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Introduction 

The work presented in this thesis was carried out with the intention of inves-
tigating how ceramic materials can be used in various biomedical applica-
tions with the focus on different drug delivery strategies. The great variation 
in physical and chemical properties found among ceramics provides interest-
ing possibilities as these materials can be tailored to suit the demands of a 
variety of applications. Ceramics can, for instance, be made to resemble the 
mineral phase in bone and can therefore be used as an excellent substitute for 
hard tissue. They can also be made porous, surface active, chemically inert, 
mechanically strong, optically transparent or biologically resorbable, and all 
these properties are interesting when developing new materials intended for 
biomedical applications. 

In this work, a number of ceramic materials were used for drug delivery 
applications within two different research tracks. One track dealt with oral 
administration of opioids while the other track concerned functionalized 
implant surfaces for local drug release and targeted cell stimulation.  

In the first track, a type of ceramic material often referred to as geopoly-
mers was used to develop an oral dosage form for controlled release of opio-
id drugs. The intrinsically porous nature and chemical and mechanical stabil-
ity of geopolymers was utilized to produce pellets containing opioids for oral 
administration. The therapeutic effect of the drug can be improved in pa-
tients suffering from severe chronic pain by allowing the drug to slowly dif-
fuse out of the pellets in a controlled, sustained manner. The challenge is to 
produce a drug-carrying vehicle that can endure mechanical stress and chem-
icalattack, as it is very important that the dose of opioids is released over an 
extended time period. If the whole dose is released rapidly, it can have lethal 
effects due to the narrow therapeutic window (the difference between a the-
rapeutic and a toxic dose) of opioids.  

In the other research track, surface active, biologically favorable ceramic 
materials were used as carriers of various substances with different biologi-
cal effects. These ceramics were deposited on implant surfaces and used for 
local delivery of antibiotics and substances that actively improve the forma-
tion of new bone around prosthetic implants.  

The more general nature of ceramics and different manufacturing 
processes will be outlined in the following introductory sections. In the next 
two chapters, a more detailed presentation will be given of why these mate-
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rials are interesting in the applications briefly discussed above and how they 
were used in this work. These chapters are followed by the results and a 
discussion before the conclusions are presented.  

Ceramics 
Ceramic materials are distinguished from metals and polymers by their inor-
ganic nature and a lack of metallic properties. The atoms in ceramics are 
held together by covalent or ionic bonds, which make them brittle but often 
able to withstand high compressive forces without any plastic deformation. 
They can be highly crystalline to amorphous with many different physical 
and chemical properties, which makes them suitable for various applications 
from the building sector all the way to the semiconductor industry. In the 
sections below, the nature of some ceramic materials will be described, with 
extra attention paid to geopolymers and biomimetic ceramic coatings, as 
they constitute the foundation of the work that follows.  

Traditional ceramics  
Ceramics have been used since ancient times in pottery, where clays are 
formed into various shapes before being fired to remove the water and in-
itiate a chemical reaction in the clay leading to solidification and hardening 
of the formed item. Clays are naturally occurring ceramics; they are minerals 
with a small particle size (less than 2 μm), allowing them to hold large 
amounts of water, an ability that makes them easy to form into different 
shapes before firing. Many other types of ceramics are formed in a similar 
manner: different ceramic powders are compacted into the desired shapes 
before being fired at high temperatures to enable solidification of the materi-
al. These materials are referred to as sintered ceramics and are often charac-
terized by excellent thermal stability and high resistance to chemical attack. 
In the sintering process, the particles are heated to a temperature below their 
melting point, at which stage the atoms can diffuse through the microstruc-
ture of the sintered body. The driving force for this atomic migration is the 
difference in chemical potential between bulk atoms and atoms situated on 
the surfaces of the particles. By reducing the total surface area in the sintered 
body, the free energy is lowered in the system, since more atoms will expe-
rience the thermodynamically more favorable bulk position. This causes the 
precursor particles to adhere to each other to minimize the total surface area 
in the sintered body.1  

