisms underlying drug 
release behaviour in polymeric delivery systems. 
 
NMR imaging is based on using field gradients to encode the NMR signal 
with spatial information from which images are obtained. The signal 
occurring at a particular frequency carries information from a particular 
position within the sample. Depending on the number of field gradients 
applied, one-, two- and three-dimensional images can be obtained. By the 
application of appropriate sequences of rf pulses the images can be 
weighted to show variation in relaxation times or molecular diffusion, for 
example. Reaction kinetics or fluid flow may also be studied by serial 
imaging. In contrast to localised spectroscopy, the spectral information is 
generally not observed. 
 
Perhaps the most important issue for NMR imaging is the fundamental limit 
to spatial resolution. In practice, the spatial resolution (Δx) is limited by 
sensitivity factors, specifically the signal-to-noise ratio (SNR) of the NMR 
signal. In the case of dynamic systems, the resolution is often limited by the 
need to produce images with an adequate SNR in acceptable times. The 
relationship of resolution, SNR, and total image acquisition time, t, may be 
expressed, for isotropic image pixels, as  
 

txSNR 3Δ∝  Eq. 1 
 

The resolution can be increased by increasing the acquisition time, by 
sacrificing SNR or by operating at higher magnetic fields [49].  
 
In the ultimate limit, where sensitivity is less important, the size of the 
smallest structure that can be resolved in an NMR image depends upon the 
strength of the field gradient used. The spatial resolution in NMR imaging 
may then be expressed as 
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where γ is the gyromagnetic ratio and G is the gradient strength [49]. 
Although the boundary is relatively vague, imaging at spatial resolution in 
the order of 100 μm and smaller are typically referred to as microimaging.  
 
Besides poor spatial resolution, classical NMR imaging may suffer from 
artefacts arising from differences in magnetic susceptibility within a 
heterogeneous sample. 
 
Imaging mobile (in liquids) and immobile (in solids) molecules provides 
very different challenges. Imaging of solids and semisolids is associated 
with short transverse relaxation times and other line broadening factors 
imposing restrictions on the imaging resolution and sensitivity. In solids, 
line broadening appears due to dipolar interaction and chemical shift 
anisotropy. The duration of the NMR signal might be in the order of a few 
µs in a rigid solid, which is shorter than the time required by conventional 
NMR imaging techniques to switch field gradients on and off, in order to 
impart spatial resolution to the NMR measurement. A number of 
approaches are available to overcome these problems, including the brute 
force method of increased gradient strength, phase encoding methods, and 
line narrowing methods [59, 60].  
 
 
Constant time imaging (CTI) 
The technique used in this work to generate NMR images of rigid and semi-
rigid polymers and drug particles is constant time imaging (CTI), also called 
single point imaging (SPI) [61-63]. In contrast to conventional NMR 
imaging techniques, the gradient is on during the rf pulses and during the 
detection, making CTI superior to other techniques when the gradient-
switching time is greater than or comparable to T2. In this work, one-
dimensional CTI was used as described below. 
 
A single short rf pulse is used to create transverse magnetisation after the 
gradient, G, has been turned on and allowed to stabilise. The CTI sequence 
does not employ band-selective pulses but relies on broad-band rf pulses of 
limited duration. Hence, the frequency spectrum of the rf pulse (1/pulse 
length) must be wider than the maximum spectral width (Gmax x sample 
length) to ensure uniform excitation. The free induction decay signal is 
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observed after a fixed time, tp, at which point phase and amplitude of the 
signal are measured (Fig. 10a). Only one magnetisation measurement is 
performed per rf pulse before switching off the gradient. With each 
repetition of this sequence, the value of the applied gradient is incremented 
in steps of g.  
 
The signal, S(n), that arises from the sample at each gradient step (n) is the 
sum of signals from nuclei precessing at slightly different frequencies, thus 
having different phase (ρn) for every position along the z-axis (when the 
gradient, Gz, is applied along this axis), 
 

dzezSnS ztngi pγ−
∞

∞−
∫= )()(  Eq. 3 

  
By taking the Fourier transform of S(n) for all acquired gradient steps one 
obtains an image of the nuclei along the z-axis (Fig. 10b). The resolution 
will depend on the strength of the gradient used. 
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Figure 10. Illustration of a CTI sequence in one dimension with 16 gradient steps. 
(a) A broadband rf pulse excites transverse magnetisation which is phase encoded at 
time tp. A single complex signal value is acquired at each gradient value. (b) The 
modulation of signal points with incrementing gradient strength is Fourier 
transformed to obtain spatial information. 
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The obtained one-dimensional image consists of signal intensity data points 
along the axis that coincides with the direction of the selected field gradient 
direction (z in this example). The measured signal intensity depends in a 
complex fashion on T1, T2 and the local spin density, S0. It also depends on 
pulse-sequence parameters such as the time between each excitation pulse, 
Tr, and the time between the excitation pulse and signal acquisition, tp, and 
the rf pulse angle α. Together they yield  
 

1
2

1

/
/

0 / 2

1 sin( )
1 ( )

R
p

R

T T
t T

T T

eS S e
e

α
−

−
−

−
=

−
                       Eq. 4 

 
where the material-dependent parameters may depend on position z while, 
ideally, the pulse-sequence parameters are position-independent. 
 
Because the time evolution of the magnetisation is not measured, the only 
interaction that contributes to the signal distribution is the applied magnetic 
field. Unlike frequency-encoded images, CTI images are less influenced by 
distortions due to inhomogeneity of the applied field, susceptibility 
variations, and chemical shift. As a consequence, the obtained images also 
lack this type of information.  
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3. SUMMARY OF RESEARCH 
 
There are a significant number of important factors which might impact the 
dissolution behaviour of a solid dispersion tablet (Fig. 11). It is important to 
stress that characteristics of both the physical states of the incorporated 
drug, of the tablet in dry state, and of the tablet in wet state are central for 
solid dispersion performance. It is noted that previous investigations 
generally focused only on the last of these factors.  
 
Based on results from Papers I-VI, the following sections will 
systematically describe internal and external events affecting the 
performance of solid dispersions in dry state and during dissolution. The 
discussion will be focused mainly on HPMC-based solid dispersions. 
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Figure 11. Illustration of some of the important factors which influence solid 
dispersion tablets during swelling and which have been investigated in this work 
and will be discussed in the following sections. 
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3.1. Dry state characterisation 
The prepared solid dispersion powders are defined as ‘dry’ prior to 
hydration by the dissolution liquid, despite an estimated water content of     
3 w% and 5 w% in the ‘dry’ HPMC-based and PVP-based powders, 
respectively. 
 

3.1.1. Morphology 
Solid dispersions can be prepared by different procedures yielding powders 
and, ultimately, tablets that exhibit different structures. The structural 
differences can lead to differences in gel layer behaviour and release 
kinetics [2].  
 
Evaporating the solvent quickly by spray drying (SD) generated a powder 
with a rather homogenous particle size distribution in the range 2-20 μm. 
The particles were mainly round with wrinkled surfaces (Fig. 12a) and it 
appears reasonable to assume that each particle is formed from an individual 
droplet. Using the slower evaporation technique, rotoevaporation (RO), the 
dry film formed had to be collected, milled and sieved into suitable particle 
size for tablet compression. The resulting solid dispersions exhibited large 
and compact particles with an irregular shape and sharp edges (Fig. 12b). 
Two different sieves were used, generating particle size distributions < 200 
μm and < 60 μm (Paper II only), respectively. The average concentrations 
of drug in the bulk have been shown to be independent of grain size, and 
thereby not affected by sieving (tested with antipyrine as drug by UV-Vis 
spectroscopy). The same scenario is assumed to be valid for all the model 
drugs used.  
 

