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Abstract
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Coronary artery disease and chronic pain are serious health issues that cause severe discomfort
and suffering in society today. Antithrombotic agents and highly potent analgesics play a critical
role in improving the recovery process for patients being treated for these diseases. This thesis
focuses on the design and study of pellet-based drug dosage forms which allow diffusion-
controlled delivery of drugs with the aim of achieving optimal therapeutic outcomes.

A wet slurry process was used to mix the drug and the polymer and/or clay precursor
excipients into a paste. The pellets were then shaped via ionotropic gelation (alginate hydrogel
beads/pellets), extrusion/spheronization (halloysite clay pellets) or geopolymerization.

The decrease in the drug diffusion rate in the alginate beads was affected by the drug's
molecular size and charge and the characteristics (such as concentration and chemical structure)
of the surrounding alginate gel.

The halloysite clay pellets provided sustained release of the highly potent drug fentanyl at
both gastric pH 1 and intestinal pH 6.8. As expected, crushing the pellets reduced the diffusion
barrier, resulting in more rapid release (dose dumping).

The use of mechanically strong geopolymer gels was investigated as a potential means
of preventing dose dumping as a result of crushing of the dosage form. Variations in the
synthesis composition resulted in drastic changes in the microstructure morphology, the
porosity, the mechanical stability and the drug release rate. Pore network modeling and finite
element simulations were employed to theoretically evaluate the effects of porosity and drug
solubility in the geopolymer structure on the drug release process. Fitting the model parameters
to experimental data showed that increased average pore connectivity, a greater pore size
distribution, and increased drug solubility in the pellet resulted in an increased drug release
rate. Furthermore, incorporation of pH-sensitive organic polymers in the geopolymer structure
reduced the high drug release rate from the pellets at gastric pH. These results indicate that
geopolymers have potential for use in pellet form; both the release rate of the drug and the
mechanical stability of the pellets can be optimized to prevent dose dumping.
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Introduction 

As the title implies, this thesis discusses the diffusion-controlled release of 
drugs (specifically, antithrombotic agents and highly potent opioids) from 
slurry-formed, porous, organic, clay-derived pellets. To put this theme into 
context, the Introduction first briefly presents the motivations for the use of 
these types of drugs in the therapeutic treatment of coronary artery disease 
and chronic pain, respectively. A short survey of the objectives of drug de-
livery and release will be given, along with the various release mechanisms, 
such as diffusion, that can be utilized in the design of a pellet drug delivery 
system. At the end of the introduction, the specific aims of the thesis are 
stated. 

A pellet is a dosage form that comprises a mixture of active therapeutic 
substances (i.e. drug) and excipient carrier materials (i.e. polymers, clays 
etc). Pellets can subsequently be encapsulated or made into other dosage 
forms for ease of administration. The Materials section of the thesis gives an 
overview of the pellet precursors relevant to this work; viz. the drugs and the 
organic and inorganic excipients. 

The following Synthesis section describes the bead and pellet manufactur-
ing methods, such as the mixing of raw materials into a slurry or paste. Em-
phasis is placed on the geopolymer gelation process. However, in this thesis, 
the terms pellets and beads are used interchangeably. 

The experimental techniques employed to investigate the pellets in this 
thesis are very common in pharmaceutical science laboratories, and are 
therefore only very briefly outlined in the Experimental techniques section 
below. 

During the design of drug delivery dosage forms and verification of their 
release behavior, it is desirable to develop and use mathematical models to 
analyze and understand the kinetics. Consequently, a section on Modeling 
drug release is also included.  

The Results and Discussion section summarizes the main findings re-
ported in Papers I-VI with a subsection for each paper, to which it refers for 
further details. 

The thesis ends with a Concluding remarks and future outlook section, 
which mainly presents suggestions for future work. 
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Coronary artery disease 

 
Figure 1. Illustration of bypass surgery using saphenous veins, an internal mam-
mary artery or an artificial blood vessel of bacterial cellulose. The inset illustrates 
release of antithrombotic drugs from beads into the lumen of an artificial blood 
vessel. 

Coronary artery disease can be defined as the failure of coronary circulation 
to supply adequate blood flow to cardiac muscle and surrounding tissue as a 
result of atherosclerosis.1 It is already the most common form of heart dis-
ease in Europe and, in the USA, the National Institute of Health estimates 
that about 7 million Americans suffer from it.2 Atherosclerosis is a condition 
in which fatty material collects along the walls of the arteries. This fatty 
material thickens, hardens due to calcium deposits, and may eventually 
block the arteries (Fig. 1). When an artery is completely blocked, for exam-
ple by a thrombus (blood clot) in a condition called thrombosis, it results in 
stenosis (diseased arterial tissue) and possibly a heart attack. When the num-
ber and location of stenosis injuries present a significant risk for the patient, 
surgery is the preferred method of treatment.1 Coronary artery surgery most-
ly involves bypassing the blockage in the coronary arteries with a blood ves-
sel taken from another part of the patient's body (Fig. 1).1 However, if the 
patient does not possess vessels of sufficient quality as a result of previous 
operations or other diseases, synthetic grafts can be used to divert the blood 
around the hardened tissue. One option that has recently been investigated is 
the use of artificial blood vessels made of bacterial cellulose.3 However, the 
initial success of bypass grafting is often limited by early graft occlusion, 
caused by intra-luminal thrombosis.4 To prevent early graft occlusion and 
stent thrombosis, patients are treated with antithrombotic drugs such as anti-
coagulants and platelet inhibitors. 



 13 

Chronic pain 
Pain is one of the main complaints for patients visiting primary care. While 
acute pain may be important for motivating the injured person to rest during 
the critical healing period, persistent or chronic pain provides patients with 
false signals about injury, which encourages unnecessary activity restriction 
and in effect leads to further suffering.5 

(a) (b)

 
Figure 2. (a) Prevalence of a chief complaint of acute and chronic pain in primary 
care in Huddinge, Sweden, during 1995.6 (b) Chronic pain is frequently located in 
muscles, back, head, neck, shoulders and joints.5 

In a report based on records from medical practices in Huddinge county, 
Sweden, in 1995, Hasselström et al.6 showed that about one third of the pa-
tients treated at a primary care practice had some kind of medically defined 
pain problem, while slightly fewer than half of these were treated for chronic 
pain (Fig. 2a). While the actual figure depends on the research methodology 
used, the prevalence of chronic pain in the world appears to range from 10 to 
30% among patients in primary care.7 

Chronic musculoskeletal pain is the most common complaint, but the 
back, head, neck, shoulders and joints are also frequently affected areas (Fig. 
2b). In addition to pain, patients often experience psychological distress and 
disability; pain affects physical, social and psychological functioning.5 

A European survey5 showed that 29% of full- or part-time employees had 
to change their job or job duties due to chronic pain, while one in five subse-
quently lost their job. Hence, there is a very high individual and societal cost 
related to chronic pain. 

Pain relievers such as analgesic drugs play an important role in the treat-
ment of chronic pain.8 The most effective drugs are morphine or synthetic 
opioids. Synthetic opioids behave like morphine but are much more potent 
and induce fewer side effects.9 
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Drug delivery 
The aim of drug delivery is to attain the best therapeutic effect in the human 
body. For that purpose, drugs can be delivered via several routes (e.g. oral, 
buccal, mucosal, parenteral, transdermal, etc.) to different sites in the body 
(e.g. brain, heart, blood, etc.) via various transport mechanisms (e.g. pump-
ing, diffusion, etc.).10 The drug is therapeutically effective when its concen-
tration at the relevant site is within what is called the therapeutic window. 

 
Figure 3. Illustration of the therapeutic concentration window for drugs. 

Hence, a patient in need of drug treatment takes or is given a dose that will 
raise the concentration of the drug (e.g. in the blood) above the effective 
level (Fig. 3). The drug is only active for a specific period, largely dependent 
on its metabolism or half-life in the body.11 If continued treatment is re-
quired, subsequent doses are administered. Drugs used for coronary artery 
disease or chronic pain commonly require concentrations to be kept within 
the therapeutic window for a relatively long time. This requires the periodic 
administration of doses over a long period; associated costs, safety aspects 
and poor patient compliance mean that this process is often not optimal. 

In order to circumvent frequent dosing, one option is to make a larger 
amount of drug available to the patient for a longer time. However, great 
caution must then be exercised to keep the concentration below the level of 
toxicity. The use of controlled- or sustained-release dosage forms can make 
the drug available gradually, allowing activity over an extended period of 
time after administration. However, since the amount of drug contained in 
these dosage forms is higher than a single dose in conventional drug carriers, 
any compromise of the carrier integrity could lead to dose dumping,12 i.e. the 
release of all the drug at once. The consequent risk of overdose (Fig. 3) has 
to be taken into careful consideration in every controlled-release formulation 
design. 
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Drug release 
If the pure solid drug granules were given to the patient to consume or inject 
intravenously, the dissolution and availability of the drug at the desired 
therapeutic site would be very unreliable, and the outcomes unsafe. There-
fore, to achieve timely, reproducible and efficient delivery at the relevant in-
vivo location, the drug is often included in a carrier system, designed for the 
particular environment in which it is placed. 

It is sometimes necessary to use infusion pumps or manual injections to 
administer medication directly into a patient's circulatory system; however, 
this generally requires the presence of a health care professional for accurate 
administration. In order to avoid continuous medical assistance, and thus to 
reduce costs and increase patient compliance, the drug is usually embedded 
in a passive drug delivery vehicle. When the vehicle comes into contact with 
the human body, it releases the drug through physically and/or chemically 
driven transport processes (e.g. diffusion). Currently, there are several drug 
delivery vehicles for anti-thrombotic (Hirudoid® ointment, Waran® tablets, 
etc.) and highly potent opioid (Abstral® fast dissolving tablets, Actiq® lolli-
pops, Durogesic® transdermal patches, etc.) drugs on the market. 

Antithrombotic drugs are commonly administered systemically in the 
treatment of thrombotic diseases. However, the efficacy of this treatment is 
limited and bleeding complications can occur with administration of the 
necessarily high doses of the drug.13 To prevent thrombus formation in this 
situation, it would be more efficient to treat the thrombogenic site itself (Fig. 
1) rather than to treat systemically.13 Local administration can supply higher 
drug concentrations at the relevant site than otherwise possible and can con-
sequently reduce systemic side effects. Local delivery of antithrombotic 
drugs using catheters has been shown to partially or completely prevent 
thrombosis,13 and can be compared with systemic administration in its ef-
fect.14 However, local delivery of anti-thrombin with catheters is not without 
complications and reduced patient compliance. Therefore, a method for in-
vivo local delivery is desirable (Fig. 1). 

Adequate relief of chronic pain often requires around-the clock admini-
stration of drugs. Controlled-/sustained-release drug delivery methods for 
opioid therapy, such as found in patches (e.g. Durogesic®) and lollipops 
(e.g. Actiq®), were developed as an alternative to infusion pumps. Although 
the oral route is the preferred route for drug delivery,15 it has hitherto not 
been possible to develop an oral sustained-release dosage form containing 
highly potent opioids or drugs of similar potency. As discussed above, this is 
mainly because of the risk of dose dumping associated with conventional 
oral sustained-release dosage forms.12 Dose dumping in the context of highly 
potent opioids can cause very severe or even lethal side effects because of 
the narrow therapeutic window of these drugs. Hence, development of an 
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oral dosage form for high potency drugs must be based on a release mecha-
nism that cannot be compromised. 

Release mechanisms 

 
Figure 4. Pellet constructions with different diffusion- or erosion-driven release 
mechanisms, giving rise to different release profiles. 

When designing a drug carrier material, the release mechanism must be cho-
sen according to how much drug is needed during a specific period. If pure 
solid drug granules are ingested, the dissolution of the drug would presuma-
bly follow first order kinetics (Fig. 4).11 The drug would be rapidly accessi-
ble for in-vivo absorption, but there would be limited possibility of control-
ling the dissolution rate and the longer-term in-vivo availability. 

Normally, the carrier material in which the drug is incorporated also 
forms a barrier against immediate release. Tablets, pellets, beads or similar 
monolithic matrix systems are in this context the most popular dosage forms 
because of their low cost, and ease of manufacture and handling.11 

The behavior of a drug as it is released from a dosage form is commonly 
evaluated by investigating its release profile (Fig. 4).15 The drug release pro-
file is a plot of the cumulative amount of drug released in a certain release 
environment (e.g. blood or gastro-intestinal juices) versus time. Although 
drug release behavior is critically dependent upon the particular environment 
(e.g. temperature, pH, ion concentration, hydrodynamic flow conditions, 
etc.11), it is the physical and chemical mechanisms occurring inside the pellet 
which govern release, and pellet designs are often classified accordingly 
(Fig. 4).15 Usually, a single rate-controlling mechanism governs the whole 
process, which is intimately linked to the construction of the pellet matrix 
and to the state of the incorporated drug.15 
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Drug diffusion is one of the most common rate-controlling release mech-
anisms in inert monolithic systems (e.g. beads or pellets, etc.).16,17 The drug 
is often incorporated in the matrix in a dissolved or dispersed form (Fig. 4).16 
Hydrogels, such as those discussed in Paper I and Paper VI, are thought to 
consist of a single material phase through which the dissolved drug 
diffuses.18 Drug diffusion and release can be significantly retarded by the gel 
microstructure. For matrix systems with lower porosity, such as those 
discussed in Papers II-VI, diffusion is thought to be restricted to pores in an 
otherwise impermeable material. Nevertheless, the dosage forms investi-
gated in this thesis are always treated as homogeneous matrices for diffusion 
independently of carrier porosity.  

Although drug diffusion is the rate-limiting mechanism, it is nonetheless 
not unaffected by other factors. For instance, if the drug is dispersed in the 
matrix (Fig. 4), the initial drug load could be higher than the drug solubility, 
thus preventing immediate drug dissolution, and consequently reducing the 
driving force for diffusion. Additional processes, such as drug-matrix inter-
actions, can also occur during release (Fig. 4). For instance, positively 
charged drug cations could interact with a negatively charged pellet matrix. 

However, the release of dissolved or dispersed drug from homogeneous 
inert matrices is generally governed by diffusion; the shape of the release 
profile usually resembles a square root of time curve (~t1/2, Fig. 4). The 
shape of the release profile also varies somewhat with changes to the pellet 
geometry.15 

The matrix can also interact with the release media and subsequently 
swell and/or degrade (Fig. 4). If such interactions are sufficiently dominant, 
they can alter the shape of the release profile. For example, if properly tai-
lored, matrix erosion during release can result in a constant rate of release 
(i.e. a zero-order release profile, Fig. 4). The influence of matrix erosion 
during release can be observed when soluble pharmaceutical excipients are 
incorporated in an otherwise inert matrix, leading to the gradual opening of 
the insoluble matrix and a resultant reduced barrier to drug diffusion (Paper 
VI). 

However, uncontrolled reduction of the diffusion barrier cannot be per-
mitted because of the risk of dose dumping. For instance, crushing the drug 
dosage form could reduce or remove the effect of the diffusion barrier, with 
a potential overdose as a result. Consequently, in the context of diffusion, the 
size of the matrix in which the diffusion takes place (i.e. the pellet) also 
plays a critical role (see Paper V). The pellets in this work were about 
1.5mm in diameter and height and, apart from their being easily handled, this 
size was chosen to enable the pellets, after ingestion, to be transported 
through the closed orifice of the stomach to the small intestine19 independ-
ently of the depletion rate of the stomach content. A more stable re-
lease/uptake rate of the drug would thus be promoted. The absorption of the 
substance starts in the stomach, but mainly takes place in the small and large 
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intestine, in which the maximum absorption of the drug is expected to occur 
during the first 8–12 h after administration.20 This can be compared to the 
administration of conventional tablets, where rapid release due to disintegra-
tion of the dosage form results in rapid uptake, primarily in the small intes-
tine.21 

Once control of the release mechanism and the release profile is obtained, 
it can be tailored to match the desired in-vivo release profile with the aid of 
established in-vitro/in-vivo correlations.15 

Aims of the thesis 
The overall aim of the thesis was to experimentally and theoretically evalu-
ate the suitability of organic polymers, inorganic clays and derivatives there-
of as carrier and release materials for antithrombotic agents and highly po-
tent opioids. 
 