Heating the particles above their melting point and rapidly cooling the ob-
tained melt without letting the atoms arrange in crystalline formations forms 
a glass, which can be optically transparent.  
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Ceramics can also be formed via a chemical reaction between a reactive 
powder and water. These ceramics are called chemically bonded ceramics. 
Possibly the best known example of a chemically bonded ceramic is Portland 
cement, which is produced in huge volumes worldwide. The main constitu-
ents of Portland cement are different phases of calcium silicates, which form 
hard bodies comprised of calcium hydroxide and amorphous calcium silicate 
hydrate (C-S-H) when mixed with appropriate amounts of water.2 The hy-
dration products are formed via a dissolution/precipitation process of the 
precursor powders. This creates a three dimensional network that provides 
strength to the final product. Another important hydraulic cement is plaster 
of Paris, which is composed of particles of calcium sulfate hemihydrate 
which readily dissolve in water and precipitate into interlocking crystals of 
calcium sulfate dihydrate (gypsum).3 The hydration process in hydraulic 
cements takes place at ambient conditions and no extra temperature increase 
is needed to initiate the reaction. Once hardened, the material formed after 
completion of the hydration process will always contain a continuous net-
work of pores formed when the interstitial water is consumed during hydra-
tion. The final products formed upon hardening of hydraulic cements are 
sensitive to aggressive chemicals and variations in temperature, and they will 
always be more fragile than their sintered counterparts due to their porous 
nature.  

Geopolymers 
In recent years, another type of ceramic material has received an increasing 
amount of attention, especially within the building sector. These materials, 
often referred to as geopolymers or inorganic polymers, are formed by a 
chemical reaction between an aluminosilicate powder and an aqueous solu-
tion of high alkalinity.4 The basic properties of the liquid force the precursor 
powder to dissolve. The increasing concentrations of aluminum (Al) and 
silicon (Si) species in solution cause a re-condensation of the dissolved spe-
cies, which subsequently assemble into polymeric formations that create an 
amorphous network with a mechanical strength similar to that of Portland 
cement. Once hardened, the porosity of the geopolymers resembles that of 
the hydraulic cements discussed above, but the acid resistance is reported to 
be far greater than that of Portland cement.5 The geopolymerization process 
is not a hydration process, in which water is consumed during the reaction; 
during geopolymerization, the water resides in the pores and plays an active 
role as a dissolution medium during the reaction, but is not integrated into 
the final structure. Alkaline cations present in the activation liquid are incor-
porated in the geopolymer network via a charge balancing role with Al. 6 

It has been suggested that geopolymers were used as synthetic rocks in 
the construction of the ancient pyramids in Egypt7,8 and they are now being 
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investigated for use as a binder material in the building industry because of 
their chemical resistance and low emission of greenhouse gases during fabri-
cation of the precursor materials.9 Common raw materials used in the pro-
duction of geopolymers are metakaolin, which is a dehydroxylated state of 
the clay mineral kaolinite, and fly ash, which is a residue from coal combus-
tion. Synthetic aluminosilicate sources have also been used to obtain geopo-
lymers with exact chemical compositions.10,11 The properties of geopolymers 
are strongly related to the Al/Si ratio in the composition, the alkalinity of the 
activation liquid and the liquid/powder ratio during synthesis. The choice of 
precursor also affects the properties of the final product; for example, fly 
ash-based geopolymers are generally stronger and more durable.4 Impurities 
in the chemical composition of the raw material, such as calcium and iron, 
introduce alternative pathways in the geopolymerization process and are 
responsible for large variations in the properties of the final products.  

The many aspects to be aware of during geopolymer production also 
enables tailoring of the properties of the final products. This makes them an 
interesting choice of material for various applications.   

Biomimetic ceramic coatings 
In nature, clay minerals are formed by weathering of soils and rocks and 
subsequent transformation by interaction with water. Minerals can also arise 
by precipitation from liquids, which is how the mineral phases in bone and 
teeth are formed. These biominerals are often composed of nanosized crys-
tals with a high affinity for binding to and exchanging ions. Synthetic biomi-
nerals can be formed by surface precipitation on different materials to form 
biologically favorable implant surfaces, so-called biomimetic deposition. 
These coatings possess large surface areas with similar active properties to 
their biological counterparts.  

The mineral phase found in bone is closely related to hydroxyapatite 
(HA), a calcium phosphate with the chemical formula Ca10(PO4)6(OH)2 
which can be produced synthetically and is used in biomedical applications 
as a bone substitute or as a coating to promote bone deposition on prosthetic 
implants.12 Due to its similarities with bone, the biocompatibility of HA is 
superior to that of metals and polymers. Once implanted into bone, a layer of 
new bone forms directly on the surface of HA which eventually becomes 
integrated with the surrounding tissues.13 Otherwise, the typical biological 
response to an artificial implanted material is characterized by an immune 
reaction followed by fibrous tissue formation around the foreign material 
when the immune system fails to degrade it by phagocytosis.14 The thickness 
of the fibrous capsule is related to the magnitude of the immune response 
associated with the chemical and physical properties of the implanted ma-
terial.  
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The osseous integration of HA in vivo is initiated by a deposition of a 
carbonated apatite layer on the HA surface as a result of solution-mediated 
reactions.15 This ability to interact with body fluids is not limited solely to 
HA; a number of ceramic materials such as other calcium phosphates,16 Bi-
oglass®,17 and TiO2

18 possesses similar properties that enables deposition of 
a biological apatite on the surface when exposed to body fluids. These mate-
rials are often referred to as bioactive materials. However, due to its excel-
lent biocompatibility and similarities with natural bone, HA is the most stu-
died bioactive material and most widely adopted in clinical applications.  