500 μm

a b
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a b
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Figure 12. Scanning electron microscopy (SEM) images of powder prepared by (a) 
spray drying and (b) rotoevaporation and sieving with a 200 μm sieve.   
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Tabletting is of great importance to the pharmaceutical industry, where a 
majority of the oral dosage forms are the product of a die compaction 
process. In marketed pharmaceutical tablets, other excipients in addition to 
the polymer are generally included. The final tablet structure is a result of 
the physico-chemical and mechanical properties of the starting material and 
the process conditions during compression. Tablets compressed from 
powders prepared by RO and powders prepared by SD will be referred to as 
RO tablets and SD tablets, respectively. Figs. 13a and b show that the 
compacts have surface roughnesses which are characteristic of the initial 
mean particle size, shape and deformability properties. The RO tablets have 
smooth flat surfaces on the grains at the tablet surface (Fig. 13b) while the 
SD tablets have a rougher surface on the length scale similar to the particle 
size, due to the wrinkled surface of the particles (Fig. 13a). It is observed 
that higher compression pressure results in smoother and less porous tablet 
surfaces. 
 
As a result of the compression, density variations are induced in the volume 
of the compact. The pore structure of the resulting tablet, expressed in terms 
of porosity and pore size distribution, is an often applied parameter to 
express the structure of a tablet, strongly affecting its mechanical as well as  
 
 

50 μm

a

50 μm

b

d

50 μm

c

50 μm  
 

Figure 13.  SEM images of the upper surfaces (to be in contact with water) of (a) 
an SD tablet and (b) an RO tablet. The breakage surfaces are shown by (c) and (d), 
respectively. [2] 
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disintegration/dissolution properties. The SD grains show clear signs of 
flattening in the compaction direction (Fig. 13c). Furthermore, the pores are 
small, but more numerous. The RO tablets have larger pores (Fig. 13d) as a 
result of much larger, and possibly less compressible, grains. The observed 
effects on release kinetics are suggested to be related to particle size rather 
than particle shape. Air enclosed in the tablets seems to affect water ingress, 
but not polymer mobilisation and the drug release rate. The effect of the 
differences in surface roughness and pore size distribution on wetting, 
swelling and drug release are discussed in more detail in Section 3.2 [2]. 
 
 

3.1.2. State of the drug 
The aim of deliberately introducing the amorphous state of the drug in solid 
dispersions is to take advantage of its improved dissolution properties 
compared to the corresponding crystalline forms. Drug recrystallisation, 
both during storage and dissolution, has a negative impact on the dissolution 
rate and, hence, the bioavailability of the solid dispersions. 
 
The success of preparing solid dispersions is often judged by the lack of 
sharp pXRD and DSC peaks. Hence, the materials in this work are defined 
as solid dispersions when both the carrier and the drug component lack such 
attributes of crystallinity. For all drug and polymer combinations and 
preparation protocols used in this study, this definition is experimentally 
verified up to 20 w% drug. Thereby, the drug is assumed to be molecularly 
dispersed or is in fully amorphous state or, if crystalline, is contained in ~ 
nm size crystals. It is important to stress that pXRD and DSC are not able to 
differentiate between these three possible scenarios. Therefore, 
characterising solid dispersions as ‘amorphous by pXRD and DCS’ may 
give limited information in terms of how the drug is distributed.  As such a 
differentiation is not easily achieved by any other available method either, 
an NMR method has been introduced for this purpose (see Section 3.3). 
 
The DSC plot in Fig. 14 demonstrates the differences between pure HPMC, 
pure drug substance and solid dispersion (using HPMC and the model drug 
flutamide as an example). The melting peak originating from the pure drug 
indicates crystalline content. This peak is even present in the physical 
mixture, with an area proportional to the drug concentration (not shown), 
but is absent in the corresponding solid dispersion. The ‘step’ in the baseline 
of the recorded DSC signal is attributed to HPMC undergoing glass 
transition. 
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Figure 14. Example of a DSC plot. The melting peak indicating crystalline content 
is present in the pure flutamide (blue line), but is absent in the pure HPMC (black 
line) and the solid dispersion of flutamide and HPMC (red line). 
 
 
In pXRD, crystalline domains in a sample give rise to sharp peaks in the 
diffractogram, while amorphous materials do not give rise to any well 
defined peak, due to the lack of refracting planes in the material. The 
difference between pure drug, physical mixture and the corresponding solid 
dispersion is shown in Fig. 15. Again, flutamide and HPMC is used as an 
example. The two broad ‘bumps’ originate from the amorphous HPMC. In 
the physical mixture, the intensity of the peaks is proportional to the drug 
concentration. The absence of peaks in the solid dispersion demonstrates the 
lack of crystalline flutamide present in domains larger than a few nm. The 
same result was obtained for all combinations of drug and polymer.  
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Figure 15. Examples of pXRD diffractograms of (a) pure flutamide and (b) spray 
dried powder of HPMC and flutamide (SD H F) and physical mixture of HPMC and 
flutamide (PM H F).  
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In this work, the solid dispersions remained amorphous (within the 
limitations of pXRD), tested after six months in dry storage and after an 
additional six weeks in 30 % relative humidity. pXRD experiments on 
compressed tablets also confirmed that compression did not induce 
recrystallisation of the drug.  

 
3.1.3. Surface wettability 
Solid dispersions may enhance the wettability and dispersibility of the drug. 
The potential of the water-soluble carrier to co-dissolve the drug is assumed 
to increase with increased polymer-drug interaction and/or encapsulation of 
the drug by the polymer. The powder surface composition is expected to 
play an important role in the wetting process, as it influences the overall 
hydrophobicity of the powder. The relationship between powder wettability, 
the carrier, the drug substance and/or the applied preparation process has 
been sparsely investigated. This is addressed here by evaluating surface 
composition on two length scales, both in the ~ 5 nm thick surface layer by 
XPS, and in the outermost atomic surface by measuring the apparent 
equilibrium advancing contact angle of water by DAT. 
 

3.1.3.1. Surface layer composition  
The chemical composition in the upper ~ 5 nm thick surface layer of solid 
dispersion powders, as affected by the choice of carrier, drug, drug 
concentration and drying technique, has been studied by XPS [3, 4]. The 
surface excess of a drug has been evaluated as the ratio of the surface 
coverage and the bulk concentration [3]. By that measure, PVP was found to 
be less efficient in encapsulating drugs with low water solubility (i.e., all but 
antipyrine) compared to HPMC. This trend was observed in powders 
prepared both by SD and RO. HPMC, on the other hand, encapsulates 
antipyrine and flutamide efficiently by both preparation methods, while the 
other drugs show a surface excess in SD. The discussion here is based on 
materials prepared by SD, but the same principles would also hold in RO 
although the drying occurs at a much lower rate in that process.   
 
In SD from aqueous solutions it has generally been established that the 
surface composition of a powder is primarily determined by two factors: the 
relative surface affinity for the components and the solubility of the 
components [40, 64, 65]. During drying, the concentration of solutes 
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increases in the surface layer of the drying droplet, and this effect can be 
further promoted for substances that adsorb at the interface.  
 