In this context, more specific aims were set for the different papers building 
this thesis; viz. to evaluate: 

-‐ alginate hydrogels in the form of spherical beads as carriers and re-
lease materials for antithrombotic agents of different molecular 
weights (Paper I). 

-‐ the release of the highly potent opioid fentanyl from halloysite clay 
pellets at gastric pH 1 and intestinal pH 6.8, and in EtOH/H2O solu-
tions (Paper II). 

-‐ whether fentanyl, and the structurally similar sedative zolpidem, can 
be embedded into a metakaolin-based geopolymer dosage form to 
provide a mechanically strong sustained-release vehicle free from 
the possibility of dose dumping. (Paper III). 

-‐ the effects of water as a pore-forming agent in metakaolin-based ge-
opolymers on porosity, pore-size distribution, drug permeation, and 
release rates. The aim was also to establish a link between the pore 
structure characteristics and diffusion via pore-network modeling 
(Paper IV). 

-‐ the role of drug solubility and distribution on the drug's release from 
geopolymer pellets of three different sizes (Paper V). 

-‐ the influence of incorporating polymer excipients in geopolymer 
pellets on the mechanical strength and release behavior of the model 
drug zolpidem (Paper VI).  
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Materials 

Drugs 
A drug can be defined as any substance that, when absorbed into the body of 
a living organism, alters normal bodily function.22 Two categories of drugs 
were directly or indirectly addressed in this work: antithrombotic agents and 
high potency opioids. When the target drug was not available, e.g. because 
of safety considerations, model drugs with similar physico-chemical proper-
ties were utilized. The molecular physico-chemical properties of a drug, 
apart from being central to its therapeutic activity, also heavily influence its 
transport behavior, such as diffusion. Important molecular parameters that 
were specifically considered in this thesis included size, solubility, electric 
charge and acid/base dissociation constant (pK). 
Table 1. Relevant physico-chemical parameters of the investigated drugs. Data 
collected from Martin’s Physical Pharmacy.23 

 Name Formula Size [g/mol] pK 
Salicylic acid C7H6O3 138.1 3.0 
Dipyridamole C24H40N8O4 504.6 6.4 
Hirudin C287H440N80O111S6 6979.5 - 
Fentanyl C22H28N2O 336.5 8.9 
Zolpidem C19H21N3O 307.4 6.4 
Sumatriptan C14H21N3O2S 295.4 - 
Theophylline C7H8N4O2 180.2 8.6  
Saccharin C7H5NO3S 183.2 1.3 

 
The drugs with antithrombotic action used in this study were salicylic acid, 
dipyridamole and hirudin (Table 1). Salicylic acid, obtained by letting ace-
tylsalicylic acid fully degrade, was used instead of acetylsalicylic acid be-
cause of the rapid hydrolysis rate of the latter.24   

The highly potent opioid fentanyl or the model drugs zolpidem, suma-
triptan, theophylline and saccharin were used to prepare pellets for oral di-
gestion. Detailed information on the respective drug manufacturers is found 
in Papers I-VI. 
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Figure 5. (a) Dissolution kinetics of 3mg zolpidem tartrate in 0.5L pH 6.8 buffer in a 
USP-II dissolution vessel. (b) Equilibrium solubility of the weak base zolpidem in 
phosphate buffer titrated with concentrated NaOH/HCl solutions. 

The majority of drugs are weak acids or bases,11 and properties such as net 
charge and solubility are strongly dependent upon pH with respect to their 
individual pK values when placed in aqueous solution. pK is the logarithm of 
the acid dissociation value11 
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where [D-], [H+] and [HD] are the molar concentrations of the ionized drug 
D-, protons H+ and weak acid HD at equilibrium, respectively. Therefore, 
weakly acidic drugs are neutral at low pH values (below their pK) and 
charged at higher pH values. As a consequence, because of the different 
solubilities of the neutral and charged species, the overall drug solubility can 
markedly shift with changes in pH. Figure 5b shows preliminary data of the 
dependence of the equilibrium solubility of zolpidem on pH. According to 
the Henderson-Hasselbalch equation,11 derived in Eq. 1, the solubility Cs can 
be expressed as 

! 

Cs = [HD] +[D
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] = [HD] +[HD] #10

pH" pK
=Cs0 (1+10

pH" pK
) , (2) 

 
where the free base solubility Cs0=[HD]. The application of Eq. 2 to experi-
mental data in Fig. 5b gives a pK of 6.4 and Cs0 of 0.18mg/mL for zolpidem, 
in close agreement with previously measured values (Paper IV).25  
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The drugs also have a limited dissolution rate, mainly because of the dif-
fusion layer surrounding the drug grains during dissolution.11 Figure 5a 
shows preliminary data of the increase in zolpidem concentrations in 0.5L 
50mM phosphate buffer at 37oC with time after 3mg zolpidem tartrate salt 
was rapidly added. The dissolution rate in this particular setup depends heav-
ily on the actual hydrodynamic conditions surrounding the drug grains. This 
is discussed further in the Modeling drug release section. 

Polymers 
Polymers are generally used for two purposes in dosage forms: either as a 
part of the monolithic matrix or to form a coating thereof,15 but in this thesis 
only the former will be considered. At higher concentrations, the polymers 
form the actual matrix; this was manufactured in a wet slurry process via 
gelation (Paper I) or extrusion/spheronization (Paper II). At lower concen-
trations, polymers are employed as binders or pore-former excipients (Paper 
VI).15 Hydrophilic soluble or insoluble polymers were consistently used in 
these studies because of their ease of handling in the aqueous pellet synthesis 
process. Polymers can be classified as synthetic, semi-synthetic or natural 
depending upon their origin. Of all the natural polymers, polysaccharides are 
the most widely used.15 

Alginate is a naturally occurring anionic polysaccharide consisting of lin-
early connected blocks of D-mannuronic acid (M) and L-guluronic acid (G) 
residues.26 The blocks are composed of homopolymeric sequences of 
mannuronic acid (MM) or guluronic acid (GG), or random or alternating 
sequences (MG) thereof.26 The primary structure of an alginate sample is 
often designated by the fraction of guluronic acid residues in the polymer, 
here denoted as Gc. Alginate is extracted from seaweed, and is often used in 
food as a thickening agent or in biomedical and pharmaceutical applications. 
It is known to gel in the presence of a divalent cation, such as Ca2+; gelling 
occurs rapidly under very mild conditions without the need of high tempera-
tures or chemical crosslinking agents. The strength of the gel primarily de-
rives from the combination of divalent cations with the homopolymeric 
(GG)-blocks, to form aggregates similar to an "egg pack”, although the elec-
trostatic interaction with the alternating (GM) blocks also contributes. There-
fore, the relative quantities of these blocks strongly influence the physical 
properties of alginate gels such as strength and porosity.26 In addition, the 
alginate gel has low toxicity in terms of immunogeneity, cytotoxicity and an 
inflammatory response27 and can be made to degrade in vivo,28,29 as opposed 
to some devices which require the matrix to be surgically removed after im-
plantation when the drug is exhausted. 

Two forms of sodium alginate powder containing alginate from the Lam-
inaria hyperborea stipe (Protanal LF 10/60, Gc≈70% and Protanal LF 10/60 
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10/60 LS, Gc≈40%) with a high and low guluronic acid content, respectively, 
were used to produce pellets in Papers I and VI. 

Microcrystalline cellulose (MCC), which is derived from high quality 
wood pulp, comprises a chain of glucose molecule units connected by glyco-
sidic bonds. The glucose units bundle up to form sub-micron-sized crystals.30 
MCC is frequently used in tableting in the pharmaceutical industry because 
of its unique mechanical, binding and disintegrating properties. Although 
MCC is most commonly used as a filler and binder in formulations prepared 
by direct compression, it is also often included in the process of extru-
sion/spheronization of pellets (c.f. Paper II). Apart from the naturally 
formed and refined polymers, there are also the semi-synthetic chemically 
modified derivatives of the natural polymers, such as cellulose acetate phtha-
late (CAP). CAP is a cellulose polymer in which about half of the hydroxyls 
are esterified with acetyls, a quarter are esterified with one or two carboxyls 
of a phthalic acid, and the remainder are unchanged. For each cellulose de-
rivative, different grades can also have significantly different properties in 
terms of molecular weight, viscosity, solubility, hydration, and so on; thus, 
different grades can be used for different purposes. In this work, MCC 
(Avicel PH101, FMC Biopolymer, Newark, DE) was used as a binder mate-
rial when producing pellets in Paper II, and Eastman CAP (Eastman chemi-
cal company, Kingsport, TN) was tested as a binder excipient in Paper VI. 

Polyethylene glycol (PEG) is a synthetic polymer made in the polymeriz-
ing interaction of ethylene oxide and ethylene glycol. It dissolves readily in 
water and is frequently used in pharmaceutical production. In this work, a 
pharmaceutical grade PEG of ~20,000g/mol was used (Sigma-Aldrich, Swe-
den). 

A synthetic 1:1 co-polymer methacrylic acid-ethyl acrylate (PMA) under 
the brandnames Kollicoat MAE 100P or Eudragit LS with a molecular 
weight of ~250,000g/mol was also used in Paper VI. PMA and CAP are 
well known enteric polymers that are widely used as tablet coating materials 
to, for instance, hinder drug release in the stomach. The solubilities of PMA 
and CAP are pH-dependent; they do not dissolve in an acidic environment. 
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Kaolin clays 

 
Figure 6. Powder X-ray diffraction spectra of (a) kaolinite, metakaolinite, and geo-
polymer and (b) halloysite; and SEM micrographs of (c) kaolinite and (d) halloysite. 

Clays are naturally occurring alumino-silicates composed primarily of fine-
grained minerals. The minerals can be classified into groups comprising 
kaolin, smectite, palygorskite–sepiolite, illite, chlorite, and mixed-layered 
clays.31 The basic kaolin mineral structure comprises the minerals kaolinite, 
halloysite, dickite, and nacrite, of which only the two first are considered in 
this thesis (Papers II-VI).32 The properties of these different clays are re-
lated to their structure and composition.31 Kaolinite and halloysite consist of 
1:1 stacked single sheets of tetrahedral silica on top of a single sheet of octa-
hedral alumina. The differences in the kaolin minerals are a result of the 
manner in which the unit layers are stacked on each other.32 The thickness of 
the unit layer is 7.13Å. Halloysite occurs in either dehydrated or hydrated 
forms, with water molecules between the layers. The basal spacing of the 
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dehydrated form is 0.7nm and of the hydrated form is 1nm. The structure 
and spacing of the sheets can be determined from their respective X-ray dif-
fraction (XRD) spectra (Fig. 6b), which show that the halloysite powder 
used in Paper II contained both types of spacings. The diffraction peaks 
(Fig. 6a,b) also showed the presence of crystalline impurities, such as mica 
and cristobalite.31 Impurities are very common in natural materials and are 
difficult to completely eliminate. 

The kaolinite powder consists of stacked pseudo-hexagonal plates of dif-
ferent sizes (Fig. 6c), whereas halloysite consists of elongated tubes (Fig. 
6d).32 

In Paper II, halloysite from New Zealand (Ultrafine Halloysite, Imerys 
Minerals Ltd., Cornwall, UK) was used in all the trials. In Papers III-VI, 
kaolinite was purchased from Sigma-Aldrich, Sweden, and was used as re-
ceived. 
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Synthesis 

Alginate gel beads 
The alginate beads were prepared by the ionotropic gelation technique de-
scribed in Tønnesen and Karlsen.26 Briefly, the sodium alginate powders 
were dissolved in deionized water in concentrations of either 1.8 % (w/v) or 
4% (w/v). These alginate solutions were subsequently pumped through metal 
syringes (27 G, VWR) with the aid of an infusion pump (Standard Infusion 
Only PHD 22/2000 Syringe Pump, Harvard Apparatus, USA) and dropped 
(from a height of 6 cm) into a gently stirred (100 rpm) 0.2M CaCl2 aqueous 
solution at a constant rate (5ml/min). The alginate droplets immediately 
formed spherical gel beads upon entering the calcium solution. The beads 
were allowed to harden under stirring for 20 min in the solution and were 
subsequently transferred to an equal (0.2M CaCl2), but fresh, storage solu-
tion, where they were left overnight (~24h) before further use. All beads 
were used within 4 days or discarded. 

The alginate beads were loaded with drug for 3 hours prior to each release 
experiment. 1.3g beads were separated from the storage solution, weighed 
(Al 204, Mettler Toledo, Great Britain), and placed in 12ml drug solution. 
The drug solutions contained 1.85mg/ml salicylic acid (de-ionized water, pH 
2.5), 160µg/ml dipyridamole (10 mM Ca-acetate buffer, pH 4.5) or 5mg/ml 
hirudin (mannitol, sodium hydroxide, pH 7.4). After the drug-loading step, 
the beads were weighed again to monitor any possible swelling. 

Clay pellets 
The clay pellets were prepared in an extrusion and spheronization process. 
Firstly, a powder blend containing 63.7 wt% halloysite, 35.0 wt% MCC and 
1.3 wt% fentanyl base was prepared in a tumbling mixer (Turbula mixer 
T2F, W.A. Bachofen AG, Basel, Switzerland) for 10 min. Subsequently, the 
powder was transferred to a mini planetary mixer (Braun, Kronberg, Ger-
many) where it was mixed during addition of water until the required paste 
consistency was achieved. The paste was placed in an extruder (Laboratory 
Screen Extruder Caleva Model 20, Caleva process solutions Ltd., Dorset, 
UK) to form short, spaghetti-like threads, which were then placed in a 
spheronizer (Spheronizer 120, Caleva process solutions Ltd) to form spheri-
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cal pellets with a radius of about 1.5 mm. In the final step, the pellets were 
placed in an incubator (Memmert, Frankfurt/Main, Germany) at 40°C for 
24 h to dry. 

Geopolymer pellets 

 
Figure 7. Simplified illustration of the geopolymerization process. Kaolin is first 
heated to form metakaolin. When metakaolin and waterglass (SiO2 dissolved in 
aqueous NaOH solution) is mixed, the former is dissolved into free species that 
condense into an irregular amorphous network with the drug in the pores. 

Geopolymers are generally prepared by mixing a reactive aluminosilicate 
precursor material, such as thermally treated kaolin (metakaolin), and an 
alkaline solution (e.g. waterglass). The geopolymer reaction (Fig. 7) is be-
lieved33,34 to follow a multi-step process: 

1. Metakaolin dissolution to form free -Si-O-Al- species as a result of 
hydroxide ions in solution. 

2. Reorientation of precursor ions in solution, where the negative 
charges on tetrahedral Al sites are charge-balanced by alkaline metal 
cations. 