Titanium has been used extensively for prosthetic implants ever since the 
discovery by Brånemark in 1952 that bone is formed in close contact with 
titanium when it is implanted into osseous tissue. The good biocompatibility 
of titanium is mainly associated with the inert native oxide formed on the 
surface of the metal. However, titanium also becomes encapsulated by fibr-
ous tissue, which hinders the direct integration of the implant with bone. If a 
layer of HA is deposited on the surface of load-bearing titanium implants, 
the lifetime expectancy of the implants can be prolonged due to improved 
osseous anchorage. The HA layer can, for instance, be deposited by physical 
vapor deposition, plasma spraying, electrochemical deposition or biomimetic 
deposition. The biomimetic procedure allows the production of coatings 
which closely resemble biominerals and have excellent homogeneity and 
coverage.  

To coat a material using biomimetic deposition, the substrate needs to 
carry a negative net surface charge19 when immersed into a salt solution 
containing the ions that are to take part in the mineralization of the surface. 
Another important factor is the crystallographic arrangement of the atoms in 
the substrate; certain atomic planes in crystalline TiO2

20,21 have been shown 
to be favorable for precipitation, while amorphous titania is not able to elicit 
any mineralization.20 The nanoscale surface topography also appears to be an 
important factor for biomimetic precipitation. Very smooth surfaces have 
only limited ability to cause precipitation.22 This is believed to be related to 
crystallographic matching between the coating and the substrate that favors 
epitaxial growth of the deposited mineral.20 To deposit a layer of HA with 
the desired properties onto a surface, the substrate is immersed in acellular 
simulated body fluid (SBF) at pH 7.4 and, under these physiological condi-
tions, the surface of the material is deprotonated due to the lower isoelectric 
point (IEP) of the materials. The negative sites on the surface cause Ca2+ to 
be deposited onto the substrate16 and, as more Ca2+ ions accumulate and bond 
to the surface, they begin to react with surrounding HPO4

2- ions to form a 
layer of amorphous calcium phosphate. Eventually, this amorphous layer 
crystallizes into a more stable and thermodynamically favorable phase 
(HA).23,24  
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This deposition method can be employed to cover an already bioactive 
material with a more biologically favorable material such as HA to improve 
the cellular response in vivo. It can also be employed to deposit a coating on 
an implant surface that can act as a drug delivery vehicle as a result of an 
active interaction between ionized species and the coating surface, as will be 
discussed below. In the same way it can be employed to deposit a slowly 
dissolving coating that can act as an ion reservoir in situations where the ions 
have an impact on the surrounding tissues, as will also be discussed later. 
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Oral dosage forms for controlled drug release  

The low reaction temperatures in geopolymer synthesis allow for easy incor-
poration of drugs, or other organic substances, if they are added to the raw 
material before synthesis. The drug will be evenly distributed in the final 
product if it is mixed properly with the aluminosilicate raw material. Due to 
the high alkalinity of the activation liquid, the incorporated drug must be 
stable at high pH to prevent its degradation during synthesis. Once the geo-
polymer has hardened, the intrinsic porosity of the matrix will allow the 
incorporated substance to diffuse out of the body when it is immersed in a 
liquid. Drug-containing geopolymers are interesting for oral dosage formula-
tions, where controlled drug release over an extended time period is desira-
ble. The mechanical strength and chemical durability of geopolymers pro-
vides stability to the carrier that can prevent the rapid unintended release of 
the entire dose, so-called dose dumping, when the carrier passes through the 
gastrointestinal tract. This is especially important in opioid treatment of se-
vere chronic pain, an issue that will be discussed in the following section. 

It has been shown in previous studies that the pore structure network in 
geopolymers can be adjusted to obtain pores with different sizes by altering 
the raw materials and the synthesis conditions. The diameters of the inter-
connected pores in geopolymers are distributed over a wide range below 
150nm and can be shifted towards smaller pores by tuning the synthesis pa-
rameters,25,26,27 which enables control over the drug release properties.  

The reported acid resistance of geopolymers28 makes them a more suita-
ble option for oral delivery of drugs than hydraulic cements, which are more 
likely to dissolve in the stomach due to the low pH.  