However, in the present case where non-aqueous solvents (50:50 w% 
acetone:ethanol) or a mixture of non-aqueous solvents and water (40:40:20 
w% acetone:ethanol:water) were used, no changes were observed in the 
surface tension due to the different solutes. Furthermore, the surface tension 
of a mixture of acetone and ethanol is very low, which also reduces the 
adsorption of different molecular species at this interface. Thus, it is less 
likely that surface adsorption is the mechanism behind the surface 
accumulation of different components. The second mechanism is 
precipitation of solutes at the droplet surface. Under such circumstances, the 
least soluble component would tend to dominate the surface composition of 
the dried powder. The solute solubility limit in systems composed of more 
than one solvent is not easy to predict as the solvents will evaporate from 
the droplets at different rates, thus changing the solvent composition with 
time.  It is reasonable to assume that acetone evaporates first, followed by 
ethanol, and finally water (when present). Thus, the solubility of the 
dissolved drugs progressively decreases, while the solubility of the 
polymers increases. In the case of PVP, the change in solubility is not as 
large as for HPMC, since PVP is highly soluble both in ethanol and water. 
How this variable solvent composition influences the relative solubility of 
the drugs in this work has not been studied. The rate of solute precipitation 
at the drying surface may also be related to the (nucleation of) precipitation 
of the investigated drugs.  
 
In rotoevaporation, the solid is collected from the vessel and milled by a 
small ball mill, which exposes the material to strong impact forces. Initial 
tests indicated that milling does not alter the surface composition in the 
surface layer.  
 

3.1.3.2. Surface hydrophobicity and composition of the 
grains  
The hydrophobicity of surfaces of solid dispersion tablets was evaluated by 
measuring the apparent equilibrium advancing contact angle of water by 
DAT on tablets prepared by different processes and containing different 
polymers, drugs and drug concentrations. In this context, the effect of 
tabletting pressure and tablet structure was observed to be negligible within 
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the range studied [3]. Hence, the measured contact angles are concluded to 
reflect the surface hydrophobicity of grains in the tablets. 
 
During the course of this work, it has become clear that although XPS is 
accepted to be an adequate method for determining the amount of drug 
present in the surface layer, the relation between this obtained chemical 
composition and the contact angle data (obtained by DAT) is not as straight 
forward as the results in Paper III would suggest [4]. The reason for this is 
most certainly the difference in depth sensitivity between the two methods. 
XPS provides information from a surface layer of approximately ~ 5 nm 
while contact angle measurements are relevant for the very thin outer layer 
that defines wetting properties.  
 
The suggested explanation for the relationship between surface drug 
concentration and contact angle value in Paper III is based on the difference 
in bulk concentration of the drug. In the solid dispersions having low and 
medium bulk concentrations of the drug, say below 20 w%, the drug is 
assumed to be randomly distributed in the surface layer. In samples with 
higher drug concentration in the bulk, the drug most certainly creates 
domains of concentrated drug on the surface during drying. The presence 
and size of those domains affect the wetting behaviour. A more surface 
selective technique, like ToF-SIMS (1-2 nm layer), would be helpful to use 
in the future to clarify this issue [66].  
 
The apparent equilibrium advancing contact angle of water was evaluated 
further in order to investigate how wetting reflects the functional groups that 
are present at the very surface of the tablet grains. By incorporating model 
drug substances with different ability to interact with the carrier, it was 
demonstrated that the combination of drug and polymeric carrier affect the 
hydrophobicity of the surface in an unexpected manner [4].   
 
Physical mixtures of drugs with either HPMC or PVP exhibit contact angles 
which are approximately linear combinations of those of the components, a 
behaviour expected for materials where the interaction between polymer 
and drug does not result in a reorganisation of the surface groups for either 
of the components (Fig. 16). The same expected behaviour was observed for 
all PVP-based solid dispersions, with the possible exception of the one 
containing hesperetin (Fig. 16d).  
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However, the majority of the HPMC-based solid dispersions deviated from 
this regular behaviour by displaying contact angles below any of those of 
the pure compounds. In addition, the effect of a particular drug on wetting 
was not correlated with the wetting properties of the pure drug involved. 
This unusual set of results is explained by the ability of the model drugs to 
reorganise the polymer chains by forming intermolecular hydrogen bonds 
with HPMC. This, in turn, reduces the coordination of polymer chains by 
and to each other, which can lead to hydrophobic groups of the chains 
turning inward, and hydroxyl groups not bound to drugs being exposed at 
the surface, resulting in a more hydrophilic surface.  
 
The conformational flexibility of the added drugs may be an additional 
factor which may increase the ability of the drug to incorporate between 
polymer chains.  
 
As Fig. 16a demonstrates, the only model drug substance not decreasing the 
observed contact angle is the only one not able to form hydrogen bonds with 
HPMC. That drug, therefore, did not alter the interchain interactions. Hence, 
HPMC hydroxyl groups remain buried and involved in interchain 
interactions, and hydrophobic groups continue to dominate the surface. 
Thereby, the contact angle remains high. A technique to determine, for 
instance, the amount of OH-groups and CH2 groups at the outermost atomic 
layer would be useful for continuing this investigation. 
  
If hydrogen bonding is, indeed, a factor it would then be useful to 
investigate its effect on storage stability, as it may increase the stability of 
the amorphous state of the drug [11, 16, 18, 67]. A natural extension of the 
study would be to study the drug-polymer interactions by NMR 
spectroscopy.  
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Figure 16. Apparent equilibrium water contact angles for tablets prepared by pure 
polymer, pure model drug, physical mixture and solid dispersion. The latter values 
are averages of tablets prepared by different techniques with total error bars (see 
Paper IV for specific values and individual error bars). For antipyrine and 
flutamide, the value for the PVP-based solid dispersion does not show as it overlaps 
with that of the corresponding physical mixture. Due to fast droplet absorption no 
value was obtained for pure antipyrine. [4] 
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3.2. Wet state characterisation 

3.2.1. Gel layer macrostructure 
During dissolution, the solid polymer matrix transforms into a gel with a 
continuously eroding edge towards the water phase. In order to understand 
its impact on solid dispersion behaviour, characterisation of the internal 
structure during swelling is needed. The properties of the gel layer and its 
effect on water ingress and release of drug substances have been 
investigated in tablets where the ingress, swelling and drug release are 
restricted to one direction by the sample holder. 
 

Vertical direction (2D)

Direction of 
water penetration

Horizontal direction (2D)

3D

 
 
Figure 17. Illustration of the different directions of the imaging planes with respect 
to the water penetration (downwards in this figure) together with examples of 2D 
and 3D 1H images of a dissolving tablet.  
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NMR imaging is a very suitable technique for elucidating the internal 
structure of swelling solid dispersions. By applying field gradients in three 
directions, both vertical and horizontal 2D images and 3D images can be 
obtained (Fig. 17) [2].  
 
By using normal water as dissolution liquid, 1H NMR images with 
reasonably high SNR may be acquired in a few minutes, owing to the 
abundance and high NMR sensitivity of protons, and the high mobility of 
the water molecules. Such images are valuable for illustration of the gel 
layer. Although most common imaging techniques provide images obtained 
by the water content, the signals from different tablet components, such as 
polymer or drug, may be obtained separately (this is discussed further in the 
next section). However, imaging of non-mobile components and 
components with low NMR sensitivity is more time consuming.  
 
The relevance of solid dispersion grain size for the swelling kinetics of 
polymer matrices is an important area of research that has not received 
much attention. As shown earlier, the powder grain size determines the 
tablet pore network structure in the dry state (recall that RO tablets have 
larger grains and larger pores than SD tablets, Figs. 12 and 13). Two-
dimensional cross-sectional 1H NMR images of tablets have been used to 
highlight the differences in gel layer formation between SD and RO tablets 
(Fig. 18) as they are illustrative of the larger-scale structures that arise. The 
inhomogeneous gel layer of an RO tablet and the more homogeneous gel 
layer of an SD tablet are clearly demonstrated [2]. This result will be 
elaborated on in the following sections where water penetration and 
polymer mobilisation are analysed by one-dimensional imaging.  
 