3. Polycondensation reactions into inorganic oligomers.  
4. Nucleation and growth of nanometer-sized particles. 
5. Particle aggregation to form a gel backbone. 
6. Complex aging processes possibly involving Ostwald ripening.35 

The geopolymeric structure sets within a few hours after mixing. The water 
added in the synthesis is expulsed to form the pore network after drying. The 
pores are nonuniform in morphology, with a range of sizes (Papers III-IV). 
However, on a larger scale, the porosity appears uniformly distributed 
throughout the microstructure, wherein unreacted sheets of metakaolin are 
also sometimes visible. 
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Several processing conditions, such as the relative amounts of the synthe-
sis constituents (SiO2/Al2O3, Na2O/Al2O3, H2O/Al2O3), synthesis tempera-
ture, and pressure, greatly affect the geopolymer structure (Fig. 7).34 

Geopolymers have previously been considered for implant applications,36 
where they were shown to be bioactive with a low tendency for ion leakage. 
The precursor material kaolin, used to form geopolymers, is also a well 
documented pharmaceutical excipient and the chemically similar zeolites 
have been proven stable and non-toxic and even appear promising for use as 
detoxicants.37 

In Papers III-VI, geopolymers were prepared by mixing stoichiometric 
ratios of metakaolin, waterglass (diluted with de-ionized water or a 3 M 
NaOH solution to match each individual composition), drug (13mg/g meta-
kaolin) and other excipients into a homogeneous paste in a glass mortar. The 
amorphous metakaolin was obtained by heating the crystalline kaolinite at 
800°C for 2 h, confirmed by XRD (Fig. 6a). The liquid water glasses (so-
dium silicate solutions) were prepared by vigorously mixing de-ionized wa-
ter with fumed silica and sodium hydroxide until a clear, viscous solution 
was formed. 

The paste was transferred to a pellet Teflon® mold comprising cylindri-
cally shaped holes of 1.5 × 1.5 mm (diameter × height), and/or cylindrical 
compression rod (6 × 12 mm, diameter × height) rubber molds. The molds 
were sealed and subsequently placed in an oven set to 40 °C for 48 h. This 
moderate heat treatment is believed to be sufficient for complete geopolym-
erization.38 The cured pellets/rods were demolded, air-dried and directly 
used for further experimental characterization. The formed geopolymers 
were x-ray amorphous (Fig. 6a). 

Potential degradation of the drug due to the rather harsh alkaline synthesis 
environment was investigated by dissolving the drug in an alkaline solution 
(NaOH, pH 12) and monitoring the concentration of the substance chroma-
tographically for 7h. No signs of degradation of the respective drugs were 
seen. 
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Experimental techniques 

Compression strength 
The maximum stress that a material can withstand without breaking under a 
compressive load is called its compression strength σmax. In measuring com-
pression strength, an increasing compressive force is applied to a sample 
with a known geometry until it breaks. Material testing equipment records 
the maximum applied force Fmax and computes the compression strength 
from 
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Fmax
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where A is the cross-sectional area of the sample. The compression strength 
in Papers III, IV and VI was taken as a measure of the mechanical stability 
of the geopolymers, and was measured with an Autograph AGS-H universal 
testing machine (Shimadzu Corp., Japan). In these measurements, a cylindri-
cal geopolymer rod (6x12mm, diameter x height) was placed between two 
pistons, which applied an increasing compressive force onto the rod until it 
broke. Eight to ten cylindrical rods of each composition were tested and the 
averages calculated.39 

Drug permeation 
A horizontal side-by-side diffusion cell (15mm; PermeGear, Riegelsville, 
Pennsylvania) was used to measure diffusion coefficients. The diffusion cell 
consists of donor (VD) and receptor (VR) volumes connected via a membrane 
through which the solvent diffuses to reach the opposite compartment. The 
donor and receptor volumes (34mL) were initially filled with 50mM Tris-
HCl (Paper I) or phosphate (Papers IV-V) buffer solution at pH 7.4 and pH 
6.8, respectively. Experiments were performed at 37°C and each compart-
ment was kept under constant stirring (100 rpm). At the start of the experi-
ment, a concentrated drug solution was rapidly injected into the donor com-
partment to set the concentration at CD~0.7mg/mL.  

Changes in the concentration of drug in the receptor compartment were 
monitored photospectrometrically (UV/VIS spectrophotometer 1650PC, 
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Shimadzu Corp., Kyoto, Japan) at regular time intervals by automatically 
withdrawing and returning small aliquots (1 mL) with a peristaltic pump. 

The diffusion coefficient was estimated by the time-lag (TL) method,40 in 
which the total amount of solute Q(t) transferred through the membrane dur-
ing time t can be described by 
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where A, ε, Cd0, l, and Dm are the effective membrane area, porosity, initial 
concentration of solute in the donor compartment, membrane thickness and 
diffusion coefficient, respectively. If the membrane is inert, it should after a 
short lag time give rise to a linear increase in concentration in the receptor 
chamber. 

In Papers IV-V, the diffusion cell setup was employed to measure diffu-
sion coefficients for different geopolymer samples while, in Paper I, the free 
water diffusion coefficients for the antithrombotic drugs were measured by 
substituting the geopolymer membranes with a filter paper (Whatman 42, 
#1442090) according to the procedure described by Cussler.41 

Drug release 

 
Figure 8. Drug-release setups consisting of (a) a 50mL laboratory beaker with 
magnetic stirrer and a polyester sample holder and (b) a standardized USP II disso-
lution bath.42 

Drug-release experiments are employed in dosage form development for the 
evaluation of product-release performance, e.g. upon changes in formulation. 
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Drug-release tests are used to design and optimize a formulation, and to 
evaluate its batch-to-batch consistency and shelf-life stability.15 A suitable 
apparatus for drug-release experiments should deliver consistent reliable 
data, which at a later stage can be used to establish in-vivo/in-vitro correla-
tions.15 

In Paper I, a setup consisting of a 50mL glass beaker (Fig. 8a) with a 
magnetic stirrer was utilized to measure drug release from alginate beads in 
a small volume (~30 mL) of 50mM Tris-HCl. The beads were placed on a 
polyester net to prevent them from interfering with the magnetic stirrer bar 
(100 rpm). To mimic the physiological characteristics of the blood, the Tris-
HCl solution was kept at pH 7.4 and 37oC. The drug concentration in the 
buffer was measured every 30sec for the first 10min, then every 10min for 
the rest of the experiment. 

In Papers II-VI, a standardized dissolution bath (paddle method, Appara-
tus II, as specified in the United States Pharmacopeia42) was used. Apparatus 
II consists of 7 cylindrical vessels with spherical bottoms and paddles that 
stir the solution at a constant rate of 50 RPM. The pellets were dropped di-
rectly into each vessel, where they sank to the center of the bottom. The ves-
sels contained buffer solution at either pH 1 (0.1 M HCl) or pH 6.8 (50mM 
phosphate buffer), simulating the conditions in stomach and intestine, re-
spectively. In Paper II, drug-release experiments were also performed in a 
50vol% ethanol and de-ionized water solution to simulate co-intake of pel-
lets with alcoholic beverages.  

In Papers II-III, 150mg of intact or crushed pellets were dropped into 
200mL of buffer solution in each trial. Aliquots of 1 mL were removed from 
each vessel on nine occasions during a 24-h period and the drug concentra-
tion was measured using High Performance Liquid Chromatography (HPLC, 
Dionex Summit HPLC system, Dionex corp., Sunnyvale, CA). 

In Papers IV-VI, 400mg geopolymer pellets and 400mL of buffer solu-
tion were used in each trial. Aliquots (1 mL) were either manually or auto-
matically withdrawn and returned with a peristaltic pump several times dur-
ing the time of release. The drug concentration in the buffers was measured 
photospectrometrically (UV/VIS spectrophotometer, Shimadzu Corp., Kyo-
to, Japan). The fraction of drug released was calculated and plotted for a 
time period of 6h (pH 1) or 24h (pH 6.8). All studies were conducted in trip-
licate and mean values were obtained. 

Drug solubility 
When a solid surface is exposed to a liquid, molecules from the surface of 
the solid enter the liquid while the molecules in the liquid return to the solid 
surface, until equilibrium is established; viz. the rate of molecules leaving is 
equal to the rate of molecules returning. The concentration of molecules in 
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the liquid after equilibrium is established is thus called the equilibrium solu-
bility Cs. 

The shake-flask method11 was utilized to measure Cs. Briefly, 15mL of 
50mM phosphate buffer (pH 6.8) was saturated with the drug under study. 
The solution was left for 24h under constant stirring in an oven at 37 °C. If 
the buffer pH changed during stirring, it was titrated back to pH 6.8 with 
HCl/NaOH and stirring was continued for another 6h. Subsequently, the 
suspension was centrifuged (4000 rpm for 90 min), the supernatant filtered 
(0.25µm mesh) and its drug concentration measured photospectrometrically 
(UV/VIS spectrophotometer 1800, Shimadzu Corporation, Kyoto, Japan). 

Helium pycnometry 
Helium pycnometry is a technique for measuring the volume of a solid mate-
rial, from which the density can be inferred after weighing. A gas expansion 
pycnometer consists of two chambers: one calibrated control chamber of 
fixed volume Vc and a second sample chamber of volume Vs (when empty).43 
The measurement is made in two steps. Firstly, the material of known weight 
M is placed in the sample chamber and a specified amount of helium gas is 
added, equilibrated with the sample and its pressure P1 recorded by an elec-
tric transducer.  Secondly, a pathway connecting the two chambers is 
opened, and the gas is allowed to expand and equilibrate in the second cali-
brated volume, whereafter the pressure P2 is recorded. The volume of the 
sample material Vm is then derived as 
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Helium is assumed to penetrate all pores wider than 0.1–0.2 nm and the 
measured volume Vm is the volume of the solid phase of the porous material. 
The density of the solid phase ρt, called the true density in Paper III and the 
apparent density in Paper IV, is computed as ρt=M/Vm. This was measured 
on an AccuPyc 1340 He gas expansion pycnometer (Micromeritics Corp., 
USA). 

In Paper III, the bulk volume Va of the geopolymer pellets was measured 
with a slide caliper, and the bulk density (also confusingly called the appar-
ent density in Paper III) of the sample was determined (ρa=M/Va). From the 
henceforth named bulk and true density, the porosity of the material can be 
computed as 
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Nitrogen sorption analysis 
The interaction between nitrogen gas and solid surfaces can be utilized to 
characterize powders and porous materials. If nitrogen gas is allowed to 
equilibrate in the presence of a sample, it physically adheres (van der Waal 
forces) to the surface of the sample to an extent proportional to the applied 
pressure P and temperature T, and the surface characteristics. The measure-
ment procedure is in principle similar to that using the He gas expansion 
pycnometer described in the previous section. However, instead of measur-
ing at a single gas pressure, known amounts of nitrogen gas are added in a 
step-wise fashion to the sample chamber, to gradually increase the pressure 
of the nitrogen gas. By carefully controlling the moles of gas added in each 
step and recording the resulting pressure in the sample chamber, the amount 
of nitrogen adsorbed to the sample can be plotted vs pressure; i.e. the nitro-
gen sorption isotherm. The term sorption includes processes of both adsorp-
tion and desorption, which generally differ in behavior. The maximum ap-
plied pressure P0 is the saturation pressure of nitrogen at the measurement 
temperature, which is held constant (commonly at 77K); hence the term iso-
therm. 

By recognizing the physical gas-surface processes taking place when the 
gas pressure in the sample chamber is increased and then decreased, various 
mathematical models can be utilized to extract information from the ob-
tained isotherms, such as surface area, pore volume and size distribution. 

The BET model was used in Papers II-V and is widely applied to many 
materials to extract information on the specific surface areas of samples. The 
model acknowledges that nitrogen adsorbs to the sample surface in a multi-
layer fashion at low pressures (P/P0 < 0.3), where the adsorbed gas amount v 
is given by 
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Here vm is the amount of gas in the first monolayer and c is the BET constant 
related to the thermodynamic heat of adsorption. 

The BJH model,43,44 used in Papers II-V, is a computational approach 
developed to derive information on the volume and size distribution of the 
pores. It is based on the Kelvin equation 
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which implies that nitrogen will condense in a pore of radius r at a pressure 
P due to effects associated with the surface tension γ even though it is lower 
than the saturated vapor pressure of nitrogen P0. The parameters R and Vn 
denote the universal gas constant and the molar volume of nitrogen, respec-
tively. The BJH model is applied to the range of pressures (about 0.45 < 
P/P0 < 1) in which nitrogen condensation occurs in sample pores.43 For each 
increment (or decrement if the desorption branch is utilized) in pressure, ΔP, 
the difference in adsorbed nitrogen, ΔV, is noted. By subtracting the amount 
of gas that is only added due to surface multilayer buildup ΔVb (c.f. t-plot43) 
from ΔV, ΔVp (=ΔV- ΔVb) is calculated. The pore size distribution is thus 
obtained by plotting ΔVp versus r, given by the Kelvin equation (Eq. 8) for 
every P. The maximum pore size that can be investigated is limited by the 
accuracy that can be obtained in the measured data when the pressure ap-
proaches P0. 

In Papers II-III, the pore size distributions in the samples were estab-
lished through a BJH analysis of the desorption branch of the isotherm. In 
Papers IV-V, it was realized that the shape of the desorption branch was 
influenced by percolation effects in the disordered pore network; hence the 
adsorption branch was employed. 

The percolation effects associated with the desorption branch can be ex-
ploited to derive additional information on the connectivity of the pore net-
work. The analysis is based on the observation that a certain nitrogen-filled 
pore cannot be emptied during desorption unless it is connected to the exte-
rior by open pores, resulting in a percolation-type desorption process. By 
following this percolating behavior, inferences about the connectivity can be 
made. If we let X be the fraction of pores in which nitrogen is below its con-
densation pressure (and which would therefore be empty in the absence of 
percolation effects) and XA be the fraction of pores that is actually empty, 
ZXA is expected to be a universal function of ZX (and the lattice size N for 
finite lattices),45 
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ZXA = f (ZX ,N ) .  (9) 
 
The connectivity Z can thus be extracted by fitting Eq. 9 to a plot of XA ver-
sus X, which were extracted from experimental isotherms and the pore size 
distribution. Although no analytical expression for f(ZX,N) is known, it can 
be determined by simulations.45 

Since some of the pores in the geopolymer samples in Paper IV were 
larger than can be probed by N2 sorption, bulk condensation experiments 
were also performed.46 In this paper, the adsorption branch was measured in 
the usual way but the pressure was kept at the N2 saturation point (P/P0 = 1) 
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for 10 min before equilibration at the first pressure point in the desorption 
branch, thus allowing N2 to condense in larger pores than would be probed 
during a normal run. In this way the pellets were completely filled with a 
condensed adsorbate in the normal liquid state at a relative pressure close to 
unity, and the percolation process could thus be discerned (Paper IV). In 
Papers II-V, N2 gas adsorption and desorption isotherms (77 K) were ob-
tained with an ASAP 2020 (Micromeritics, Norcross, GA). The samples 
were de-gassed at 200°C for 3h (Paper II) or 95°C for 48 h (Papers III-V) 
prior to analysis. 

Scanning electron microscopy 
Scanning electron microscopes (SEM) produce images of sample surfaces by 
irradiating them with a beam of electrons in a raster scan pattern. The atoms 
on, or just below, the surface interact with the electrons, producing signals 
containing information about the surface topography and composition. The 
signals are generated by ejected secondary electrons (SEIs), back-scattered 
electrons (BSEs) and characteristic X-rays from the surface atoms. Most 
SEMs have detectors for SEIs that can produce very high-resolution images 
of a sample surface with a wide magnification range (from 10 to 500,000 
times). The narrow electron beam leads to a large depth of field yielding a 
characteristic three-dimensional appearance that is useful for understanding 
the surface structure or near surface porosity of a sample. BSEs are beam 
electrons that are reflected from the sample by elastic scattering. Because the 
intensity of the BSE signal is strongly related to the atomic number (Z) of 
the specimen, BSE images can provide information about the distribution of 
different elements in the sample. In this thesis, a LEO 1550 microscope 
(Zeiss, UK), equipped with a field emission electron gun and both SEI and 
inlens-BSE detectors, was used. 