The surface charge of the drug carrier also plays a role in the release prop-
erties. If ionized drug molecules present in the matrix are attracted or repelled 
by the carrier surface the release rate will be affected accordingly. In the 
present work, release measurements were performed at pH 6.8 and pH 1.0 to 
mimic the conditions in the intestines and the stomach. Under these condi-
tions, the opioids fentanyl and oxycodone, which were used as model drugs, 
are positively charged due to their basic nature, with pKa values of 9.029 and 
8.5,30 respectively, which enables interaction with charged surfaces.  

Earlier research work has considered geopolymers for implant applica-
tions and found them to be bioactive with low ion leakage.31 The crystalline 
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counterparts to geopolymers, zeolites, have also proved to be stable and non-
toxic, and these have even been thought promising for use as detoxicants.32 

In the present work, a range of different geopolymer formulations were 
prepared and evaluated as potential drug carriers with the intention of pro-
ducing a safe dosage form for the sustained release of opioids. Different raw 
materials were used in the studied formulations, including both clay-based 
and synthetic sol-gel-produced aluminosilicate powders. By fabricating syn-
thetic precursors, it is possible to tailor the chemistry, size and morphology 
of the particles to obtain optimal conditions for the fabrication of the geopo-
lymers.33 The effects of different Al/Si ratios in the compositions, and of 
different water and alkali content during synthesis, were also investigated.  

The work was initiated by investigating how the clay mineral halloysite 
can be used as a carrier of opioids since the surface interaction between the 
clay and the drug was thought to retard drug release. In this study, sphero-
nized pellets made of a mixture of halloysite and microcrystalline cellulose 
(MCC) acted as the carrier; the clay particles were supposed to interact with 
the drugs and provide mechanical strength to the carrier. Halloysite carries a 
negative surface charge under physiological conditions,34 which causes an 
attractive force between ionized basic molecules such as fentanyl, the model 
drug in the study. The clay should also provide stability to the carrier to 
avoid rapid release of the drug if the formulation is chewed.  

The various methodologies are discussed in more detail in the Materials 
& Methods section below. 

Chronic pain 
Chronic pain is one of the main health issues around the world. It has been 
estimated that around 30% of the adult population in the US is suffering 
from some kind of chronic pain associated with, for example, arthritis or 
cancer.35 This causes significant impact on the quality of life for afflicted 
individuals and leads to huge costs for society.36 Severe chronic pain is most 
effectively treated with opiates, such as the poppy-derived morphine, or their 
synthetic relatives opioids, such as oxycodone or fentanyl. Opioids are often 
used as morphine substitutes when sufficient pain relief is not achieved with 
morphine37 or in patients intolerant to morphine.38 In the treatment of chron-
ic pain, a constant therapeutic concentration of the analgesic in the blood is 
desired to provide constant pain relief. Hence, a steady, sustained release of 
the drug from the formulation is desirable, to minimize fluctuations in the 
plasma concentrations. This can be achieved in numerous ways. Opioids can, 
for example, be administered from implanted infusion pumps39 or from sus-
tained-release patches.40 However, these strategies have drawbacks, such as 
the obvious issues associated with an implanted device that needs to be taken 
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care of and large interpatient variations in the uptake of drug from patches, 
due to differences in permeability, temperature and thickness of the skin.41 
The WHO recommends oral administration of opioids in their cancer pain 
guidelines,42 and this is possible with morphine which has a slow onset of 
action and provides a sustained effect due to its low ability to penetrate the 
blood-brain barrier.43 Some opioids are several hundred times more potent 
than morphine, due to their lipophilic nature, and this allows them to be ab-
sorbed rapidly and to provide almost instant pain relief if administered intra-
venously.44 However, this property makes them difficult to administer orally 
from a sustained release formulation as dose dumping could have lethal ef-
fects when the body absorbs the whole dose at once.45 The administration of 
opioids is a crucial issue for the satisfactory treatment of chronic pain and 
this work aimed at investigating the possibility of using geopolymers as drug 
carriers in the hope that their unique properties discussed above could solve 
some of the problems related to oral administration of opioids.  
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Materials & Methods 

Material Trade name Manufacturer/distributor 

Halloysite Ultrafine halloysite Imerys Minerals Ltd. 