The low intensity regions in the images correspond to air entrapped in voids 
during tabletting and released upon matrix softening [2]. Vertical images 
were found to be very useful to monitor events such as migration of this air 
during the water penetration process (Fig. 19). To keep the time required for 
recording an image short, the quantitative nature of the images in Figs. 18 
and 19 has been forfeited. They were also recorded by relatively long echo 
times. Hence, image intensity is dominated by water molecules while signal 
contribution from rigid polymers, yet to be mobilised by water, is negligible 
[2].  
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Figure 18. Horizontal 1H NMR image slices of (a) an RO tablet and (b) an SD 
tablet recorded two hours after the onset of tablet hydration. The slices with a 
spatial resolution of 67 μm have been positioned at the height of the originally dry 
tablet surface. The colours provide a qualitative representation of the water 
concentration in the samples (see colour bar). [2] 
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Figure 19. One horizontal and four vertical 1H NMR image slices (with slice width 
of 0.5 mm) of an RO tablet illustrate the rise of bubbles (labelled 1, 2 and 3) 
through the gel layer. The white rectangle in the horizontal image indicates the 
position of the recorded vertical slices and vice versa. The spatial scale bar given in 
the horizontal cross-section image is valid for all images. The spatial resolution of 
the images is 67 μm. [2] 
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3.2.2. Liquid penetration, polymer mobilisation and 
drug release  
Two-dimensional images were only acquired for illustration purposes and 
qualitative analysis of the gel macrostructure. The effect of the degree of gel 
inhomogeneity on the rate of transport processes has been analysed further 
by one-dimensional imaging. To keep the terminology consistent, the 
expression ‘1D images’ is used, although the name ‘1D profiles’ may be 
more conventional. All 1D images are along the vertical direction through 
the tablet (Fig. 17). 
 
Imaging the time-dependent distribution of the separate components in the 
gel layer may be suitably performed by some chemical-shift-sensitive NMR 
imaging method. However, this approach is rather complicated in semi-solid 
materials where the NMR signals are broad and partially overlapping. 
Instead, the isotope and chemical selectivity available by NMR have been 
exploited to acquire signals from different nuclei separately. By choosing 
suitable dissolution liquid, polymer and drug substance with distinguishable 
NMR nuclei (2H, 1H and 19F, respectively, in this work), this approach 
allows monitoring of water penetration, polymer mobilisation behaviour and 
drug movement individually in dissolving tablets in situ on time scales 
relevant for tablet dissolution. By combining the information, novel 
understanding of processes underlying solid dispersion behaviour such as 
gel layer formation and drug recrystallisation can be achieved (Fig. 20).  
 

19F NMR imaging of drug substance

Quantitative information of processes
underlying the performance of solid 

dispersions, such as gel layer
formation and drug recrystallisation.

1H NMR imaging of polymers

2H NMR imaging of dissolution liquid

 
 

Figure 20. Selective imaging of the solid dispersion components may add up to 
informative results. The dissolution liquid used in this work for 2H imaging is 
deuterated water and the model drug substance for 19F imaging is flutamide. 
 

3.2.2.1. 2H NMR imaging of water ingress 
The ingress of deuterated water into the polymer matrix was characterised 
quantitatively by one-dimensional 2H imaging. In contrast to the polymers 
and the drugs, the water is expected to be in a highly mobile state 
throughout the entire swelling process. The water profiles have therefore 
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been acquired with a more routine spin echo imaging [2], except when 
recoded by constant time imaging (CTI) for direct comparison with drug 
and polymer CTI experiments [6].  
 
Since no other molecular component besides the deuterated water contains a 
significant amount of the 2H isotope, the maximum signal intensity is 
defined as 100 % water content [2]. A lower intensity represents a 
proportionally lower water content. By comparing the water penetration 
profiles of RO and SD tablets, it is observed that the processing method 
does not seem to affect the water distribution above the original tablet 
surface (Fig. 21). However, a slightly faster water penetration in the SD 
tablets than in the RO tablets is observed in volumes within the originally 
dry tablet. A less quantitative way to describe this behaviour is by defining 
the water penetration front in the images in Fig. 21 as regions where the 
water content is above, say, 25%; it can then be observed that the front in 
RO tablets moves at approximately ¾ of the rate observed for SD tablets. 
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Figure 21. One-dimensional vertical water profiles recoded by 2H NMR spin echo 
imaging in (a) RO tablets and (b) SD tablets, all of 2 mm dry height, at different 
times after the onset of tablet hydration. Selected profiles from (a) and (b) are 
displayed in (c) for easier comparison. [2] 
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The rate of water ingress has been found not to have any direct influence on 
drug release kinetics. This also renders air in the tablets as a secondary 
factor [2]. On the other hand, water diffusion into the originally dry polymer 
grains seems to determine the rate of grain swelling and the hydration of 
polymers within them [1], which in turn is correlated to drug release [2].  
 
The rate at which processes occur within a swelling tablet might be 
dependent on environmental conditions. Extending the study to be 
performed in simulated body fluids at body temperatures, for example, 
would be relevant. In related studies on hydration of various hydrophilic 
matrices, solvent diffusion rates have been shown to be both pH and 
temperature dependent [68].  

 
3.2.2.2. 1H NMR imaging of polymer mobilisation 
In this work, one-dimensional 1H constant time imaging (CTI) has been 
applied to monitor the direct response of matrix polymers to dissolution 
liquid. The evolution of the distribution and hydration of polymers during 
the course of tablet swelling have been monitored [1]. The vast majority of 
NMR imaging studies of similar systems characterises the diffusion of 
solvent, typically water, into the matrix during swelling [68-75]. If desired, 
the characteristics of the polymer are then investigated indirectly through 
the influence of the polymer on the NMR properties of the dissolution 
liquid. By instead acquiring the signal from the polymers directly [76], the 
whole swelling process can be monitored, starting with the dry tablet. 
Another advantage is the possibility to separate the effects of polymer 
mobilisation and water penetration. 
 
When the polymer is in the dry state with low molecular mobility and fast 
transverse relaxation, the signal is low. After exposure to dissolution liquid 
(deuterated water here) the polymer matrix is progressively transformed. 
The water penetrates the solid polymers and as more and more water is 
accommodated among the chains, the forces between the chains diminish. 
The chains initially gain conformational freedom and begin to spread, which 
results in swelling of the polymer gel layer. The penetrating water fills the 
voids between the polymer chains and diffuses into denser regions of 
polymer, letting additional chains move apart. At the end, a chain can 
disentangle and diffuse into the bulk water (Section 1.2). With increasing 
molecular mobility, the transverse relaxation time of the protons on the 
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polymer chains increases and hence the signal amplitude constituting the 
images increases [1].  
 
This evolution of the polymer network is illustrated by Fig. 22, where 
several 1D images at different times after hydration are displayed for a 
HPMC-based solid dispersion. The signal intensity is a function of the 
polymer concentration and the mobility of the polymer (Eq. 4, page 21).  
 