X-ray powder diffraction 
X-ray powder diffraction is a non-destructive analytical technique that was 
used in this thesis to identify and characterize the structure of mainly crystal-
line powders. The technique is based on the observation that the scattered 
intensity of a monochromatic X-ray beam hitting a sample varies as a func-
tion of incident and scattered angle 2θ. For crystalline materials, the posi-
tions of the intensity peaks are described by Braggs law, 
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where λ is the incident radiation wavelength, n is a positive integer and d the 
interplanar distance between consecutive lattice planes in the crystal struc-
ture, generating constructive interference of the reflected radiation. Powder 
diffraction data are commonly used to identify unknown substances and their 
phases by matching the data to a database maintained by the International 
Center for Diffraction Data (Newton Square, PA, USA). The XRD results 
presented in Papers II and IV were obtained on a Siemens D500 diffracto-
meter using Cu Kα radiation ("=1.5418 Å) at 45 kV and 40 mA with inten-
sity recorded at 2θ between 10 and 60. 
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Modeling drug release 

Mathematical models play an important role in scientific work by enabling 
the extraction of useful information on the crucial properties of materials in 
particular situations. By analyzing experimental data, the physical and/or 
chemical mechanisms taking place during an experiment can be qualita-
tively, and sometimes even quantitatively, accounted for. Modeling can re-
duce the number of experiments needed in order to make confident predic-
tions of the usefulness of a material in a certain application. 

Much effort has been invested in the development of models to elucidate 
the drug-release processes mentioned in the Introduction (See Frenning17 and 
references therein). The models can be classified as either mechanistic or 
empirical/semi-empirical.16 The purpose of the mechanistic models is to 
explain the drug release on the basis of the physical and chemical processes 
that control the release rate (such as diffusion and dissolution), while the 
empirical/semi-empirical models aim for a phenomenological description of 
the release profile without necessarily taking the underlying processes into 
account. The empirical/semi-empirical models are often used to summarize 
and evaluate experimental release data when the underlying processes are 
too complex to be coherently described. 

In this thesis, drug release from inert matrices was described with mecha-
nistic models (Papers I, III-V) while drug release from eroding or swelling 
matrices was described with semi-empirical models (Paper II). All models 
contain mathematical expressions that relate the fraction of drug released 
with time to critical parameters, such as drug diffusion coefficient or solubil-
ity. 

Mechanistic models for release from inert matrices 
In the mechanistic models, drug diffusion was assumed to be the rate-
controlling mechanism, even though other mechanisms, such as the drug 
dissolution rate or the penetration rate of fluid into the pellet matrix, could 
also be important. Fick’s laws of diffusion and the Noyes-Whitney47 dissolu-
tion equation were used to describe drug diffusion and dissolution inside the 
pellets, respectively. The methods used to obtain solutions to these equations 
can be classified as either analytical (Papers I, III-IV) or numerical (Paper 
V).17 
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Fick’s laws of diffusion 
Fick's 1st law relates the diffusive flux J to the concentration C by postulat-
ing that the flux is proportional to the diffusion coefficient D times the spa-
tial concentration gradient (symbolized by the nabla operator 
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")48 
 

Fick’s I: 
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J = "D#C .   (11) 
 
The negative sign in the expression above ensures that the flux goes from 
regions of high concentration to regions of low concentration. 

Ficks 2nd law relates the concentration change in a unit volume with time t 
to the second spatial derivative of concentration and is obtained by merging 
the mass balance equation48 with Eq. 11 
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Assuming a constant diffusion coefficient, the expression simplifies to 
 

Fick’s II: 
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In this thesis, it was also assumed that the volume in which diffusion takes 
place is isotropic, i.e. that there is no preferential direction of diffusion. 

To find solutions to Eq. 11 and 12 we also need to specify the initial and 
boundary conditions. Generally, when solving the equations above to obtain 
information about a drug-release process, it is assumed that the domain in 
which the drug diffuses (i.e. the pellet) has zero drug concentration on its 
surface; this is a boundary condition called a perfect sink.16 The perfect sink 
condition was assumed in Papers III-V; this was considered justifiable be-
cause the drug concentration within the diffusing domain was often much 
higher than outside. The drug was assumed to be initially homogeneously 
dispersed throughout the matrix, except in Paper V, which also used non-
uniform drug distribution. 

Noyes-Whitney dissolution equation 
The drug-dissolution reaction occurs at the drug solid-liquid solvent inter-
face. The dissolution kinetics are dependent on factors such as the dissolu-
tion rate of the drug at the interface, and the diffusional transport of the dis-
solved drug molecules from the solid drug interface towards the bulk solu-
tion.  

The first quantative study of dissolution was published in 1897 by Noyes 
and Whitney,47 who studied the dissolution rate of benzoic acid and lead 
chloride in water. They observed that the rate at which the concentration of 
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dissolved species changed (dC/dt) was proportional to the difference be-
tween the saturation solubility Cs of the species and the concentration C at 
time t. By introducing k as the proportionality constant, this was expressed 
as 

! 

dC (t)

dt
= k[Cs "C (t)] .  (13) 

 
The experiment was set up to ensure that the surface of the dissolving mate-
rials A was kept constant by keeping it in excess of the amount needed to 
saturate the medium.47 Integrating Eq. 13 and assuming that no drug is ini-
tially dissolved (C(0)=0) we find the solution 
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Bruner and Tolloczko49 showed that the rate of dissolution k depends on the 
exposed surface, the rate of stirring, the temperature, the structure of the 
surface and the arrangement of the apparatus. To account for A, the propor-
tionality constant was modified to k=k1A where k1 is also a proportionality 
constant. Nernst50 further developed this by considering a diffusion layer 
surrounding the dissolving material. By comparing Eq. 13 with Fick’s 1st 
law, Eq. 11, he derived k1=D/(Vh), where D is the diffusion coefficient of 
the dissolved species, V is the volume of the dissolving media and h is the 
thickness of the diffusion layer. Hixson and Crowell51 later proposed that the 
surface area A of a compact dissolving material would be proportional to its 
weight S, thus turning Eq. 13 into 
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dS(t)

dt
= "k1S(t)

2 / 3
[Cs "C (t)]

                          (14)
 

 
Thus, a small increase in dissolved solute concentration will result in a de-
creased amount of solid according to dC=-dS. By integrating Eq. 14 and 
assuming perfect sink conditions, Hixson and Crowell51 derived their well 
know cubic-root of weight law.52 
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Figure 9. (a) Meshed sphere of radius R and colored concentration profile 
(red=max, blue=min) when 65% of total drug load is released. (b) Radial concen-
tration profile of drug dissolved in a spherical matrix at times when 0, 30, 65, 80 
and 95% of the total drug load has been released. 

Analytical solutions for drug release 
Fick’s diffusion laws (Eqs. 11 and 12) can be exactly solved by standard 
analytical mathematical techniques48 for several geometries, under the as-
sumption that there is no limitation in drug solubility or dissolution rate in-
side the matrix.17 This may be the case if the drug load is initially in a dis-
solved state (Paper I) or below the saturated drug concentration in the ma-
trix (Papers III-V). The governing release mechanism can then be reduced 
to a diffusion process as described by Eq. 12. 

A standard method for solving a partial differential equation is to assume 
that the variables are separable.48 For a spherical matrix geometry occupying 
the space r < R and initially containing a uniform drug concentration C0 with 
the surface concentration maintained constant at Cb=0 (perfect sink condi-
tions), the solution to Eq. 12 can then be formulated as48 
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which we can integrate (over the volume) to get the total fraction of released 
drug from the matrix sphere with time, given as 
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Here, M∞ (=VC0) is the amount of drug released after extended periods, and 
in practice it may or may not be equal to the total amount incorporated in the 
matrix. 

However, if the drug is released into a finite volume V that is comparable 
to the volume of the pellets, the perfect sink boundary condition is no longer 
valid and the expression for the fractional amount released at time t is 
changed48 to 
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where qn are the non-zero roots of 
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Similarly, solving Eq. 12 in cylindrical coordinates for a cylindrical volume 
of finite size (height 2H, radius R) under perfect sink conditions renders the 
expression for the total amount released as53 
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with the parameters βi=κi/R where κi is the ith zero of the Bessel function 
J0(r) and γj=(2j-1)π/2H. The infinite sums in Eqs. 15-17 are truncated in this 
work at n=10 which is normally enough for the desired precision. 

The analysis becomes more challenging when the initial drug load ex-
ceeds the solubility in the matrix, in which case a fraction of drug first needs 
to dissolve and diffuse out, before more drug molecules can dissolve and 
subsequently leave the matrix.17 This results in a boundary separating the 
dissolved and solid drug that progressively moves towards the drug matrix 
core. 

Instead of applying a separation of variables solution to Fick’s 2nd law 
combined with Noyes-Whitney’s dissolution equation, an approximate ex-
pression for the fractional amount released can conveniently be derived by 
taking a steady-state approach (Higuchi54 model) using Fick’s 1st law, Eq. 
11. The fraction of drug released from a uniform cylindrical matrix of radius 
R and half-height H with perfect sink boundary conditions on all surfaces 
can be expressed as55 
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where cs is the solubility of the drug in the matrix, defined as  
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in Papers IV-V. The time-dependent variables ξ and κ are given by 
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respectively, where γ ≈ 0.577 is the Euler constant and E1 is an exponential 
integral function.56 

Numerical solutions for drug release 
Numerical techniques can be applied to solve the partial differential equa-
tions (Eqs. 11-14) when analytical solutions do not exist or are difficult to 
find. The finite element method (FEM) is an example of such a technique 
that has found extensive use in science and engineering.57 The name of the 
technique comes from the division of the volume in which a solution is to be 
found into a mesh of finite elements (Fig. 9a). Every element is assigned a 
separate algebraic equation representing the overall solution in that finite 
volume. The finite element equations are connected to their neighbors or the 
boundary values in nodes i, at which the solution variables, e.g. drug concen-
tration Ci or flow Ji, are defined. In this way the solution variables at every 
node, the parameters from the interpolating algebraic equations, and the 
boundary and initial conditions are assembled in a linear equation system, 
from which the global solution variables, e.g. Ci, can be solved. The overall 
solution is thus said to be interpolated over the whole volume in piecewise 
fashion. 

FEM has previously been implemented to model drug release from vol-
umes with complex geometries or when the analysis included additional 
effects, such as the gradual imbibition of liquid flow into the matrix, concen-
tration-dependent diffusion coefficients and/or matrix swelling (See Refs. 
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16-17 and references therein). Frenning et al.56 investigated the effects of 
limiting the drug dissolution rate k1 upon drug release by incorporating the 
Noyes-Whitney dissolution equation (Eq. 14) in the form of a source term 
into Fick’s 2nd law (Eq. 12)  
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written in cylindrical coordinates. The dependent variables are normalized 
by the initial total drug concentration to form the non-dimensional dissolved 
c=C/C0 and solid s=S/S0 drug concentrations, respectively.56 Currently, FEM 
is often carried out by commercially available software packages, such as 
COMSOL Multiphysics 3.5 as was employed in Paper V. 

A disadvantage of the FEM approach, apart from it being inherently ap-
proximate, is that it does not permit immediate examination of the system 
response to changes in various parameters (e.g. diffusion coefficient D) as 
compared to analytical solutions. For instance, fitting numerical solutions to 
experimental data involves a procedure of computing a range of solutions for 
every change in the fitting parameter with the magnitude of the change as the 
measure of the desired accuracy. 

Empirical models 
Empirical models are commonly used when the governing physical proc-
esses during drug release are not known or are too complex to be described 
by a single partial differential equation.16 The matrix from which release 
occurs is more or less treated like a black box and the parameters in the 
model equations are descriptive of the release profile. However, the equa-
tions allow a series of different drug-release profiles to be compared using a 
specific parameter (e.g. an apparent release rate constant for experimental 
design analysis) and can, for instance, be used for optimization purposes. In 
some specific cases, these equations might give an indication of the underly-
ing drug-release mechanism, but great caution is advised if mechanistic con-
clusions are drawn or if quantitative predictions are made.16 

A frequently used and easy-to-apply model to describe drug release is the 
so-called Peppas power law58, 
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where kp is a kinetic constant incorporating the structural and geometric 
characteristics of the system and np is the release exponent, which can be 
indicative of the mechanism of drug release. For instance, when np = 0.5, 
Eq. 22 collapses into the classical Higuchi equation with 

! 

kp = DCs (2C0 "Cs )  
if we consider release from an inert planar matrix with C0 >> Cs. Square-root 
of time behavior (Mt ~ t0.5) of the release profile is an indication of diffusion 
as the rate-limiting release process. However, for cylindrical or spherical 
geometries, different release exponent values (0.45 and 0.41, respectively) 
have been derived.59,60 Moreover, Eq. 22 has been used to describe drug 
release from zero-order release systems (np=1), such as membrane-type dif-
fusion- or swelling-controlled systems. Release exponents (np) that are be-
tween 0.5 and 1 are indicative of a combined release mechanism, sometimes 
described as “anomalous” transport; this results in an overlapping of differ-
ent types of phenomena, potentially including drug diffusion and polymer 
swelling.  

Another alternative for an empirical description of release profiles is 
based on the Weibull function, which has the form of a stretched exponential 
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The parameter αp is related to the specific surface area of the dosage form 
and β is related to the mass transport characteristics of the drug delivery 
matrix.61 Equation 23 can be considered a general form of both the Peppas 
(Eq. 22) and the Higuchi equations and can be reduced to either of these 
equations for short-term approximations. It has been found that β values in 
the range of 0.69 to 0.75 are typical for a release mechanism involving diffu-
sion, and values in the range of 0.75 to 1.0 derived from the analysis of the 
entire set of data are indicative of a combined release mechanism, as dis-
cussed above. Equation 23 was applied in Paper II to evaluate the release 
profiles. 
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Results and discussion 

Alginate gel beads (Paper I) 

 
Figure 10. (a) Optical microscopy image of 1.8wt% alginate, Gc≈70% gel beads. 
The length of the scale bar is 1 mm. (b) Release of salicylic acid, dipyridamole and 
hirudin in 0.1M Tris-HCl (pH 7.4) buffer. The lines indicate fits to Eq. 16. 

In order to prevent early thrombotic occlusion in artificial blood vessels pro-
duced by bacterial cellulose,3 spherical alginate gel beads were analyzed 
with the intention of incorporating them into the blood vessel wall to act as a 
carrier material for anti-thrombotic drugs for local sustained intra-luminal 
release. 

For this purpose, beads of alginate from L. hyperborea stipe with polymer 
concentrations of either 1.8wt% or 4.0wt%and different guluronic to ma-
nuronic ratios (Gc≈40% or ≈70%) were manufactured with the ionotropic 
gelation technique.26 

Figure 10a shows that these beads were nearly perfectly spherical, with 
diameters ranging from 2.2 to 2.4 mm depending upon the alginate concen-
tration and Gc ratio. The beads with a higher fraction of guluronic acid were 
smaller in size, most likely reflecting the ability of the crosslinking GG 
blocks to tighten the gel structure.  
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Figure 10b shows the measured release profiles for salicylic acid, dipyri-
damole and hirudin (discrete symbols) from the beads with 1.8wt% alginate 
and Gc≈40%.  

Figure 10b (and Figure 3a in Paper I) show that the salicylic acid release 
curves level out at slightly above 100%, indicating that the beads held a 
somewhat higher drug concentration than the loading solution. 

All loaded hirudin was released in 3-5 hours from beads with a guluronic 
acid fraction of Gc≈40%, independently of polymer concentration, while the 
curves for the release of hirudin from the beads with Gc≈70%  leveled out at 
~70-80% (Figure 3c in Paper I). This might have been because the beads 
based on alginate with Gc≈70% were denser (because of the increased 
crosslinking)  than the Gc≈40% beads, and thus had a somewhat more ob-
structed pore volume. 