Microcrystalline cellu-
lose 

Avicel PH101 FMC Biopolymer 

Fentanyl base - 
Johnson Matthey Macfarlan 

and Smith 

Zolpidem tartrate - Cambrex 

Oxycodone HCl - Sigma Aldrich 

Kaolin - Sigma Aldrich 

Fumed silica - Sigma Aldrich 

Aluminum nitrate non-
ahydrate 

- Sigma Aldrich 

Tetraethylorthosilicate - Sigma Aldrich 

Geopolymer and pellet synthesis 
In paper I, a clay-based carrier for the opioid fentanyl was produced. Initial-
ly, a powder mixture of 63.7wt% halloysite, 35.0wt% MCC and 1.3wt% 
fentanyl base was prepared in a tumbling mixer (Turbula mixer T2F, W.A. 
Bachofen AG) for 10 minutes. The obtained mix was subsequently trans-
ferred to a mini planetary mixer (Braun) where it was mixed further during 
continuous addition of water until a cohesive paste was achieved. The paste 
was placed in an extruder (Laboratory Screen Extruder Caleva Model 20, 
Caleva process solutions Ltd.) to form short spaghetti-like threads that were 
placed in a spheronizer (Spheronizer 120, Caleva process solutions Ltd.). 
During the spheronizing process, spherical pellets with a diameter of about 
1.5mm were produced. These were eventually placed in an oven at 40°C to 
dry for 24h. 

In paper II, the geopolymer-based carrier was introduced. Here a full 
range of different compositions were evaluated, all fabricated with metakao-
lin as the aluminosilicate precursor. Metakaolin was produced by heating 
kaolin to 800°C for 2h. Geopolymers with different molar ratios of H2O/SiO2 
Na2/SiO2 and Al/Si during synthesis were produced by mixing the metakao-
lin powder with different sodium silicate solutions, deionized H2O and dis-
solved NaOH, see Table 1. The sodium silicate solutions were prepared by 
mixing various amounts of deionized H2O, NaOH and fumed silica until 
clear solutions were obtained. The powders and liquids were mixed in a 
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glass mortar with the addition of 13mg of either zolpidem tartrate or fentanyl 
base to each gram of metakaolin. Zolpidem is a sedative with structural simi-
larities to fentanyl and was used as a model substance in some of the formu-
lations as it is not as hazardous as fentanyl and is thus easier to handle in the 
lab. The sample names represent the drug that was incorporated in the com-
positions: Zol stands for zolpidem while Fen denotes fentanyl. The obtained 
pastes were transferred to Teflon moulds containing cylindrical holes with 
the dimensions ∅: 1.5mm · h: 1.5mm, to form the pellets. The moulds were 
subsequently placed in plastic bags and left to set in an oven at 40°C for 48h. 
This moderate heat treatment is believed to be sufficient for complete geopo-
lymerization.46 Rods for compression strength testing were produced in the 
same way using cylindrical rubber moulds with the dimensions ∅: 6mm · h: 
12mm. The retrieved pellets and rods were left to dry in ambient atmosphere 
until further analysis.  

Table 1. Names and chemical composition (expressed in molar ratios) of the samples 
in paper II.  

Sample H2O/SiO2 Na2O/SiO2 Al/Si 

Zol1 2.6 0.28 0.57 

Zol2 3.4 0.28 0.57 

Zol3 4.5 0.49 0.57 

Zol4 5.9 0.50 0.57 

Zol5 3.5 0.33 0.65 

Zol6 5.5 0.44 0.65 

Zol7 4.3 0.33 0.76 

Zol8 4.5 0.42 0.76 

Zol9 4.3 0.28 0.94 

Zol10 4.3 0.33 0.94 

Zol11 4.5 0.49 0.94 

Zol12 5.9 0.49 0.94 

Fen3 4.5 0.49 0.56 

Fen5 3.6 0.33 0.65 

Fen8 4.6 0.42 0.76 

Fen9 4.3 0.28 0.94 

Fen10 4.4 0.33 0.94 

Fen11 4.5 0.50 0.94 
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In paper III, fully synthetic geopolymers were used as carriers of the 
opioid oxycodone. In these studies, the kaolin-based precursor used in paper 
II was replaced by sol-gel-synthesized aluminosilicate powders. Three pre-
cursor powders with different Al/Si ratios were prepared by precipitation 
from aluminium nitrate nonahydrate (ANN) and tetraethylorthosilicate 
(TEOS), see Table 2. The sample name of each precursor powder refers to 
its Al/Si molar ratio, as shown in Table 2 (e.g., AS21 has an Al/Si molar 
ratio of 2:1). The total concentration of ANN and TEOS together was kept at 
1.2M in all three preparations as also described elsewhere.47 Two solutions, 
A and B, were used to prepare each powder. Solution A contained TEOS 
diluted to 250ml with ethanol and solution B contained ANN dissolved in 
H2O and diluted to 250ml with ethanol. The TEOS/H2O molar ratio was 1:18 
in all preparations. The two solutions were stirred for 15 minutes before 
being mixed together and stirred for an additional 3h. Subsequent rapid addi-
tion of 250ml 25% ammonium hydroxide under vigorous stirring caused 
precipitation. The obtained gels were placed on filter paper and left under a 
fume hood until the ammonia had evaporated before being placed in an oven 
at 110°C for 10h. The dried powders were then subjected to calcination at 
800°C for 2 hours.  