 
 

0

1

2

3

4

5

6

7

Position relative to the original sample surface (mm)

R
el

at
iv

e 
in

te
ns

ity
 (a

rb
. u

ni
ts

)

   |                         |                         |                         |                         |                         |                         |

-2             -1             0              1              2              3             4

 RO dry
 RO 10min
 RO 2h

Tablet

 
 
Figure 22. One-dimensional vertical polymer images recorded by 1H NMR 
constant time imaging for an RO HPMC tablet of 2 mm dry height at 10 min and    
2 h after the onset of tablet hydration.  
 
 
 
By analysing the shape of the profiles, information about the polymer 
hydration processes within different solid dispersion tablets may be 
obtained. The signal amplitude can be used as a rough measure of the 
position of the hydration front above which the polymers are hydrated and 
therefore mobile (e.g. by defining this front to be located where the signal 
intensity is equal to that from the initial dry tablet) [1]. Another possible 
measure of polymer swelling is the estimated amount of hydrated polymer 
(defined as the area underneath the intensity profiles like those in Fig. 22). 
The agreement between the two indicators of polymer swelling is shown in 
Fig. 23 for a solid dispersion of HPMC and antipyrine prepared by RO [1]. 
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Figure 23. Swelling data as provided by the movement of the penetration front, in 
mm (►), and by the relative amount of mobilised polymer ( ). An apparent 
diffusion coefficient D ≈ 3×10−10 m2/s is obtained by fitting ≈ √Dt/2 type 
dependence to the front propagation data. [1]  
 
 
 

The polymer profiles are useful both for analysing the outwardly expanding 
gel layer and the denser gel layer in the originally dry tablet. In the volume 
above the original tablet surface (Fig. 24) an increase in signal intensity, at a 
certain position in the sample with time, represents a combination of 
increased mobility and an increased amount of polymers (recall that, with 
deuterated water added, the signal contribution from water is small). Within 
the dense gel layer with relatively low water content that forms underneath 
the original tablet surface (Fig. 25), the intensity change reflects a change in 
molecular mobility. The behaviour in the two regions above and below the 
originally dry surface, respectively, is discussed separately below, starting 
with the former. 
 
It is observed that in the rather weak gel that forms above the original tablet 
surface, both the water and polymer mobilisation profiles are very similar 
for the two tablet processing methods (Figs. 21 and 24). This part of the gel 
layer is thereby assumed to have the same retarding effect on the drug 
diffusion and release for all tablets involved [2]. Hence, any difference in 
drug release between RO and SD tablet is attributed to the structural 
properties of the dense gel layer that forms underneath the original tablet 
surface during the initial phase of water ingress (Section 3.2.2.4). 
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The behaviour described above may have parallels to the negligible effect 
shown by tabletting pressure (in the range 20-300 N/mm2) on the outward 
moving gel layer. Even the results from the study on the effects of storage 
conditions belong to this category. It was observed that exposure to different 
storage conditions, resulting in different rates of initial humidity in the 
investigated tablets, did not affect the behaviour of the outward moving gel 
layer.  
 
In contrast to the outward moving gel layer, the behaviour of the gel layer 
underneath the original tablet surface was affected both by the powder 
preparation process and by the moisture content in the tablets before 
addition of dissolution liquid. In tablets stored at 30 % relative humidity, a 
more homogeneous gel layer was formed upon addition of dissolution 
liquid. This was observed both by 2D imaging of the macroscopic gel layer 
structure and by the shapes of 1D imaging profiles of the mobilised 
polymers (similar to the ones for SD tablets described below). The 
difference in gel layer formation due to moisture content may be attributed 
to the difference in polymer mobility. Greater mobility may enable the 
polymers to expand and partly close pores, distribute adsorbed water evenly, 
and press out air during storage. 
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Figure 24. One-dimensional vertical polymer mobility images recoded by 1H NMR 
constant time imaging at times 5 min and 2 h after the onset of tablet hydration for 
(a) an RO tablet and (b) an RO and an SD tablet. All tablets were 2 mm thick.  
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The hydrated and mobilised polymer front is observed to spread faster into 
tablets with larger grain size (Fig. 25). As shown by the gradually changing 
intensity of the RO profiles at a given time, the water penetration into those 
tablets is more heterogeneous, compared to the SD tablets where the signal 
level at the tablet bottom follows the profile of the dry tablet. In the SD 
tablets, the dry regions are hydrated by a uniformly spreading hydration 
front. In contrast, the increased signal intensity at positions in the RO tablets 
below the main hydration front indicate that regions deep within the tablet 
have already been reached by a small amount of water [2]. 
 
The underlying reason for the difference exhibited in swelling heterogeneity 
has been shown to be that the hydration process of the individual grains is 
dependent on the grain size. In this context, it should be mentioned that the 
powder morphology, for example, difference in particle roughness, and 
thereby the morphology of the porous network that forms when pressing the 
tablet, is discounted as an important factor [2]. Water diffusion into the 
originally dry polymer grains determines the rate of grain swelling and 
thereby the gel layer creation procedure. Small grain sizes result in 
homogeneous gels while large grain sizes, which hydrate less evenly, result 
in heterogeneous gels. The observations indicate that water uptake by the 
polymer grains, rather than access to water in nearby pores, is the rate-
limiting factor for drug release [2] (discussed further in Section 3.2.2.4).  
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Figure 25. One-dimensional vertical polymer mobility images recoded by 1H NMR 
constant time imaging at times 5 min and 2 h after the onset of tablet hydration for 
(a) an RO tablet and (b) an RO and an SD tablet. All tablets were 2 mm thick. See 
Paper II for profiles acquired at intermediate times. [2] 
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3.2.2.3. 1H, 2H, and 19F NMR imaging in combination 
To demonstrate the usefulness of NMR isotope and chemical selectivity, the 
molecular events occurring in two regions (slices) in and above the surface 
of a dissolving solid dispersion tablet containing HPMC and flutamide will 
be discussed (Fig. 26). More data are to be found in Paper VI. 
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Figure 26. Schematic image of the positioning of the two slices from which signal 
is acquired. [6] 
 
 
The positions of the corresponding regions in the 2H, 1H and 19F CTI images 
are shown in Fig. 27. The 2H NMR images selectively report on the water 
penetration into the tablet, the 1H NMR images provide information about 
tablet swelling and about the changes in local polymer mobility, and the 19F 
NMR images report on the local drug concentration [6]. As the water 
concentration in the gel increases and the gel weakens, the drug is left 
behind. This may indicate that the drug particle size is small enough to fall 
below the mesh size in the evolving gel. The drug particle is discussed in 
Section 3.3.1. 
 
By extracting the average signal intensity in the two regions from images 
acquired at different times after the onset of hydration, the tablet evolution 
can be illustrated in a time-dependent fashion (Fig. 28). The increase of 2H 
intensity in the slice below the original tablet surface reflects the penetration 
of water deeper and deeper into the tablet while, in parallel, the increase of 
1H intensity in the slice shows that, in the presence of water, the polymer 
mobility increases. In contrast, the increase of 1H intensity in the slice above 
the original tablet surface reflects the expansion of the polymer gel into the 
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corresponding spatial region. The 19F intensity reflects the dilution of the 
drug particles in the constantly expanding gel (in this context, note that the 
signal intensity that arises from flutamide dissolved in water is below noise 
level).  
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Figure 27. 1D constant time images of  the water distribution, 2H, the distribution 
of mobilised polymers, 1H, and the drug particle distribution, 19F , at the instance of 
water addition (dashed lines) and six hours after the hydration (solid lines). [6] 
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Figure 28. The signal intensity of water, of mobile polymers and of the drug in the 
two different slices over time. [6] 
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3.2.2.4. Drug release by NMR spectroscopy 
Drug release is most commonly studied by conventional dissolution 
methods where the delivery system is suspended in a bath of dissolution 
liquid and the total amount of drug released into the liquid is measured as a 
function of time, often by UV-Vis spectroscopy. Such tests, however, do not 
provide information on internal events taking place inside the dissolving 
system.   
 