For the positively charged dipyridamole (pKa of 6.4)25, all the release 
curves leveled out at ~100%, except for the curves for the beads with the 
lowest alginate concentration (1.8wt%) and the highest guluronic acid con-
tent (Gc≈70%), i.e. the beads with the lowest content of free M groups. In 
conclusion, in addition to reducing the pore volume available for drug in the 
beads, the alginate polymer was also capable of interacting with the drug, 
depending upon the molecular and polymer physical characteristics. 

Diffusion is the dominant mechanism governing release of dissolved drug 
from hydrogels.18 The diffusion behavior of drug molecules in hydrogels is 
primarily dependent on the nature of the diffusing drug and the swollen pol-
ymer matrix in which it diffuses.18 

The average values of the diffusion coefficients D, obtained by fitting Eq. 
16 to the experimental drug-release profiles, are listed in Table 2. The fit of 
the curves (solid and dashed lines in Fig. 10b) with D as a free parameter 
was good. The figure indicates that the entire drug-release process appears to 
be governed by diffusion for the negatively charged drug molecules under 
study (salicylic acid and hirudin) while, after approximately 15 minutes, the 
release of the positively charged dipyridamole became slower than pre-
dicted.  

Dipyridamole is a weak base25 (pK 6.4) that is considerably more soluble 
in the drug loading solution (Ca-acetate buffer, pH 4.5) than in the release 
solution (Tris-HCl buffer, pH 7.4). Thus, there is an inwards pH gradient in 
the beads during dipyridamole release, resulting in diffusion of Tris-HCl 
buffer ions in the opposite direction to the drug molecules. Apart from the 
possible attractive electrostatic interactions between the drug and the nega-
tively charged alginate polymer, possibly causing a delay (as discussed in 
Paper I), a process involving the precipitation/dissolution of dipyridamole 
may also have taken place during release. This could explain the resulting 
deviation of the experimental data from the expected theoretical release 
curve. 
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In this connection, it should be mentioned that the beads loaded with sali-
cylic acid and dipyridamole swelled during the drug-release process because 
of the difference in pH between the drug loading solution (2.5 and 4.5 for 
salicylic acid and dipyridamole, respectively) and the release solution (pH 
7.4). No significant weight change was observed during hirudin loading (pH 
7.4) and release. However, although the alginate gel beads soaked in the 
salicylic acid solution experienced the largest weight change as a result of 
swelling, the release profile for salicylic acid did not deviate considerably 
from the estimated theoretical release profile from an inert static gel matrix. 
Table 2. Diffusion Coefficients [10-7.cm2/s] in alginate gel beads. 

 Alginate Concentration[wt%] 
and Guluronic Acid Content 

Salicylic 
Acid 

Dipyridamole Dipyridamole 
Short-term 

Hirudin 

4.0%, Gc≈70% 46.4 ± 3.6 20.1 ± 3.5 35.0 ± 14.5 3.5 ± 0.14 
1.8%, Gc≈70% 49.5 ± 8.4 28.2 ± 5.6 45.6 ± 15.9 5.2 ± 0.31 
4.0%, Gc≈40% 55.7 ± 5.1 26.3 ± 2.0 43.1 ± 4.0 4.9 ± 0.14 
1.8%, Gc≈40% 63.7 ± 5.8 31.9 ± 1.6 59.4 ± 2.9 5.2 ± 0.09 
Diffusion cell 111a 65.2 ± 2.6 65.2 ± 2.6 32 ± 1.2 

a Diffusion coefficient value obtained from Delgado et al.62 The given uncertainty limits are 
standard deviations over 3 measurements. 

Because of the deviation from diffusion behavior noticed with dipyridamole 
after extended periods, diffusion coefficients extracted from curve fits after 
shorter periods (cf. inset in Fig. 3b in Paper I) are presented along with 
those obtained from fits of the entire process. 

To account for the observed swelling, the parameters R and α were set to 
their respective minimum and maximum values while fitting Eq. 16 to the 
measured data; the resulting differences in estimated diffusion coefficient are 
included as contributions to the limits of uncertainty in Table 2. 

When the drug diffusion coefficients in the alginate beads and the Tris-
HCl buffer solution were determined using a diffusion cell setup (Table 2), it 
was obvious that the alginate matrix significantly retarded the diffusion of 
the drugs.  

A two-fold and nearly 10-fold decrease in the diffusion rate was observed 
for the negatively charged molecules salicylic acid and hirudin, respectively. 
The greater retardation of the latter may have been caused by its relatively 
larger molecular size, which would to a great extent have restricted its 
movements in the alginate matrix. For the positively charged dipyridamole, 
we observed a smaller – as compared to the negatively charged molecules – 
but still significant decrease in the diffusion coefficient (Table 2).  

Table 2 also shows that all diffusion coefficients decreased slightly with 
increasing concentrations of alginate. We also observed a somewhat higher 
diffusion coefficient in the alginate gels with a lower Gc. Similar observa-
tions have been reported by Holte et al.63 and Amsden et al.64, who attributed 
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this dependence on Gc to the higher flexibility of the MM and MG blocks as 
compared to the more rigidly bound GG blocks of the polymer. 

Halloysite/MCC pellets (Paper II) 

 
Figure 11. (a) Photograph of clay pellets containing fentanyl. (b) Fentanyl release 
profiles from intact and crushed pellets in the three solutions (pH 6.8, pH 1 and 
EtOH/water solution). Solid and dashed lines are curve fits to Eq. 23. 

In Paper II, the release of fentanyl from halloysite/MCC pellets at pH 6.8 
and pH 1.0 as well as in 48% ethanol (simulating cointake of the pellets with 
alcoholic beverages) was investigated. In addition, we studied the effect on 
the drug-release profiles of mechanically crushing (to simulate chewing) the 
pellets. 

Figure 11a shows the pellets that were manufactured via extrusion and 
spheronization to form elongated spheres with a diameter of about 1.5 mm. 
The non-crushed pellets kept their shape during the drug-release tests and no 
indication of swelling or disintegration was observed. 

Figure 11b shows release profiles for intact and crushed pellets in the 
three solutions under study, together with fits to Eq. 23 (solid and dashed 
lines). Whereas drug release took ∼3–4 h from the intact pellets, it was 
somewhat faster from the crushed samples, which delivered most of the ac-
cessible dose over 2–3 h. 

It was ascertained from the pellet synthesis parameters that the 150mg 
pellets used in the drug-release measurements should contain about 1.95 mg 
fentanyl. Table 3 shows that the total amount of fentanyl released, M∞, lay 
between 1.0 and 1.5 mg, with the lowest values obtained after release in 
ethanol. The remaining drug was most likely confined in the halloysite/MCC 
matrix or tightly bound to its surface. The fact that the lowest dose released 
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was found in the ethanol solution may at first seem surprising, since fentanyl 
base is much more soluble in alcohol than in water.65 However, the explana-
tion may be found in the increased negative surface potential of halloysite 
and MCC in the alcohol solution - the zeta-potential of the halloysite powder 
in a single point measurement was ∼30 mV (compared to ~15mV for pH 6.8) 
- which would result in retention of the positively charged fentanyl cations. 
It was also observed that the amount of fentanyl released from intact pellets 
at pH 6.8 was lower than at pH 1.0. These results indicate that the amount of 
fentanyl released decreases monotonically with increasing negative values of 
the halloysite pellet zeta-potential, possibly because of the increased attrac-
tive electrostatic interaction between the halloysite pellet surface and the 
drug. 
Table 3. Weibull fitting parameters for the drug-release process. 

Sample M∞ 

! 

"  

! 

"  R2 

Pellets, Buffer 1.38 0.06 0.71 0.999 

Crushed, Buffer 1.44 0.42 0.45 0.999 

Pellets, Ethanol 1.03 0.05 0.73 0.997 

Crushed, Ethanol 1.19 0.17 0.37 0.999 

Pellets, HCl 1.50 0.15 0.52 0.998 

Crushed, HCl 1.41 0.45 0.39 0.999 

The listed parameters are the average values from three measurement/fitting procedures. The 
variations in all fitting parameters for intact and crushed pellets were less than 6% and 13%, 
respectively. 

The drug-release kinetics were analyzed by plotting and fitting the drug-
release profiles (Fig. 11b) to the Weibull equation (Eq. 23). Estimates of the 
acquired parameters M∞, α, and β are listed in Table 3.  

The larger values of the parameter α for the crushed pellets than for the 
intact ones in all solutions under study can be explained by the larger surface 
area61 exposed to the dissolution media in the former.  

Further, the release process from intact pellets in the pH 1 buffer can be 
described by an α value that is three times larger than that for release at pH 
6.8 or in ethanol. A likely explanation for this is that at pH 1 the halloysite 
no longer carry a negative net charge (the zeta-potential is positive) and, 
thus, the number of available sites for electrostatic binding of the fentanyl 
cation is fewer. The fewer binding sites means that a larger portion of fen-
tanyl molecules are immediately free to diffuse when the pellet is immersed 
in the acidic dissolution medium; in the Weibull analysis, this is interpreted 
as a larger available surface area. 

The β exponents of the intact pellets in the pH 6.8 buffer and the ethanol 
solution lay in the range 0.69 < β < 0.75, representative of Fickian 
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diffusion,66 whereas the lower β exponent for release from the intact pellets 
in the pH 1.0 buffer and from crushed samples corresponds to diffusion 
transport in a fractal or disordered system (0.35 < β < 0.69).66 These differ-
ences are probably the result of the different interactions between diffusing 
fentanyl molecules and the halloysite matrix in the intact samples, and the 
differing diffusion paths for the molecule in intact and crushed samples. A 
comprehensive analysis of the geometry of the diffusion paths should be 
carried out in order to enable a more detailed examination of the drug diffu-
sion process. 

Mechanically strong geopolymers (Paper III) 
In Paper III, we proposed that geopolymers may have the combination of 
properties necessary for the safe sustained oral delivery of highly potent 
opioids. We investigated whether fentanyl and the structurally similar seda-
tive zolpidem can be embedded into and released from various geopolymer 
structures while retaining the well known mechanical stability of the cured 
geopolymer compositions. 

 
Figure 12. (a) Cylindrical geopolymer pellets (1.5 x 1.5mm, diameter x height). (b) 
Average compression strength of zolpidem-containing rods with error bars repre-
senting maximum and minimum compression strengths measured for at least 5 rods. 
Average compression strength vs porosity with the dashed line as a guide to the eye. 

Figure 12a shows that the pellet synthesis process rendered well-shaped cy-
lindrical pellets of size 1.5x1.5mm (diameter x height). Table 4 presents the 
compositions of samples containing zolpidem (Zol) and fentanyl (Fen). The 
porosities of the samples (see Table 4) were estimated via Eq. 6 by measur-
ing the bulk and true density of the pellets with a slide caliper and helium 
pycnometry, respectively. Decreasing the Si content and increasing the water 
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content clearly increased the porosity (cf. Table 4). The increase in measured 
porosity was probably due to the larger pore volume and smaller proportion 
of closed pores, which provided a more interconnected pore structure in the 
pellet and allowed the analyzing gas to penetrate the structures more effec-
tively. 

Figure 12b displays the compression strengths (ranging from 10 to ∼100 
MPa) of twelve zolpidem-containing samples. The results are in line with 
earlier findings indicating that low porosity geopolymer structures (high 
Si/Al ratios, low H2O/SiO2 ratios) are strongest.67,68 This correlation between 
compression strength and porosity (cf. inclusion in Fig. 12b) is common for 
porous systems, such as Portland cement.69 Lowering the amount of load-
bearing material inside the structure (i.e. increasing porosity), also reduces 
compression strength. 

It was also observed (Fig. 12b) that a higher alkaline content (Na2O/SiO2 
ratio) rendered a stronger geopolymer structure (e.g. Zol8 was stronger than 
Zol7; Zol11 was stronger than Zol10 which was stronger than Zol9). A 
higher Na2O/SiO2 ratio is believed to promote reorganization and to increase 
the density of the binder phase.68 Since the size and geometry as well as the 
distribution of pores in the structure are known to affect the strength of ce-
ramic materials69 such as geopolymers, a higher Na2O/SiO2 ratio could, thus, 
beneficially increase the compression strength.67 
 

 
Figure 13. SEM images displaying the microstructure of geopolymer pellets (a-d) 
with increasing silica concentrations (Si/Al = 1.06–1.76). All bars are 200 nm. 

Figure 13 shows SEM images of the microstructure of four geopolymer 
samples (a-d) with increasing silica content (Si/Al = 1.06–1.76). As seen in 
Fig. 13a, the structure of the kaolinite sheets (Fig. 6c) was to some extent 
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preserved in the geopolymer structures where the sheets were partly dis-
solved, welded onto and/or wedged between each other. By adding extra 
silica to the synthesis, the sheet structure was further reinforced through an 
enclosing binder phase (Fig. 13b-d). The amount of added silica has been 
confirmed as the most influential parameter in altering the microstructure of 
the geopolymer.67,68 Figure 13 shows that samples with Si/Al ratios ≥ 1.55 
are dominated by the ostensibly homogeneous binder, embedding partially 
reacted meta-kaolin and isolated pores in the nanometer range. On the other 
hand, samples with Si/Al ≤ 1.32 exhibited a more open structure with inter-
connected pores, loosely structured precipitates and what seemed to be par-
tially unreacted meta-kaolin sheets. 

Table 4. Geopolymer pellet compositions, porosity and zolpidem (Zol) and fentanyl 
(Fen) diffusion coefficients. 

Molar Ratio Porosity ε 
D (pH 6.8) 

Sample H2O/Al2O3 Na2O/Al2O3 Si/Al [%] [10-9 cm2/s] 
Zol1 9.2 1.0 1.8 18±9 - 
Zol2 12.0 1.0 1.8 21±7 - 
Zol3 15.8 1.7 1.8 19±6 - 
Zol4 20.8 1.8 1.8 32±6 45.5±2.3 
Zol5 10.9 1.0 1.6 28±3 - 
Zol6 17.1 1.4 1.6 49±6 24.3±2.1 
Zol7 11.4 0.9 1.3 36±6 7.8±0.1 
Zol8 11.9 1.1 1.3 41±8 9.6±1.3 
Zol9 9.1 0.6 1.1 44±4 11.1±1.3 
Zol10 9.1 0.7 1.1 49±6 10.1±2.1 
Zol11 9.5 1.0 1.1 41±6 13.3±2.6 
Zol12 12.5 1.0 1.1 50±7 19.4±4.1 
Fen3 15.9 1.7 1.8 - - 
Fen5 11.2 1.0 1.6 - - 
Fen8 12.1 1.1 1.3 - 6.1 
Fen9 9.1 0.6 1.1 - 6.3 
Fen10 9.3 0.7 1.1 - 2.7 
Fen11 9.5 1.1 1.1 - 2.2 
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Figure 14. Release of fentanyl from geopolymer pellets at (a) intestinal pH 6.8 and 
(b) gastric pH 1. 

The release of fentanyl (Fen3–11) in phosphate buffer (pH 6.8) is shown in 
Fig. 14a. The total fraction of drug released after 24 h was approximately the 
same for all compositions - about 80-95% - except for the compositions that 
contained both high amounts of silica and low amounts of water (Fen3 and 
Fen5, Table 4). Because of the disordered nature of the geopolymer micro-
structure and the irregular pore geometry (Fig. 13), it is probable that nearly 
or fully closed pores will form during gelation. When the buffer solution 
penetrates the pellet during drug-release measurements, it will be partly pre-
vented (cavity with a very small opening) or fully prevented (closed cavity) 
from entering, and dissolving and releasing the drug molecules enclosed in 
the pore space within 24 h. The higher Si concentration triggers the sol dur-
ing synthesis to form a gel when the size of the formed – and perhaps not 
fully condensed – and cross-linked clusters is very limited. Reorganization 
(syneresis) of the gel structure will therefore be hindered,67 which will 
probably result in reduced permeability and an increased fraction of trapped 
drug in the nearly or fully closed pores of the denser matrix. 