Table 2. Names and corresponding Al/Si molar ratios of the precursor powders. The 
names refer to the Al/Si ratio in the powders, e.g. AS21 has an Al/Si ratio of 2:1. 

Precursor powder name Al/Si molar ratio 

AS21 2:1 

AS11 1:1 

AS12 1:2 

 

The precursor powders obtained thus were used to synthesize geopoly-
mers by mixing them with a sodium silicate solution prepared by adding 
0.2g NaOH per ml to a commercial sodium silicate solution containing 
10.6% NaOH and 26.5% SiO2, see Fig 1. Three types of geopolymers were 
produced solely for material characterization by mixing the prepared sodium 
silicate solution with each of the sol-gel-synthesized powders, see Table 3. 
The names of the geopolymer samples refer to the Al/Si molar ratio of its 
precursor powder (e.g., GP21 was produced from a precursor powder with 
an Al/Si molar ratio of 2:1). The powders and the liquid were mixed in a 
glass mortar with a liquid/powder ratio of 1ml/1g. When a paste was ob-
tained, it was transferred to rubber moulds with the dimensions ∅: 6mm · h: 
12mm. The cast rods were left in the moulds under ambient conditions for 5 
days before being dried and subjected to material characterization. Oxyco-
done-containing pellets with dimensions ∅: 1.5mm · h: 1.5mm were pro-
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duced in a similar; 20mg of oxycodone HCL was added to each gram of 
precursor powder, see Table 3. Six types of pellets were produced; these 
comprised three different compositions that were each left to cure in plastic 
bags for 5 days at room temperature or 60°C. Pellets were cast in Teflon 
moulds, as described above.  

 
Fig 1. Geopolymer pellet synthesis. 1) Precursor powders were made using a sol-gel 
process. 2) The powders were mixed with a sodium silicate solution to form a paste 
that was transferred to moulds and left to cure. For drug release experiments, oxyco-
done HCL was added to the paste before moulding. 3) After curing, the pellets were 
demoulded. The pellets in panel 3 have the dimensions ∅: 1.5mm · h: 1.5mm and 
contain oxycodone. 

 

Table 3. Names of the geopolymer samples with and without oxycodone. The drug-
containing samples have names starting with DR (for drug release) and the samples 
for material characterization have names starting with GP (for geopolymer).  

Sample names Precursor powder Curing temperature Shape 

GP21 AS21 Room temp. Rods 

GP11 AS11 Room temp. Rods 

GP21 AS12 Room temp. Rods 

DR21-RT AS21 Room temp. Pellets 

DR11-RT AS11 Room temp. Pellets 

DR12-RT AS12 Room temp. Pellets 

DR21-60 AS21 60°C Pellets 

DR11-60 AS11 60°C Pellets 

DR12-60 AS12 60°C Pellets 
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The pellet size was chosen to enable transport through the closed orifice 
of the stomach to the small intestine, independently of the stomach emptying 
rate.48 This is believed to promote a more stable release/uptake rate of the 
administered drugs.  

Material characterization 
The characteristics of the precursor powders and the carrier materials in pa-
pers I-III were investigated using numerous techniques. See section Analy-
sis techniques for a more detailed description for some of the techniques 
used by the author of this thesis. Other techniques used in the work are brief-
ly presented below.   

In paper I, the clay mineral Halloysite that was used to form the pellets, 
was characterized using scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), N2 gas sorption analysis and zeta-potential measurements. The 
zeta-potential was measured over a range of pH values, from acidic to basic 
conditions, to study the electrochemical behavior of the clay.  

The metakaolin powder used in paper II as precursor to the geopolymers 
was analyzed using XRD, SEM and N2 gas sorption.  

The sol-gel-synthesized precursor powders used in paper III were cha-
racterized using XRD (both prior to and after the calcination at 800°C), zeta-
potential measurements, He pycnometry (AccuPyc 1340, Micromeritics) and 
N2 gas adsorption analysis. The average particle size in the powders was 
calculated using the following formula:49 

dmean =
6

SBET ⋅ ρ
   (1) 

where dmean is the average particle diameter, SBET is the specific surface 
area and ρ is the powder density. The use of this formula for geometrical 
estimation of the particle size is justified in this case as previous TEM stu-
dies on similar particles have proved that they were non-porous and spheri-
cal in shape47 which is an underlying assumption in the equation.  