Combining NMR imaging with NMR spectroscopic measurements of drug 
release into the liquid phase allows one to analyse the impact of polymer 
mobilisation, gel layer formation and water penetration on the drug release 
within the same experimental setup. Due to sensitivity issues, the ability to 
measure the release of poorly water-soluble drugs is limited in the absence 
of surface active agents. For this reason, only the release of antipyrine, a 
rather water-soluble drug, from HPMC-based solid dispersions has been 
measured by NMR in this work [1, 2].  
 
The relative amount of drug released into the aqueous phase above the tablet 
was obtained by spectral integration [1]. The difference in release behaviour 
for the RO and SD tablets during the initial stage of the dissolution is shown 
in Fig. 29 [2]. A clear trend of faster release for larger grains is observed. As 
discussed previously, this trend is determined by the gel layer 
inhomogeneity in regions underneath the original tablet surface.  
 
Once out of the originally dry polymer grains, the drug must diffuse through 
the gel network. The rate for the diffusive transport depends strongly on the 
relation between the molecular size of the drug and the polymer mesh size. 
As elaborated earlier, the mesh size in the tablets varies continuously as the 
gel dissolves. Inhomogeneous gels with channels of large mesh size are 
proposed to allow faster drug diffusion through the gel and, consequently, a 
faster release into the aqueous phase [2]. Both release curves exhibit the 
same functional form of time dependence (they are scalable on each other 
by 1:1.42 [2]). Varying the molecular size of the drug substance involved, to 
test the importance of gel mesh size on drug diffusion, would be an 
interesting continuation of this work. 
 
As illustrated in Fig. 21, two hours after initiated tablet swelling, the width 
of the formed gel layer with > 20 % polymer content (< 80 % water) is 
approximately 2 mm. This means that, at this stage of the experiment,  
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Figure 29. Comparison of the amount of drug (antipyrine) released from RO (●) 
and SD tablets (■) into the aqueous phase. The amount released after nine hours is 
approximately 10 % of the total drug content of the tablet. The maximum estimated 
intensity error was ±5 %, relative to the highest intensity presented here. The lines 
are a guide for the eye. [2] 
 
 
diffusive transport of the drug from the hydration front to the aqueous phase 
can take many hours. This explains the finding that after nine hours of 
swelling only approximately 10 % of the drug is released into the aqueous 
phase. Recall that the gel layer formed above the original tablet surface has 
been shown to be independent of the difference in dry tablet structure. It is 
thereby assumed to affect the drug migration equally for both tablet types. 
 
For antipyrine in HPMC tablets, the release curves are of similar character 
to the swelling curves (compare Figs. 23 and 29) with high initial swelling 
and release rates which gradually decrease over time. Swelling 
characteristics and drug release are shown to scale as linear functions of t1/2, 
possibly indicating that swelling is diffusion-controlled [1]. 
 
In related studies on physical mixtures, where the drug is distributed 
between the polymer particles rather than incorporated in the polymer 
matrix as in solid dispersions, no effects of polymer particle size on drug 
release were observed for tablets with polymer concentrations as high as 
used in this work (85 w% polymer) [77-81].  
 
The upper gel layer must have a smaller influence on the release under non-
static conditions where its weaker parts will be sheared away (the presented 
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release experiments are performed under static conditions, i.e. without 
stirring). However, this will probably not affect the difference in release 
from RO and SD tablets as the difference arises from the region below the 
original tablet surface. Additional experiments showed that the effect of 
stirring on the initial release rate of antipyrine from the tablets is highly 
dependent on the speed and position of the stirrer. NMR imaging 
experiments on tablets, made by other polymers, have been performed by 
others under shearing conditions [82], but were not related to drug release. 
 
 

 

3.3. The physical state of the incorporated drug  
One of the problem areas concerning the predictability of solid dispersions 
is the lack of information about the physical state of the incorporated drug. 
In most cases it is not known whether the drug is distributed within a solid 
dispersion as single molecules, or as small drug particles embedded in the 
carrier, or a mixture of both. The molecular state is assumed to affect the 
dissolution rate. Hence, in order to fully explore the potential of solid 
dispersions, the ability to monitor and control the particle size and its 
distribution is of high importance.  
 
Observing the size of drug particles in the nanometer range in a swelling 
matrix is challenging for most methods [18]. The particles are too small to 
be detected by, for example, SEM and micro-Raman spectroscopy, and 
invasive methods such as transmission electron microscopy (TEM) and 
nanothermal analysis (nano-TA) are not desirable for monitoring dynamic 
processes [83-87]. As already discussed, DSC and pXRD cannot distinguish 
between the drug being in states of either solid solution or small (below a 
few nanometers) crystalline grains or small amorphous grains and, if small 
grains, they cannot measure their size.  
 
Upon hydration, the drug molecules or particles start to tumble and diffuse 
in the swelling matrix. To characterise the effects of solvent ingress on the 
dynamic properties of the drug, spatially resolved information such as spin 
relaxation times are informative. NMR is sensitive to a wide range of 
molecular motions: T1 is affected by fast motions (with characteristic times 
in the < μs range), such as that of single molecules; and T2 is affected by 
slower motions, possibly such as that of particles. Another suitable 
application of relaxation measurements is to study polymorphs of 
pharmaceutical compounds [88]. 
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3.3.1. Drug particle size determination 
This section presents a method, based on combined 19F and 2H NMR spin 
relaxation experiments, designed for providing an in situ estimate of the 
particle size of a drug embedded in a solid dispersion matrix (exemplified 
here by flutamide in a HPMC-based solid dispersion) [5]. 
 
The random motion of drug particles in a tablet matrix can be separated into 
rotational and translational modes. Information about particle size may be 
deduced from the spin relaxation arising from intramolecular spin 
interactions, where the rotational diffusion is the underlying dynamic mode. 
The Debye-Stokes-Einstein equation provides an expression for the 
hydrodynamic radius, rH, of a drug particle as 
 

3
4

3
πη
τ cB

H
Tk

r =   Eq. 5 

 
where kB is Boltzmann’s constant, T is the temperature, η is the viscosity of 
the surrounding medium and τc is the rotational correlation time experienced 
by the drug. In order to determine the size of the drug particles in a solid 
dispersion, the rotational correlation time and microviscosity (ηmicro) that 
they experience have to be determined. The viscosity of the gel in the 
swelling tablets is too high to be measured by common measuring 
techniques, such as Ubbeldohe viscometers [89], and moreover, spatially 
resolved measurements on the time scale of tablet swelling would be 
required. 
 
Through combining 2H (in deuterated water) and 19F (in flutamide) 
relaxation data, for determining ηmicro, and τc, respectively, a pathway is 
provided toward estimating the rH of the flutamide particles. As shown by 
Eq. 5, it is the third power of the hydrodynamic radius that depends linearly 
on either of these parameters. Hence, any error introduced by the large 
number of the required assumptions (see below) will be strongly scaled 
down. However, it is probably prudent to say that the model, in its present 
form, provides an estimate of the size range (rather than size) for particles 
embedded in solid dispersions [5].  
 