The initially low and well dispersed drug content (< 1 wt.%) in the pellets 
was believed not to impose any limitations on the solubility of fentanyl or 
zolpidem in the matrix (C0 << εCs; Paper III) and Eq. 17 was thus fitted to 
the experimental data (solid lines in Fig. 14a) to assess the diffusion coeffi-
cients of the drugs in the pellets in pH 6.8 buffer. Apart from some of the 
samples with high silica and low water content (Fig. 14a, Fen5) which pre-
sumably had partly trapped drug content, the fit was found to be very good. 
Most notably, the diffusion coefficients were affected by the amount of wa-
ter used in preparing the pellets. A larger amount of water rendered higher 
diffusion coefficients and, thus, a more rapid release. The zolpidem formula-
tions containing the highest amount of water (cf. Zol4, Zol6, and Zol12 in 
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Paper III) released more than 50% of the zolpidem within 6 h. This was 
possibly because of the larger and more interconnected pores caused by 
more water being taken up; as discussed above, a high amount of water pro-
motes syneresis, which in turn is assumed to increase the interconnectivity. 
The influence of the amount of water used in synthesis on drug release was 
further examined in Paper IV. An increase in the Na2O/SiO2 ratio did not 
seem to impose any significant change on drug release (compare samples 
Zol7 and Zol8, and samples Zol9 and Zol11 in Paper III). 

The release of fentanyl at pH 6.8 was somewhat slower than that of zolpi-
dem (Table 4), which  was believed to be solely related to differences in the 
unhindered diffusion rates of the respective drugs as well as their respective 
surface charge interactions (Paper III), as described below. However, it was 
later shown (Paper V) that zolpidem (~0.18mg/mL, Paper IV) was more 
soluble than fentanyl (~0.01mg/mL, Paper V) in the geopolymer matrix 
during release. The lower solubility limited the highest attainable drug con-
centration in the pores, which in turn reduced the diffusive flux according to 
Fick’s 1st law (Eq. 11). 

An additional release rate-limiting factor may be found in the different 
electrostatic interactions between matrix and drug. Zeta potential measure-
ments proved that the surface of the geopolymeric matrix carried a negative 
net charge at pH 6.8 (zeta potential of − 30.8 ± 0.2 mV) while the corre-
sponding charge at pH 1 was slightly positive (zeta potential of 6.6 ± 0.1 
mV). The ionized drug molecules carried a positive charge (pKa 6.2 and 9.0 
for zolpidem70 and fentanyl,65 respectively) and were consequently electro-
statically attracted by the geopolymer pore walls at pH 6.8. The attraction of 
fentanyl was even higher than that of zolpidem at pH 6.8 due to the differ-
ences in pKa. At this pH, less than half of the zolpidem molecules and al-
most all the fentanyl molecules were ionized, according to the Henderson–
Hasselbalch equation (Eq. 1).11 For zeolites, which are the crystalline coun-
terparts of geopolymers, electrostatic interactions between the zeolite surface 
and the incorporated ions are known to play a significant role in inter struc-
ture diffusion processes.71 The geopolymer matrix contains a large number 
of Na+ ions charge-compensating the alumina groups (AlO4), which may, 
along with the silanol (–OH) groups, act as ion-exchange72,73 and/or adsorp-
tion sites for drug molecules. 

The release of fentanyl at pH 1 is shown in Fig. 14b. The release rates of 
fentanyl were very similar for the different compositions under study; about 
80% was released within 5 h. The lower total amount of fentanyl released at 
pH 1 (∼80%, Fig 14b), as compared to pH 6.8 (∼ 95%, Fig. 14a), was at least 
partly related to the structural degradation of the geopolymer under acidic 
conditions. It has previously been shown that geopolymers degrade and re-
condense into new forms rather than dissolve under acidic influence.74 This 
could, as mentioned above, lead to further entrapment of drug molecules as 
the transformed structures partially become more difficult for the drug to 
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penetrate. The degradation and re-condensation reaction could also explain 
the faster release rate and the similarity of the release curves (Fig. 14b) at pH 
1. The structural transformation could initially open up the pore space and 
increase the pore connectivity, which in turn would increase the diffusion 
rate of the drug molecules in the pore structure. Because of the temporal 
matrix transformation, a simple application of Eq. 12 to the release data is 
invalid, and diffusion coefficients are thus not listed in Table 4. 

A second significant contribution to the faster release at pH 1 than at pH 
6.8 may be found in the higher solubility of weak base drugs, such as fen-
tanyl, at lower pH (see Paper V). The higher solubility increases the concen-
tration gradient of the drug in the pellet, which results in a greater driving 
force for the molecules to diffuse out (Fick’s 1st law, Eq. 11). 

Modeling drug release from pellets (Paper IV) 
In the previous section (Fig. 14a and Paper III), it was observed that an 
increase in the amount of water during synthesis opened up the structure, 
increased the porosity of the pellet and increased the release rate of the em-
bedded drug. The aim of Paper IV was thus to more closely examine the 
effect of water, as a pore-forming agent in metakaolin-based geopolymers, 
on porosity, pore size distribution, drug permeation and drug release rates. In 
addition, a link between the pore structure characteristics and diffusion was 
sought via pore-network modeling. 

Geopolymer pellets of size 1.5x1.5mm were made using 5 formulations 
containing the same amount of silica and sodium hydroxide 
(SiO2/Al2O3=3.6, Na2O/Al2O3=1.1) but with varying amounts of water 
(H2O/Al2O3=10.3,12.3,14.3,16.3,18.3) in synthesis. The pellets were 
"empty" (without drug), or contained either zolpidem or saccharin (Emp10-
Emp18, Zol10-18 or Sac10–Sac18, respectively). Disc-shaped (20 × 1.2 
mm) and rod-shaped (6 × 12 mm) samples of the same composition, but 
without drug, were prepared for the diffusion cell and compression tests, 
respectively. 
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Figure 15. SEM images displaying the microstructure of geopolymer pellets (a-d) 
with increasing water content (H2O/Al2O3 =12.3, 14.3, 16.3, 18.3). All bars are 100 
nm. 

Figure 15 shows SEM micrographs of the fracture surfaces of fully reacted 
regions of the geopolymer compositions Emp12-Emp18 (Figs. 15a-d). When 
the H2O/Al2O3 ratio was increased from 12.3, to 14.3, 16.3 and 18.3 while 
keeping the other conditions constant, the particulate network appeared to 
become more open. The size and packing of the gel clusters, as well as the 
pore size and morphology, were also affected by the varying water content 
(Fig. 15). The geopolymerization reaction has previously68 been shown to 
proceed more slowly with more water present, since the reduction in the pH 
of the paste allows more time for dissolution and reprecipitation (Ostwald 
ripening), thus producing coarser cluster structures.35 
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Figure 16. (a) Mercury intrusion data plotted as cumulative intrusion volume and 
differential intrusion pore volume (inset) versus pore diameter for samples Emp10–
Emp18. (b) Nitrogen sorption isotherms. The inset shows the BJH pore size distribu-
tion calculated from the adsorption branch (symbols). 

Figure 16a shows the cumulative and differential intrusion pore volume ver-
sus pore diameter for the Emp10–Emp18 samples as recorded by mercury 
intrusion porosimetry (MIP). The increase in total pore volume (and poros-
ity) with an increase in in-synthesis water is here seen in the maximum Hg 
intrusion volume (the high-pressure plateau in Fig. 16a). The porosity of the 
Emp10–Emp18 samples ranged from approximately 8% to 43%, as esti-
mated (Eq. 6) from the bulk density ρb (from Hg intrusion) and the true den-
sity ρa (from MIP and N2 sorption). There was a reduction in bulk density ρb 
(from 1.74 to 1.28 g/mL for Emp10-Emp12, cf. Paper IV), which was 
mainly the result of the higher water content during synthesis, leaving more 
and larger pores in the matrix after pore water evaporation. There was also 
an increase in true density ρa (from ∼1.89 to 2.23 g/mL for Emp10-Emp12, 
cf. Paper IV), which was probably the result of pores becoming more acces-
sible75 due to the reorganization process mentioned above, leading to a larger 
total pore volume being obtained from the MIP and N2 sorption data. 

MIP also offered an estimate of the pore size distribution in the range 
from 0.003 to 300µm (Fig. 16a). The pores of the Emp10–Emp18 samples 
were nearly all in the mesoporous range (d < 50 nm). Figure 16b shows the 
nitrogen sorption data for the Emp10–Emp18 samples together with the pore 
size distribution (inset) obtained by BJH analysis,44 of the adsorption iso-
therms.43  

The increase in average pore size with increasing water ratios, which was 
anticipated from inspection of the SEM micrographs (Fig. 15), is quantita-
tively accounted for in Fig. 16. For samples other than Emp10, the average 
pore diameter increased from 10.1 nm (Emp12) to 12.4 nm (Emp14) to 17.1 
nm (Emp16) and to 26.9 nm (Emp18) for every increment in water ratio. 
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Figure 17. (a) Nitrogen bulk sorption isotherms for Emp14. The inset shows the 
corresponding accessibility plot, in which the symbols represent experimental data, 
the solid line represents the fit of Eq. 7, and the dashed line illustrates the response 
in the absence of percolation effects (XA = X). (b) Connectivity, Z, of pore networks 
extracted from bulk condensation experiments, with the dashed line as a guide to the 
eye. An illustration of the employed cubic lattice cylindrical pore network is in-
cluded. 

Results from the bulk condensation experiments are exemplified by the sorp-
tion isotherms of Emp14 displayed in Fig. 17a. As expected, most of the 
adsorption branch coincided with the one shown in Fig. 16b, but a marked 
increase in amount adsorbed occurred when the pressure was held at the 
saturation pressure (P/P0=1). As a consequence, the desorption branch dif-
fered from the one seen in a standard N2 sorption experiment. The inset of 
Fig. 17a shows the fraction of accessible pores (XA) - calculated from the 
difference between the adsorption and desorption branches - as a function of 
the fraction of pores that would have been empty in the absence of percola-
tion effects (X). The solid line in the figure represents the fit of Eq. 9 to the 
experimental data, from which inferences about connectivity were made. 

An analogous analysis of data for the remaining “empty” geopolymer 
samples indicated that the connectivity increased from about 2.5 for Emp10 
to slightly less than 6 for Emp18 (see Fig. 17b). A few bulk condensation 
experiments were performed on extracted Sac and Zol systems. The results 
generally confirmed the increase in connectivity seen for the “empty” sam-
ples. 
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Figure 18. Plot of the results from (a) saccharin permeation, (b) saccharin release, 
(c) zolpidem release, and (d) the extracted diffusion coefficients. Error bars indicate 
standard deviations of 3 consecutive measurements. 

Figure 18 presents the results from the drug permeation and release experi-
ments. The larger amount of saccharin transferred per unit time in the per-
meation setup (Fig. 18a) with increasing H2O/Al2O3 ratios can thus be re-
lated to the shift in pore size distribution toward more and larger pores with 
greater connectivity (Fig. 17b). A more open pore structure enables a faster 
mass transfer rate. This explanation could also account for the similar trend 
in the release experiments. Figures 18b and 18c show the fractions of sac-
charin and zolpidem, respectively, released from the geopolymer pellets 
(Sac10–Sac18 and Zol10–Zol18) over time. A higher H2O/Al2O3 ratio re-
sulted in a higher rate of release for both saccharin (Fig. 18b) and zolpidem 
(Fig. 18c). In these figures (18b-c), the effect of drug solubility is also 
clearly seen. The markedly higher solubility of saccharin (εCs ∼ 127–
602mg/mL) versus zolpidem (εCs ∼18–84 µg/mL) in the matrix compared to 
the pellet drug load (C0 ∼ 7–26mg/mL) greatly affected the cumulative 
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amount of drug released over time M(t). Again, diffusive mass flow was 
limited by the highest attainable concentration gradient, according to Fick's 
1st law (Eq. 11). 

In addition, a larger amount of water in the pellet synthesis process will 
result in a larger total fraction of drug being released, probably because of 
the release of drug otherwise trapped in closed pores. The amount of trapped 
drug is expected to increase with lower H2O/Al2O3 ratios and decreased pore 
connectivity (Fig. 17b). 

Figure 18d shows a plot of the diffusion coefficient D obtained from the 
diffusion cell and release experiments and from simulations (cf. Paper IV). 
The diffusion coefficients all increased, over a span of two orders of magni-
tude, from approximately 1.6×10−8 to approximately 120×10−8 cm2/s, with 
increasing H2O/Al2O3 ratios. 

The average values of D obtained from saccharin permeation and release 
and zolpidem release experiments were comparable (Fig. 18d), showing 
good agreement between the results of the two methods. 

The results obtained from pore-network modeling using the pore size dis-
tribution, the porosity ε, and the connectivity Z of the Emp systems as input, 
are also included in Figure 18d. To enable a direct comparison with experi-
mental data, the unhindered drug diffusion coefficient D0 was set to 5×10−6 
cm2/s. As observed in the figure, the theoretical results followed the same 
trend as the experimental results, with good quantitative agreement, demon-
strating that the effective diffusion coefficients can indeed be inferred from 
pore-network modeling (for details, see Paper IV). 

Influence of drug distribution and solubility on drug 
release from geopolymer pellets (Paper V) 
The aim of Paper V was to experimentally and theoretically investigate the 
release of fentanyl and three other drugs from cylindrical geopolymer pellets 
of various sizes but with the same composition. In addition, the effect of 
initially concentrating the drug content to randomly dispersed regions, e.g. in 
drug grains, on the drug release profile from the matrix was evaluated. 

Pellets of three sizes (1.5x1.5, 3x6, 6x6mm, diameter x height) were as-
sumed equal with respect to matrix pore characteristics, since no significant 
difference in geopolymer microstructure, as observed by SEM and N2 gas 
sorption data, was seen. The isotherm for the 1.5x1.5mm pellets agreed very 
well with data obtained in a previous study (Paper IV), where this particular 
composition (H2O/Al2O3=16.3) had a porosity of 37% and mostly well con-
nected pores in the mesopore range. 
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Figure 19. Plots of the experimental (symbols) and calculated (solid line) data for 
(a) drug permeation, and (b-d) release data for (b) saccharin, (c) theophylline and 
(d) fentanyl from cylindrical pellets of size 1.5x1.5, 3x6, and 6x6mm (width x 
height). Insets show (a-d) the simulated FEM domains colored with dissolved and 
solid c+s (Eq. 21) concentrations (red=max, blue=min, at 80% release) and (b-d) 
the drug concentration profiles (along 0<r<R and z=0) for times at which 0, 50, 80 
and 95% of the total drug amount had been released. 

Figure 19a presents the results from the permeation experiment. After the 
initial lag time, the permeation rate for each drug reached the typical steady 
state,41 demonstrated by the constant increase (dCR/dt) in drug concentration 
in the receptor compartment. The estimated diffusion coefficients of the 
drugs in the geopolymer membrane are listed in Table 5. As seen in Fig. 19a, 
saccharin had the highest diffusion coefficient (11.1.10-7 cm2/s), followed by 
theophylline (10.8.10-7 cm2/s), sumatriptan (9.1.10-7 cm2/s) and fentanyl 
(5.5.10-7 cm2/s) with the lowest. The molecular size, and hence weight (Table 
1), has a major influence on the diffusion coefficient,41 as previously seen 
(Paper I). The similar diffusion coefficients of theophylline and saccharin, 
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with molecular weights of 180.2 and 183.2g/mol (Table 1), respectively, can 
thus partially be understood. Likewise, the heavier sumatriptan (295.4g/mol) 
and fentanyl (336.5g/mol) are for this reason expected to have lower diffu-
sion coefficients. 
Table 5. Drug solubility and diffusion characteristics. Cs and cs denote the drug 
solubility in a 50 mM phosphate pH 6.8 buffer at 37oC and the relative solubility in 
the geopolymers obtained by the fit of Eq. 21 to the experimental data, respectively. 