The mechanical strength of the cast geopolymer rods in papers II and III 
was assessed in compression mode using a designated test machine. At least 
7 rods of each composition were subjected to an increasing compression 
force until the rods broke apart. The applied load was constantly measured 
during compression and the maximum stress was calculated.  

The pore size distribution and pore volume of the geopolymers and the 
specific surface area of the samples were investigated using N2 gas sorption.  

The true density (skeletal density) of the geopolymers in was measured 
using He pycnometry and the surface charge was assessed using zeta-
potential measurements. Samples for zeta-potential measurements were pro-
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duced by grinding geopolymers to a powder that could be suspended in the 
electrolyte. The zeta potential was measured at pH 6.8 in papers II and III 
and also at pH 1.0 in paper II (these are biologically relevant pH values, 
where pH 6.8 represents the conditions in the intestines and pH 1.0 
represents the conditions in the stomach).  

Further, the crystallinity of the geopolymer samples was analyzed using 
XRD.  

Drug release measurements 
The drug release measurements were performed using a USP-2 dissolution 
bath (AT7 Smart, Sotax AG) at 37°C with a paddle rotational speed of 
50rpm, according to the U.S Pharmacopeia.50 The bath held a number of 
vessels containing release medium, in which the pellets were placed. Sample 
aliquots were withdrawn at regular intervals and the concentration of the 
study drug in the release medium was measured. In papers I and II, 150 mg 
samples of pellets were placed in vessels containing 200ml liquid. The con-
centrations of fentanyl and zolpidem were measured at Orexo AB (Uppsala, 
Sweden) using a high performance liquid chromatography (HPLC) system 
from Dionex (Dionex Summit HPLC system). In paper III, 600 mg pellet 
samples were placed in vessels containing 500ml liquid. In this paper, the 
concentration of oxycodone was measured with UV-visible light spectrosco-
py at 224nm. The release of drugs was measured at pH 6.8 and pH 1.0 in all 
papers. In paper I, release measurements were also performed in 48% etha-
nol, and a 40% ethanol solution was used as release medium in paper III. 
This was done to simulate the co-intake of the pellets with strong spirits. 
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Functional implant coatings 

Biomimetic HA coatings have an active surface which, like their biological 
counterpart, can interact with ionized species via electrostatic forces and 
bond directly to specific molecules. This enables functionalization of the 
implant coatings with various biologically active substances to achieve tai-
lored reactions in vivo. This technique was employed in this work to develop 
an implant surface for administration of antibiotics for a local bactericidal 
effect at the site of the implant. The issue of infections associated with pros-
thetic implant surgery is substantial and will be discussed in the next section. 
The HA coating was also used to stimulate targeted cells in order to improve 
bone formation around the implants. This was achieved by attaching various 
molecules to the HA surface to influence the behavior of different cell types.  

The biomimetic deposition method can also be employed to form coatings 
other than HA on implant surfaces, and was used in one study to deposit a 
layer of strontium carbonate onto a titanium substrate. Strontium carbonate 
is structurally similar to calcium carbonate, which is the main constituent in 
the shells of marine organisms, and is both biocompatible and bioactive.51 
Thus, it was felt to be a reasonable proposition that strontium carbonate 
would provide a biologically suitable interface between a metallic implant 
and bone. This coating was produced to enable local release of strontium 
ions, since strontium has a profound effect on bone cells, as will be de-
scribed below.  