The microviscosity experienced by the drug particles is assumed to be 
similar to that experienced by water molecules in the HPMC matrix, and 
can thereby be estimated from longitudinal and transverse relaxation 
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experienced by the 2H nuclei in deuterated water. Due to the local 
anisotropy of molecular motions in a heterogeneous system, like a hydrating 
polymer gel, it is necessary to consider two motional modes of water. The 
slower of these two reorientational modes is argued to define the 
microviscosity experienced by, and thus directing the motions of, the 
flutamide particles.  
 
Under the assumptions that the fast and slow motions can be well 
characterised with a single correlation time and an exponentially decaying 
motional autocorrelation function, the longitudinal, R1, and the transverse, 
R2, relaxation rates for 2H in deuterated water are given by 
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where τcf and τcs are the correlation times for the fast and slow motions, 
respectively. χQ is the quadrupole coupling constant for 2H nuclei in a 
deuterated water molecule and ω0 is the Larmor frequency. The order 
parameter, S, defines how large a portion of the original spin interaction is 
modulated by slower motions. 
 
For 2H, the rates  R1 and R2 were measured in a slice-selective manner by a 
modified inversion recovery experiment and a modified spin echo pulse 
sequence, respectively [5]. The data presented here come from the slice 
positioned 1 mm below the original tablet surface (‘slice -1mm’ in Fig. 26). 
 
The two correlation times were calculated via Eqs. 6 and 7 at fixed values of 
the order parameter. The two limiting cases were S = 0.1, above which there 
exists no physical solution (that is, positive slow correlation times), and       
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S = 0.05, below which it is difficult to argue that the motional mode can 
define the microviscosity [5]. 
 
In this range of order parameters, the obtained fast and slow correlation 
times were in the range of 4-16 ps and 3-59 ns, respectively. The fast 
correlation times are similar to the ones for free water. The obtained slow 
correlation times are similar to the values obtained with probe molecules in 
hydrated HPMC matrices [90]. The results reinforce the hypothesis that it is 
the slow correlation times that can be connected to the microviscosity 
experienced by the drug particles. The microviscosity is yielded by the 
relation 
 

  w
w

s
c

micro η
τ
τ

η =  Eq. 8  

 
where τw = 3.1 ps is the rotational correlation time of water molecules [91] 
and ηw = 1.1 mPa s is the viscosity in liquid deuterated water (at 25°C) [92]. 
The values obtained for the microviscosity of the HPMC gel were in the 
range of 1-21 Pa s (Fig. 30). As water penetrates into the tablet, it softens 
the polymer network, which results in decreasing microviscosity with 
increasing water content. The levelling out of the microviscosity after 8-10 
hours of swelling is probably a consequence of water increasingly occurring 
in small bulk-like domains, for which situation the motional model used 
here may lose its validity. Hence, further analyses are concentrated on the 
initial swelling period (t < 8 h). 
 
At eight hours after the initiation of tablet hydration, the amount of added 
water at the investigated part of the tablet (1 mm below the surface) was 
estimated at approximately 30 w% (Fig. 28) [6]. The estimates of 
microviscosity for such a dense gel (Fig. 30) are reasonable when compared 
to the macroscopic viscosity data, which can be seen as the limiting value 
for the microviscosity, measured at accessibly low polymer concentrations. 
The macroscopic viscosity in aqueous solutions with 15 w% HPMC at 20°C  
has been reported to barely an order of magnitude below the microviscosity 
value presented here [37].  
 
Determining the hydrodynamic radius rH of the matrix-embedded flutamide 
particles via Eq. 5 further requires an estimate of the motional correlation 
time τc experienced by flutamide molecules. As the 19F spin relaxation is out 
of extreme narrowing (T1 >> T2, Fig. 34) and the particles are solid (due to  
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Figure 30. The microviscosity of the hydrating and swelling HPMC matrix, ηmicro, 
calculated via Eqs. 6-8 and under the assumption of minimum (S = 0.05, ●) and 
maximum (S = 0.1, ○) order parameters characterising the motion of the water 
molecules. The analysis concerns the initial swelling, up to the dotted line. [5] 
 
 
low water solubility), the reorientational motion for the flutamide particles 
is slow (τc  >> 1/ω0) even with increasing mobility upon matrix hydration 
[5]. Hence, R2 for 19F becomes directly proportional to the correlation time. 
If the rotational diffusion of the particles is sufficiently slow, the transverse 
relaxation rate can be expressed as 
 

F
c

res
DDFR τπχ 219

2 )2(
20
1)( =   Eq. 9 

   
where τcF  is the rotational correlation time of the flutamide particles and 
χDD

res is the residual dipole-dipole coupling constant for 19F nuclei in a CF3 
group [93]. The assumption behind the use of this latter constant is detailed 
in Paper V. 
 
For 19F, the apparent transverse relaxation rate R2

* was estimated from the 
line width, Δ (as R2

* = πΔ), of the sums of all spectra recorded over the 
course of the slice-selective T1 experiment (shown as T2

*, T2
* = 1/ R2

*, in 
Fig. 34). Applying Eq. 9 to this data provides correlation times 
corresponding to the rotational diffusion of the flutamide particles [5]. In the 
time interval t < 8 h, τcF decreases from 80 μs to 30 μs. The decrease in 19F 
transverse relaxation rate of the flutamide indicates faster tumbling. 
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Estimates of the particle hydrodynamic radius can now be obtained by Eq. 
5. The final results presented for the two limiting regimes for the analysis 
are shown in Fig. 31. There are two important pieces of information. First, 
the particle size remains constant over the explored time period. Second, the 
calculated particle radius is in the order of 1-3 nm. Particles of this size 
would lead to the absence of sharp pXRD peaks (that is, identified as 
‘amorphous by pXRD’) irrespective of whether or not the particles are 
amorphous. The state of the drug is discussed further in Section 3.3.2. 
 
Concerning the reliability of the model, the hindrance exerted by the 
polymer mesh upon particles in the nanometer range is thought to be small 
enough to identify water dynamics as a factor that controls the particle 
dynamics. In this context, it should also be noted that the upper limit of 
particles size can be considered as the stricter one [5]. 
 
A natural next step would be to expand this study to model drug substances 
of varying size, water solubility and concentrations. This would enable 
investigations of how the size of drug particles in a solid dispersion is 
affected by the drug concentration and thereby determine the critical 
concentration for obtaining enhanced dissolution by solid dispersion 
preparation. In the direction of improving the method, embedding of 
fluorinated nanoparticles with a known size and known chemical 
composition, 19F relaxation experiments could provide the microviscosity of 
the HPMC gel directly. Hence, water relaxation experiments with their 
accompanying assumptions would not be necessary. 
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Figure 31. The size of flutamide particles in a HPMC-based solid dispersion using 
the maximum (●) and minimum (○) values of microviscosity ηmicro (Fig. 30) when 
calculated via Eq. 5. [5] 
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3.3.2. Drug recrystallisation 
The advantage of the higher dissolution rate of an amorphous drug is lost if 
it converts to a thermodynamically more stable crystalline form during 
dissolution. To obtain insight into the mechanism of recrystallisation, it is 
essential to monitor the underlying processes in-situ. Localised NMR 
spectroscopy has been demonstrated to be suitable for obtaining novel 
spatial and quantitative information on recrystallisation by mapping the spin 
relaxation of the drug [6]. The recrystallisation behaviour was connected to 
its enabling factors such as local hydration level and local mobility of the 
polymer matrix (Fig. 28). 
 