! 

C
s

P  is the local drug solubility in the geopolymer pores acquired from Eq. 19. 

Drug Cs [mg/mL] cs (

! 

C
s

P  [mg/mL]) 107×D [cm2/s] 

Fentanyl 1.23±0.1 0.0051 (0.01) 5.5 
Sumatriptan 50.3±0.8 0.025 (0.94) 9.1 ± 0.3 
Theophylline 10.4±0.2 0.58 (15.1) 10.8 ± 0.3 
Saccharin ~1430a 55 (>25.5) 11.1 ± 0.5 

a Solubility  value from Mitchell and Pearson.76 

Figure panels 19 b, c and d show the release data for saccharin, theophylline 
and fentanyl, respectively, from pellets of size 1.5x1.5, 3x6, and 6x6mm 
(symbols) together with the corresponding FEM calculation data (solid lines) 
for initially uniformly dispersed drug. Using the relative drug solubility cs 
(Eq. 19 inserted into Eq. 14) as the free parameter, the numerical calcula-
tions fitted all the experimental data well. 

For instance, Fig. 19b shows that after an increase in pellet size from 
1.5x1.5mm to 6x6mm, the predicted and experimental times to reach near 
total (90%) release of saccharin shifted from 0.5h to 5h. Similarly, it took 
about 70h for the smallest and about 1000h for the largest pellets to release 
90% of the fentanyl (Fig. 19d), if the release is extrapolated in time for the 
latter. From these results one can determine that in order to release 90% of 
drug in a desirable 8h from this geopolymer composition, the maximum size 
of a pellet would be 0.5mm. 

In order to investigate the effect of the solubility of the drug Cs on its re-
lease, the equilibrium solubility in phosphate buffer at 37oC was determined 
separately. These results (Table 5) compared very well with corresponding 
values found in the literature.65,77 Figures 19 b and d show that the time to 
release 90% of the very soluble saccharin (Cs ~ 1430mg/mL, Table 5) from 
the 1.5x1.5mm sized pellets differed by as much as 80h from that of the 
slightly soluble fentanyl (Cs ~ 1.23mg/mL, Table 5). The low relative solu-
bility of fentanyl in the matrix (cs ~ 0.005) limited the amount of dissolved 
drug in the liquid-penetrated pores, and thus prevented the remaining undis-
solved drug from diffusing out. In contrast, the higher relative solubility of 
saccharin (cs ~ 55) meant that all the drug could dissolve at once, which in 
turn imposed a greater driving force (i.e. concentration gradient) on the dif-
fusing molecules to leak out. 
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The insets in Figs. 19b,d illustrate these two cases, i.e. the "moving 
boundary" (cs << 1) and “free diffusion” (cs ≥1) approaches, in the form of 
cross-sectioned slices (at 80% released) and time interval plots (at 0%, 50%, 
80% and 95% released) of the spatial drug concentration profile of dissolved 
c and solid s drug. 

Theophylline had release times (Fig. 19c) between those of saccharin and 
fentanyl, with a slight limitation in relative solubility (cs ~ 0.58) providing 
only a minor change in the release profile compared to saccharin (Figs. 19b 
and d). 
 

 
Figure 20. (a) Release of model drug sumatriptan (symbols) and FEM simulations 
with uniform (solid lines) and non-uniform (dashed lines) drug distribution. The 
diameters (ø) of the grains used in the non-uniform drug distribution simulation are 
displayed.  (b) FEM simulated drug concentration profiles (along 0<r<R and z=0 in 
cyl. coord.) after 10min, 1h, 100h and 180h of sumatriptan release. Insets show 
pellet cross-section slices of drug concentration c (red=max, blue=min). 

Figure 20a shows the experimental data (symbols) for sumatriptan release as 
well as the fitted FEM data for both uniform drug distribution (solid lines) 
and non-uniform drug distribution using three drug grain sizes (dashed 
lines). Although sumatriptan was more soluble than theophylline (50.3 and 
10.4 mg/mL, Table 5), its release was slower (cf. Fig. 20a and Fig. 19c) and 
its relative solubility was markedly lower (cs ~ 0.025). This discrepancy is 
probably because of a decrease in its solubility in the pores of the geo-
polymer pellet, caused by a locally higher pH in the pores than in the pH 6.8 
phosphate buffer used as release medium. The alkaline synthesis conditions 
have previously been observed to change the pH of penetrating fluids in the 
cured geopolymer structure.34 Sumatriptan and fentanyl are weak bases65,78 
and their solubilities decrease when the pH changes from neutral to slightly 
alkaline. Theophylline solubility, on the other hand, increases with increas-
ing pH.77 The local pore solubility can be estimated by inserting the fitted 
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relative solubilities cs into Eq. 19 and solving for Cs (listed as 

! 

C
s

P  in Table 
5). The obtained local pore solubility values are reasonable. Roy and 
Flynn,65 for example, have reported that fentanyl has a pKa of 8.99 and a 
solubility of 75mg/mL at pH 5.5, and that the solubility decreases to 
1.54mg/mL at pH 6.8, and to 0.009mg/mL at pH 8.8. By inserting the local 
pore fentanyl solubility of 0.01mg/mL (Table 5) into Eq. 3 in the same refer-
ence,65 a pH value of 8.1 can be derived for inside the geopolymer pores 
during fentanyl release. 

Figure 20a also shows the simulated effect on the sumatriptan release pro-
files of concentrating the drug to randomly distributed regions (dashed 
lines). These profiles did not significantly deviate from the profiles gener-
ated by uniform drug distribution, to which they became progressively simi-
lar as the grain size was decreased. This was expected, as uniform drug dis-
tribution is equivalent to the distribution of infinitely small grains. 

Figure 20b shows simulated plots of the evolution of the pellet drug con-
centration profile with time. The initially lower release rate (Fig. 20a) from 
pellets in which the drug was non-uniformly distributed (dashed lines) com-
pared to the release rate from pellets with a uniform distribution (solid lines) 
was associated with the build-up of a saturated drug concentration in the 
matrix (Fig. 20b, 10min) delaying the establishment of the moving-boundary 
steady state by ~1h, after which the concentration profile resembled the uni-
form distribution case (Fig. 19d, cs <<1). 

Furthermore, concentrating the solid drug in randomly distributed regions 
increased the amount of drug released at later times, seen in Fig. 20a as the 
dashed lines overshooting the solid lines. The reason for this difference may 
be found in the shorter average diffusion distance to the surface for the drug 
in the randomly distributed drug regions as compared to uniformly distrib-
uted drug. By assuming the non-uniform distribution of drugs, one obtains 
FEM data that more closely resemble the experimental release profiles 
(symbols, Fig. 20a) than the FEM data obtained from the uniform distribu-
tion case, indicating that such drug grain size effects could indeed play a role 
during the release of the drugs under study. 

Organic and inorganic polymer composites (Paper VI) 
In Paper III, it was shown that the weak base fentanyl was released at a 
considerably higher rate at pH 1 than at neutral pH 6.8, and that this was 
partly related to the higher solubility of fentanyl at low pH. As well as this 
increased solubility at low pH, geopolymer degradation was also believed to 
be a contributing cause of the increased release rate. Geopolymers are de-
polymerized34 in acidic media in a process in which the charge balancing 
cations (Na+) in the geopolymer framework are most probably replaced by 
H+ or H3O+ ions from the solution along with an electrophilic attack by acid 
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protons on the polymeric silalate (Si-O-Al) and siloxo (Si-O-Si) bonds (Fig. 
7). The ejection of tetrahedral alumina and silanol species has been ob-
served,79 followed by the immediate formation of new phases, such as zeo-
lites and gypsum crystals.34,80 In an attempt to remedy matrix degradation at 
low pH, Paper VI investigated the effects of including polymer excipients in 
a geopolymer pellet matrix in order to maintain a diffusion barrier for the 
drug during release. Polymer excipients are widely used in membrane per-
meation-controlled drug delivery systems as coating materials to modulate 
the rate of drug release.15 However, a pellet coating in the form of a mem-
brane is unsuitable for delivery of highly potent opioids because of the risk 
of membrane rupture and subsequent dose dumping. For these reasons, Pa-
per IV investigated the mechanical strength and release behavior of the 
model drug zolpidem from a geopolymer composition (Si/Al=1.77, 
Na2O/Al2O3=1.4, H2O/Al2O3=14) prepared with the polymer excipients 
methacrylic acid-ethyl acrylate copolymer (PMA), polyethylene-glycol 
(PEG) and alginate. The polymer excipients were added during geopolymer 
synthesis (1 or 0.5 gram per 6.5 gram metakaolin) in either pre-dissolved 
(denoted D) or powder (P) form. All sample names in the following para-
graphs are listed and explained in detail in Table 1 of Paper VI.  

Figure 21 shows SEM micrographs of typical fracture surfaces of geo-
polymer pellet samples without added polymers (panel a) as well as samples 
of the same geopolymer composition with polymers incorporated (panels b-
f). The diameters of the native geopolymer pores for similar geopolymer 
compositions were in the 10-20 nm range (Paper III), which conforms with 
those of the pores in the Control sample in Fig. 21a. 
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Figure 21. SEM micrographs of geopolymers without the addition of polymers (a), 
and with additional polymer excipients in dissolved (b, c) or powder (d-f) form.   

Adding pre-dissolved PMA in the geopolymer paste during synthesis re-
sulted in the fairly homogeneous distribution of polymer in the geopolymer 
structure without evident signs of lumps of aggregated polymer, cf. Ko D, 
Fig. 21b. Conversely, the use of pre-dissolved PEG during synthesis resulted 
in larger polymer bundles (~6µm, cf. Fig. 21c), as observed by SEM, despite 
no phase separation being seen during synthesis. Both the commercially 
available Kollicoat MAE 100P and PEG dissolved in 2M NaOH and formed 
a clear solution prior to synthesis. However, adding Kollicoat in powder 
form during synthesis resulted in micrometer-sized voids (~1µm) in the geo-
polymer pellet structure with the smooth polymer covering the interior void 
surfaces (sample Ko P), as evident from Fig. 21d. The same type of voids 
was found in the structure of geopolymer pellets containing powder form 
Alg-G and Alg-M, cf. Fig. 21e-f.  These voids were probably the footprints 
left after larger powder particles had dissolved and created a polymer layer 
on the surface of the walls surrounding the voids. The voids created in the 
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PEG formulation (Fig. 21c) were probably caused by phase separation. This 
polymer layer obviously also penetrated the native pores of the geopolymer 
structure neighboring the voids, as indicated by the smooth structure seen ≤ 
0.5µm from the voids (Fig. 21 c-f) in the otherwise rather particulate geo-
polymer fracture surface. 
 

 
Figure 22. (a) Compression strength data (with error bars denoting standard devia-
tion) of at least 7 rods. (b) Zolpidem release data in dissolution media at pH 1. 

Figure 22a shows the measured compression strengths of the samples under 
study. The samples prepared with polymers in powder form (Alg-G P and 
Alg-M P) had statistically significantly lower compression strengths than 
those of the pure geopolymer Control sample and the samples synthesized 
with pre-dissolved polymers (i.e. Ko D, Ko-h D, PEG-D and PEG-h D). The 
compression strengths of the PEG D samples were significantly lower than 
that of the Ko-h D sample but only their average value was lower than those 
of the Ko D and Control samples. 

The measured compression strengths for Ko D and Ko-h D were, how-
ever, not statistically significantly different from that of the Control sample, 
although the average value for the Ko-h D sample was somewhat larger. 
The somewhat lower compression strengths of the samples synthesized with 
polymers in powder form for the alginates and solution form for PEG were 
probably the result of a higher proportion of structural defects, such as the 
micrometer-sized voids observed in SEM (Fig. 21c-f), which would be ex-
pected to weaken the overall mechanical stability of the matrix, as reasoned 
above. Reducing the amount of added polymer (compare PEG-h D and PEG 
D) thus leads to increased compression strength. 

Figure 22b shows the release of zolpidem from the geopolymer pellets at 
pH 1. The Control sample released its entire drug content within 4-5 h at pH 
1 (Fig. 22b), as observed earlier for the release rate from pure geopolymer 
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samples (Paper III). The pellets containing methacrylic acid/ethyl acrylate 
copolymer or alginate released the zolpidem drug load at a considerably 
slower rate (Fig. 22b) than the Control pellets. The polymer appeared to 
reinforce the pellet matrix by introducing an insoluble excipient in the pore 
structure, which enabled it to act as a diffusion barrier against immediate 
drug release or dose dumping. In line with this reasoning, drug release from 
the Ko D sample, which had the best dispersed polymer in the pellet matrix 
according to observations made using SEM (Fig. 21), was also delayed the 
most (Fig. 22b) because of preservation of the pellet shape during release at 
low pH. Decreasing the polymer concentration by a half (Ko-h D) lead to an 
increased drug release rate at pH 1 (Fig. 22b). Using powder instead of pre-
dissolved polymer in the pellet synthesis impaired the polymer dispersion, as 
seen in SEM (Fig. 21d), and also resulted in an increased drug release rate at 
pH 1 (compare Ko D and Ko P in Fig. 22b).  

Interestingly, because the solubility of PEG is not pH sensitive, it dis-
solves well in both acidic and more neutral environments, allowing the pore 
network to open up during dissolution and leading to a faster release of 
zolpidem than from the other pellets under study (Fig. 22b). Although algi-
nate appeared less well dispersed in the pellets (Figs. 21e and f) compared 
with Kollicoat powder (Fig. 21d), the pellets containing alginate released 
zolpidem at a slower rate than those containing Kollicoat (Ko P). This was 
probably related to the ability of the different polymers to dissolve, diffuse 
and re-precipitate during release, which is also the likely explanation for the 
difference in release rates between the alginate polymers consisting of higher 
(Gc≈70%, Alg-G) and lower (Gc≈30%, Alg-M) amounts of guluronic acid. 
Apart from reinforcing the geopolymer pellet matrix, the anionic alginate 
polymer could also have interacted with the cationic zolpidem (pKa 6.4, Ta-
ble 1) via electrostatic interactions, thus altering the zoldipem release rate for 
the two alginate-containing samples. 

Although both Ko and Alg powders acted as pore formers by inducing 
micrometer-sized voids in the pellet structure (Fig. 21), all the pellets con-
taining polymer excipients that were analyzed at pH 6.8 released less drug 
than or the same amount as the Control sample in 24 h at this pH (Fig. 2d in 
Paper VI). Since the geopolymer is considered inert at pH 6.8, the dissolved 
polymer was hindered from diffusing out, and might consequently have re-
strained the drug by partially clogging the native geopolymer pores, proba-
bly in combination with the formation of a polymer film in the pore struc-
ture. The observed differences in release rate at pH 6.8 between the compo-
sitions under study were, thus, most likely caused by the varying capacity of 
the tested polymers to sterically and electrostatically interact with the drug 
during its diffusive motion out of the pellet matrix. The polymer excipient 
Eastmam CAP was tested in addition to the polymers mentioned above. Pel-
lets containing CAP did not, however, differ significantly in their release of 
zolpidem compared to Control samples. 
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Concluding remarks and future outlook 

Spherical alginate hydrogel beads, halloysite and geopolymer pellets were 
evaluated as drug carriers of antithrombotic agents and highly potent 
opioids. The governing release mechanism was drug diffusion in the matri-
ces, although effects associated with changes in the pH of the pellet envi-
ronment were clearly seen. The diffusion rates of the drug were lower in the 
alginate beads, and depended on the drug’s molecular size and charge as 
well as the surrounding alginate characteristics such as concentration and Gc 
ratio. However, release times in terms of weeks instead of minutes or hours 
would be required for antithrombotic drug delivery to the adventitial surface 
of artificial blood vessels. Furthermore, the rather modest drug load of the 
alginate gel beads renders them unsuitable for this application. If a diffusion 
barrier intended to prolong the release of drug was desired, the porosity of 
the beads would need to be decreased and the state (dissolved or precipi-
tated) of the drug changed. For instance, Paper V demonstrated that the 
release of dispersed fentanyl from geopolymer gels with low porosity can be 
prolonged to weeks (Fig. 2d in Paper V). Clay excipients could also be 
added to reduce the porosity of alginate gel beads, although that would be 
likely to complicate the in-vivo regulatory aspects. 