19F NMR longitudinal relaxation measurements were performed in bulk 
samples of dry pure flutamide, HPMC-based solid dispersions with 
flutamide prepared by RO and the corresponding physical mixture, in a 
spatially unresolved manner by fitting single exponentials to data obtained 
by conventional inversion recovery experiments. Flutamide, as received, 
consists of needle-like crystals introducing reorientation effects in the 
sample relative to the magnetic field. This affects the T1, which is 
orientation dependent [94, 95]. By using milled flutamide, both in the pure 
flutamide samples and in the physical mixtures, the reorientation effects can 
be suppressed. The measured value of T1, in contrast to pXRD, cannot be 
used for deducing the atomic arrangement in crystals but, it is responsive to 
the crystalline form of a particular substance [96-102]. T1 is sensitive to the 
crystalline state because the local molecular dynamics in a lattice (on the 
time scale of the inverse Larmor frequency) are provided by its 
intermolecular potentials. 
 
The measurements showed that flutamide in the solid dispersions exhibits a 
T1 value that is less than half of that recorded for the other two samples (Fig. 
32 at t = 0). The shorter T1 value indicates that the internal mobility of 
flutamide is higher in the solid dispersions than in the bulk crystals (far out 
of extreme narrowing, T1 >> T2  [6]). This is consistent with the presence of 
the drug in amorphous form in the dry solid dispersions and in a crystalline 
form in the other samples. Small crystals that do not yield sharp pXRD 
peaks would, nevertheless, provide T1 values close to that observed in bulk 
crystals.   
 
The change in T1 was monitored over time for the three powder samples 
mixed with water in a spatially unresolved manner (Fig. 32). Pure flutamide 
and the physical mixture behave similarly by having practically the same T1  
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Figure 32. T1 change in bulk over time for pure flutamide (□), solid dispersion 
powder of flutamide/HPMC (●), and the corresponding physical mixture (○) after 
mixing with water. The time of first contact between the powder and the water is set 
to t = 0. [6]  
 
 
 
upon mixing with water (one should note that the increased motional 
freedom of full crystalline grains, now in water, has no effect on T1 because 
T1 is solely influenced by motions with very short correlation times) [6]. 
Also, no difference in pXRD diffraction pattern was observed between these 
samples in wet and dry state, respectively. In contrast, the 19F T1 for the 
solid dispersion increases with time until similar, at long times, to that of the 
physical mixture and hydrated pure flutamide crystals. This increase in T1 
clearly indicates that flutamide involved in solid dispersions with HPMC 
carrier recrystallises, on the time scale of hours, after having been placed in 
an aqueous environment.  
 
By pXRD analysis, the indicated recrystallisation of the drug in the solid 
dispersion gel was confirmed by characteristic peaks of formed crystals 
evolving, on the time scale of hours, after having been mixed with water 
(Fig. 33).  
 
In order to obtain spatially resolved information, localised spectroscopy was 
applied to access information about the behaviour of T1 and T2

* from several 
slices. Here, this is exemplified by two slices located 1 mm above and 
below the original tablet surface, respectively (‘slice +1 mm’ and ‘slice -1 
mm’ in Fig. 26). More data are to be found in Paper VI. The 19F data were  
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Figure 33.  pXRD diffraction patterns of pure flutamide mixed with water and solid 
dispersion powders of flutamide/HPMC at different times after mixing with water. 
[6]  

 
 
acquired as described in Section 3.3.1. The change in relaxation in the two 
slices for a period of 36 hours after initiating swelling is shown in Fig. 34. 
 
An interesting behaviour of initially constant T1 and increasing T2

* is 
observed in the slice below the originally dry tablet surface. As the particle 
size is constant in this slice during this period of time (Fig. 31), the 
increasing T2

* reflects the increasing tumbling of the flutamide particles 
upon increasing local hydration (Figs. 28 and 30). The dynamics of these 
particles are too slow to affect T1, which is why this is at a constant low 
level (recalling that T2

* is sensitive to slower molecular dynamics than T1 [5, 
6]). If the flutamide had been molecularly dispersed in the solid dispersions 
(and thereby had faster molecular dynamics), there would have been an 
imprint in the initially detected T1.  
 
An even more intriguing result is that marked changes in T1 and T2

* 
behaviour occur at the same time (denoted as tmax in Fig. 34). The model for 
explaining this simultaneous change is based on the fact that T2

* reflects the 
flutamide particle size and T1 reflects the state of flutamide. The increase in 
motional freedom for the flutamide particles upon increasing hydration and 
constantly decreasing microviscosity is assumed to be equally valid for their 
translational diffusion. As the flutamide particles diffuse further and further, 
they can come into contact with increasing frequency. The relaxation  
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Figure 34. T2
* and T1 change over time for flutamide in two slices of a solid 

dispersion tablet. The time of first contact between the tablets and the water is set to 
t = 0. [6] 
 
 
 
behaviour suggests that the particles may coalesce upon contact. As they do 
so, their size increases (which is confirmed by increased particle radius 
subsequent to tmax [5]) and thereby T2

* starts to decrease. The coalescence is 
further suggested to favour rearrangement of the amorphous flutamide into a 
more thermodynamically stable crystalline state. Hence, coalescence 
induces recrystallisation as signified by the increase of T1 which indicates 
lower molecular mobility.  
 
In the slice above the tablet surface, the relaxation parameters correspond to 
that of a fully recrystallised drug. During the first few hours after tablet 
hydration, the 19F signal intensity from this region is weak or absent (and 
therefore not presented) as it takes time for the gel layer to expand (Fig. 28). 
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4. CONCLUDING REMARKS 
 
This thesis demonstrates the unique capabilities of NMR to explore the 
nature of the processes which ultimately can determine the success or 
failure of a solid dispersion. The major contribution of this work is the new 
insight into the behavior of the drug in a swelling solid dispersion in situ. It 
has been demonstrated how NMR relaxometry experiments can be used as a 
tool for following the changes in the state of matter within solid dispersions. 
In particular, the intriguing process of recrystallisation has been assessed in 
detail and with a spatial resolution that is probably not currently available 
by other methods. Coalescence of amorphous drug particles, as a 
consequence of increased motional freedom upon hydration, is presented as 
a possible nucleation stage. It has further been demonstrated that NMR 
relaxometry provides access to drug particle size in the nanometer range 
within the swelling tablet.  
 
In previous research, not much effort has focused on the state of the drug 
during the dissolution procedure. However, since two of the main concerns 
for the predictability of solid dispersion behaviour are the drug stability 
during storage and the distribution of the incorporated drug, the processes 
that the drug undergo are considered highly relevant and thereby deserve 
more attention. One of the main reasons for this knowledge gap has most 
certainly been the limitation of characterisation techniques available to 
monitor the dissolution process on a molecular level, particularly in terms of 
impact of liquid ingress on drug behaviour.  
 
The protocols presented here may be used to pinpoint the driving forces, 
such as the effect of drug properties, drug-carrier interaction and 
manufacturing process, and thereby anticipate the conditions that result in 
bad performance of a solid dispersion. All methods performed with 
flutamide in this work can plausibly be well adapted to studying the 
behaviour of any other drug that contains fluorine. Moreover, the same 
methods could be applicable to drugs that do not contain fluorine, assuming 
that one uses 13C localised spectroscopy in samples prepared by 13C-
enriched drugs. It should also be pointed out that although the experimental 
toolbox has been developed to study systems with practical implementation 
in drug delivery, it is in no way unique to pharmaceutical materials.  
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Considering the challenges still remaining with solid dispersion systems, 
they will most probably continue to be one of the most exciting frontiers of 
drug formulation development. It is beneficial, both for economic, 
environmental and pharmacological reasons to reduce the total amount of 
drug in solid dispersions without losing bioavailability. 
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