In Paper II, halloysite clay pellets were investigated as an oral dosage 
form for fentanyl. Release was sustained for 3–4 h from intact pellets, both 
at gastric pH 1 and intestinal pH 6.8, whereas crushed pellets released the 
drug content over 2–3 h. Nonetheless, compared to the release rates of fen-
tanyl from geopolymers (~90% released in 24h, Paper III) with as much as 
50% porosity, it is evident that halloysite imposed only a very slight barrier 
to immediate release. It is, however, interesting to note that the release of 
fentanyl in EtOH solution (Paper II) was slower than in the other solutions 
(pH 1 and 6.8), despite the presumably higher solubility of fentanyl in etha-
nol. 

Geopolymers were, for the first time, introduced in a drug delivery con-
text in Paper III. The geopolymer pellets were conveniently made in a one-
pot synthesis and displayed high compression strengths. Variations in the 
composition during the sol-gel synthesis process induced drastic changes in 
the morphology and porosity of the geopolymer microstructure. A closer 
inspection of the role of water in synthesis (Paper IV) indicated that the 
geopolymer pore structure imposed a diffusion barrier against immediate 
release, and that drug diffusion coefficients were tunable over almost two 
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orders of magnitude. The presented results (Papers III-VI) open up the pos-
sibility for both drug release rates and mechanical stability to be optimized 
to prevent dose dumping from a dosage form. 

Nonetheless, there are still many interesting and unresolved issues related 
to drug release from these types of gel systems. To mention a few: 
 
Drug-Surface interactions. Simple zeta-potential measurements revealed 
(Paper III) that the geopolymer surface carried a net negative charge at pH 
6.8 and a slightly positive charge at pH 1. Although the surface might inter-
act with cationic drugs during release, thus at least partially explaining the 
slower release rate at neutral than at acidic pH (Paper III), the nature and 
extent of this interaction is unknown. The crystalline counterparts to the 
amorphous geopolymers, i.e. zeolites, are well known and utilized for their 
surface properties.71 
 
Pore network percolation behavior. Papers III-VI showed that not all the 
drug was released, or that some compositions even ceased to release drug, 
before the end of the experiment. The drug consequently appeared to be 
trapped in the pellet, possibly within closed pores. Estimates of the accessi-
ble porosity (Fig. 3 in Paper IV) indicated that the closed pore volume in-
creased with a decrease in pellet porosity. Although percolation theory was 
used to analyze pore connectivity, the concept was not studied further to 
relate the proportion of closed pores to the total amount of drug released. 
Recent more thorough investigations of metakaolin-based geopolymers us-
ing SEM, TEM and neutron scattering81 speak in favor of the existence of 
closed pores of different sizes. However, the fractions of closed pores in 
different compositions and their influence on various geopolymer applica-
tions, such as drug release or entrapment of toxic waste, should be further 
investigated. 
  
Geopolymer pH. The alkaline geopolymer synthesis environment remains 
in the cured geopolymer pellets and alters the solubility of the drug and ex-
cipients during drug release (Papers V-VI). However, the alkalinity of dif-
ferent compositions remains to be elucidated, especially with respect to the 
effects of the alkalinity of the pellets on human mucous membranes. In-vivo 
studies of geopolymer ingestion need to be performed before proceeding to 
clinical trials. 
 
State of the drug in the geopolymer. The drug was embedded into the geo-
polymer by directly mixing the micrometer-sized drug grains, either as the 
free base or in salt form, into the geopolymer paste during synthesis. How-
ever, because of the low amount of drug included (< 0.7wt%), it was diffi-
cult to assess the state of the drug by electron microscopy or calorimetric 
analysis.  
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Wetting and fluid penetration. In this work it was assumed that the fluid 
immediately penetrated the geopolymer pore network upon soaking of the 
pellets in the respective release buffers. A finite fluid penetration rate or 
geopolymer surface-wetting rate could, however, affect the drug release 
profile. Therefore, a study of the interactions between water and the geo-
polymer surface would be of interest. 
 
Pellet crushing. Although geopolymers display impressive compression 
strength, they are not impossible to crush if special techniques are applied. 
Release experiments on crushed geopolymer pellets, similar to those carried 
out on crushed halloysite pellets in Paper II, need to be performed at gastro-
intestinal pH and in ethanol solution to evaluate the possible risk of dose 
dumping. 
 
Geopolymer composites. Paper VI showed that the incorporation of or-
ganic pH-sensitive polymers in the geopolymer structure prevented the rapid 
release of drugs into buffer at gastric pH 1. The dispersion of the excipients 
in the geopolymer matrix also differed depending on the polymer type and 
their state when included during synthesis (i.e. dissolved or precipitated). 
The concept of geopolymer/organic polymer composites was, however, only 
very briefly touched upon and investigations of other types of polymers and 
other concentrations could be undertaken. 
 
Geopolymer pellet manufacturing. The pellet manufacturing process, 
which involves molding the geopolymer paste and demolding the cured geo-
polymers, was appropriate for lab-scale work. However, scaling up pellet 
production would possibly require use of other techniques, such as extrusion 
and spheronization (Paper II). The introduction of geopolymers into the 
new context of drug delivery also requires exploration of alternative geo-
polymer production methods. 
 
Pore formers. Pore-forming agents have been extensively investigated in 
inorganic chemistry, but evidence of investigation into their use in geo-
polymer synthesis is very scarce. There are several possible pathways, in-
cluding self-assembling sugars or surfactants, that could be exploited to in-
duce ordered or disordered pores in the matrix for drug diffusion while re-
taining sufficient mechanical stability to prevent dose dumping. 
 
All-in-all, the simplicity and richness of geopolymer chemistry in terms of 
strategies to obtain stable and porous materials open up several opportunities 
to tune this class of materials into successful dosage forms for controlled 
release. It is my firm belief that geopolymers will eventually find their way 
into the market to aid patients suffering from chronic pain. 
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Sammanfattning på svenska 

Arteroskleros och kronisk smärta är två allvarliga hälsoproblem som orsakar 
svåra besvär och lidande i dagens samhälle. Arteroskleros är den domineran-
de formen av pulsåderförkalkning som orsakar merparten av hjärt–
kärlsjukdomarna i framförallt den industrialiserade världen. Om förträng-
ningar i hjärtats kranskärl uppstår kan en bypass-operation vara nödvändig 
för att leda om blodet och återställa hjärtats funktion. Det sker oftast genom 
att ett blodkärl från en annan del av kroppen används som förbiledning (by-
pass). Ibland är det inte möjligt att använda patientens egna blodkärl och då 
kan t.ex. syntetiska material användas som substitut. Det har visat sig att 
syntetiska material löper en större risk att i ett tidigt skede blockeras av 
blodproppar varför blodpropshämmande läkemedel, s.k. antikoagulantia, 
oftast rekommenderas patienter som nyligen genomgått en bypass-operation. 
Systemisk behandling med antikoagulantia, t.ex. med tabletter, är ibland på 
grund av ökad blödningsrisk olämplig. Då skulle en lokal behandling vara 
intressant för att endast höja koncentrationen av antikoagulantia precis där 
den terapeutiska behandlingen behövs.  

För detta ändamål har vattenbaserade alginatgelbollar undersökts som lä-
kemedelsbärare för att placeras och frisätta antikoagulantia invid hjärtmus-
keln. Alginat är en naturlig polysackarid som bildar gel i närvaron av dikat-
joner, såsom kalcium (Ca2+). Gelbollarna laddades med de antitrombotiska 
läkemedlen salicylsyra, dipyridamole och hirudin. Frisättninghastigheten av 
läkemedlet från alginatgelen var en första parameter att undersöka för att 
utvärdera metodens användbarhet. Frisättningen skedde genom diffusion av 
läkemedelsmolekylerna ur alginatgelbollen och hastigheten visade sig på-
verkas av molekylernas storlek såväl som av alginatpolymerens koncentra-
tion och kemiska sammansättning.  

Den andra delen av denna avhandling berör frisättning av högpotenta opi-
oider från lerbaserade pellets. Morfin eller högpotenta opioider tillhör de 
mest effektiva analgesiska läkemedlen i behandling av långvarig smärta. 
Denna avhandling inriktar sig framförallt på läkemedelsberedningar innehål-
lande den högpotenta opioiden fentanyl som är ungefär 100 gånger starkare 
än morfin. Det finns idag flera sätt att administrera fentanyl, såsom plåster 
för frisättning genom huden (Duresic©) och snabbupplösande tabletter för 
patienten att placera i munhålan (Abstral©). Det finns dock ingen oral be-
redning för långsam frisättning av dessa högpotenta opioider på marknaden. 
Detta pga. risken för sk. dos-dumpning, vilket är benämningen för händelsen 
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då en större del läkemedel frisätts på kortare än avsedd tid. Dos-dumpning i 
samband med högpotenta opioider kan leda till mycket svåra biverkningar. 
Ett delmål för denna avhandling var därför att undersöka pellets baserade på 
lermaterial som har potential att ge en säker och kontrollerad frisättning av 
högpotenta läkemedel utan risk för dos-dumpning. 

Flera typer av leror är godkända för användning i orala läkemedelsbered-
ningar enligt vedertagna farmaceutiska riktlinjer. Leror är naturmaterial och 
består till största del av kristallina kisel- och aluminiumoxider. Kaolin är en 
av de naturligt mest förekommande lerorna och består av mikrometerstora 
flak av ett lager kiseldioxid ovanpå ett lager av aluminiumoxid. De används 
ofta som råmaterial vid tillverkning av olika keramiska material såsom pors-
lin.  

I denna avhandling har två förekommande former av kaolin, dvs. kaolini-
te och halloysite, använts i pelletformuleringen. Emedan kaolinit består av 
plana lager, så är halloysitens flak formade som tuber. Tuberna är negativt 
laddade över ett stort pH spann, vilket gör att de kan interagera med och 
påverka den positivt laddade katjoniska fentanylen under dess frisättning. 

Pellets innehållande Halloysite, mikrokristallin cellulosa och fentanyl till-
verkades i en extrudering- och sfäroniseringsprocess. Frisättning av fentanyl 
från dessa pellets gjordes i pH 1 och pH 6.8 buffertar för att likna de respek-
tive miljöerna i den mänskliga magen och tarmkanalerna. Utöver det stude-
rades även frisättningen av fentanyl i en 50% alkoholblandning för att simu-
lera en situation där patienten intar pellets i samband med alkoholhaltiga 
drycker. 

Pelletarna frisatte likvärdigt och kontinuerligt en större del av dosen un-
der 6 timmar i pH 1 och pH 6.8, emedan betydligt mindre frisattes i alkohol-
blandningen under samma tid. Om däremot pelletarna krossades frisattes 
fentanylen betydligt snabbare. Det beror på att det går snabbare för läkemed-
let att diffundera ut ur det krossade pelletpulvret än de intakta pelletarna. Det 
är därför nödvändigt att hålla pelletarna intakta för att därigenom kunna kon-
trollera läkemedelsdiffusionen och undvika dos-dumpning.  

I syfte att minska risken för en eventuell dos-dumpning genom krossning 
av de läkemedelsbärande pelletarna undersöktes en relativt ny typ av materi-
al kallat geopolymerer. Geopolymer är ett mekaniskt starkt och poröst gel-
material baserat på t.ex. leror. Forskningen på geopolymer har kraftigt ex-
panderat de senaste 20 åren och är framförallt inriktad på att ersätta cement 
som byggnadsmaterial. I denna avhandling tillverkades geopolymerer genom 
att blanda termiskt behandlad kaolinit, vattenglas och läkemedel till en smi-
dig smet. Vattenglas är en starkt alkalisk vattenlösning innehållande löst 
kiseldioxid. Smeten göts i teflonformar för att, efter härdningen, bilda pellets 
med en storlek på ungefär 1.5mm. Både frisättningen av läkemedel från pel-
letarna och deras mekaniska styrka visade sig påverkas av geopolymerens 
komposition, dvs. hur mycket lera, kiseldioxid, vatten och bas som geopo-
lymersmeten innehöll under tillverkning. Den mekaniska stabiliteten stude-
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rades genom kompressionsstyrkemätningar, vilket visade att ju porösare 
geopolymeren var desto lägre kompressionsstyrka hade den. Pelletens poro-
sitet påverkade även frisättningen av fentanyl. Pellets med högre porositet 
frisatte snabbare en större del av sitt läkemedelsinnehåll än de med lägre 
porositet. 

För att undersöka porositetens roll för frisättningen syntetiserades geopo-
lymer med samma komposition men innehållandes olika mängder vatten. 
Frisättningshastigheten relaterades till diffusionskonstanten för läkemedels-
molekylerna i geopolymerstrukturen. En högre diffusionkonstant är lika med 
en snabbare diffusionstakt i geopolymerstrukturen. Eftersom molekylerna 
diffunderar i pelletens porer under frisättning finns det en tydlig koppling 
mellan pelletens porositet och läkemedlets diffusionskonstant. Porositeten 
kartlades genom kvävgasadsorption och kvicksilverporosimetri och det visa-
de sig att både större porer och ökade konnektivitet mellan enskilda porkana-
ler ger en högre diffusionskonstant som resultat. Porstrukturmodelling visade 
att skillnaden i de experimentellt uppskattade diffusionskonstanterna kunde 
förklaras med skillnader i pelletarnas respektive porstrukturer. 

Förutom porstrukturmodellering genomfördes även matematiska beräk-
ningar för att undersöka effekten av läkemedlets löslighet och fördelning i 
geopolymerpelleten på dess frisättning. Exempelvis frisattes modelläkemed-
let sackarin betydligt snabbare än fentanyl även om deras respektive diffu-
sionskonstanter var av samma storleksordning. Det beror på att sackarin har 
mycket högre löslighet i geopolymerens porer än fentanyl, vilket i sin tur 
leder till en högre koncentration och därmed en starkare drivkraft för sacka-
rin att diffundera ut än för fentanyl. Fentanyls löslighet påverkades av de 
alkaliska geopolymersyntesförhållandena som delvis kvarstår i geopolyme-
ren efter härdning. Anledningen till detta är att fentanyl är en svag bas med 
lägre löslighet i basisk än i sur miljö. Fentanyls högre löslighet i sur miljö 
förklarade också delvis den högre frisättningshastigheten i pH 1 buffert. 

Den andra delförklaringen var att geopolymeren degraderade i den sura 
miljön. För att motverkar sönderfall av geopolymerstrukturen studerades 
organiska polymerer som hjälpämnen. Pellets innehållandes pH-känsliga 
polymerer med låg löslighet vid låga pH lyckades bibehålla sin form under 
frisättningen i pH 1, vilket även fördröjde läkemedelsfrisättningen.  
De resultat som presenteras i denna avhandling visar på problem och lös-
ningar kring frisättningen av högpotenta läkemedel från geopolymerstruktu-
rer. När geopolymerens porositet ökar så ökar likaledes de inbäddade läke-
medlens frisättningshastighet, men pelletens mekaniska styrka minskar sam-
tidigt. Därför behövs en optimerad kompromiss mellan dessa båda paramet-
rar och det är min övertygelse att geopolymer med sina många fördelar i 
detta sammanhang en dag kommer att komma patienter som lider av kronisk 
smärta tillgodo.  
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