This track of the work was initiated by a study on the nature of biomimet-
ically precipitated HA and how it is formed on surface-treated bioactive 
titanium. It was followed by studies on how bone morphogenetic proteins 
(BMP), bisphosphonates (BIS) and antibiotics can be incorporated into and 
released from HA coatings. In vitro analyses were undertaken to establish 
the biological effect of the BMP-2 and antibiotics released from the HA 
coatings. We also investigated whether it was possible to simultaneously 
load antibiotics and BIS into an HA coating to obtain a dual effect. This was 
followed by an in vivo study in a sheep model to evaluate how the proposed 
drug delivery strategy might perform in a biological system. In this study, 
the effects of BMP-2 and BIS were analyzed. The effects of antibiotics were 
not studied in this way, since the inhibition of bacteria in an incision wound 
would involve a substantial risk for the animals, which would be difficult to 
defend from an ethical standpoint.  
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Infections 
Implant-related infections are one of the main reasons for the large number 
of revision surgeries performed annually for failed prosthetic implants.52,53 
The rate of surgical site infection varies with the different procedures and 
can be as high as 10%; spinal surgery accounts for the highest rates.54 Revi-
sion surgery is often more complicated than primary surgery as both the 
original implant and the damaged bone surrounding it needs to be removed 
before a new implant can be inserted. The time spent in hospital and in the 
operating theatre is significantly longer for orthopedic revisions 55 which 
significantly impacts on both the afflicted individuals and the health care 
system. Despite the high success rate of hip and knee arthroplasties, where 
more than 90% of the patients are expected to live more than 10 years with 
their implants before revision surgery is needed,52,53 the number of revision 
surgeries is high and is expected to increase steadily, in pace with the grow-
ing number of primary surgeries. In the US, 68,700 total hip and knee arth-
roplasty revisions were performed in 2003, and the number is expected to 
increase to over 400,000 in 2030.56 About the same success rate is seen with 
dental implants; 5-11% of the 2 million implants placed annually fail and 
need to be removed.57 In a retrospective study of 9245 patients undergoing 
primary hip or knee arthroplasty, infections developed in 0.7% of the pa-
tients. Of these infections, 65% developed during the first year,58 which indi-
cates that perioperative contamination of the surgical wound is the main 
contributor to the number of infections associated with prosthetic implants. 
A sterile environment during surgery is, of course, a key issue for preventing 
bacteria from entering the surgical wound but new strategies involving, for 
example, bactericidal implant surfaces are required in order to address this 
issue successfully. The interface between prosthetic implant and tissue is 
known to be a region of local immune depression with reduced resistance to 
microbes, and is often referred to as an immune-incompetent fibro-
inflammatory zone.59 Further, implant migration due to instability in the 
interface between the bone and the implant can damage the tissues and al-
most completely deplete the immune defenses.60 Thus, these peri-prosthetic 
regions are highly sensitive to bacterial colonization and biofilm formation. 
By using the implant coating as a carrier for antibiotics, a bactericidal effect 
can be obtained directly where it is needed, namely in the direct vicinity of 
the implant.61 This is believed to reduce the number of early infections asso-
ciated with bacteria entering the incision wound as it prevents immediate 
bacterial adhesion on the implant following surgery.62 Thus, this work was 
carried out to investigate the possible use of bioactive ceramic coatings as 
carriers of active agents for local administration at the site of implants. The 
unique properties of functionalized biomimetic HA may help to decrease the 
incidence rate of infections associated with prosthetic implants.  



 30 

Targeted cell stimulation 
It has been shown that the need for revision surgery can be reduced if a layer 
of HA is deposited onto the implant surface.63,64 This helps the implant sur-
face to directly integrate with the surrounding bone, which hinders migra-
tion. To reduce the convalescence time post operation, specific cell stimula-
tion can be employed to increase the bone-forming activity of osteoblasts 
and reduce the bone-resorbing activity of osteoclasts.  

BMP-2, a bone morphogenetic protein that increases the activity of os-
teoblasts,65 specifically binds to HA.66 The combination of HA and BMP-2 
has been proposed as an osteoinductive substitute for use in autologous bone 
grafts,67,68 and is an interesting option for implant coatings since BMP-2 is 
retained on the surface to locally stimulate osteoblasts.  

BIS belong to a class of drugs that binds to HA as a result of an affinity 
with the calcium present in HA.69 BIS are used in the treatment of bone defi-
ciency diseases such as osteoporosis70 and act by inhibiting the bone resorb-
ing activity of osteoclasts.71 It is thought that the application of BIS locally at 
the interface between a prosthetic implant and bone will improve the bone 
formation post operation.72 

Strontium is highly involved in the bone remodeling process and have 
been shown to have an impact on bone-forming ability in osteoporotic pa-
tients who have been given the drug strontium ranelate.73 It not only im-
proves bone formation and enhances osteoblast replication,74 but also reduc-
es osteoclast activity.75 It has been proposed that implant coatings that 
enables release of strontium ions will improve the bone healing 
process.76,77,78  
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Materials & Methods 

Material Trade name Manufacturer/distributor 

Rolled titanium grade 2 - Edstraco AB 

Rolled titanium grade 5 - Edstraco AB 

1X Phosphate buffered 
saline with calcium (PBS) 

- Sigma-Aldrich 

Strontium acetate - Sigma-Aldrich 

Amoxicillin - Sigma-Aldrich 

Cephalothin - Sigma-Aldrich 

Tobramycin - Sigma-Aldrich 

Gentamicin - Sigma-Aldrich 

BMP-2 InductOS® Wyeth Europe 

Clodronate - Sigma-Aldrich 

Pamidronate - Sigma-Aldrich 

Coating deposition procedures 
Crystalline TiO2 is bioactive and enables biomimetic precipitation of HA on 
its surface if it is immersed in acellular solutions, at biological pH, contain-
ing ions present in body fluids.18 Papers IV to VI examined the nature and 
formation of biomimetic HA deposited on bioactive titanium substrates, 
while papers VII to X dealt with the functionalization of the HA coatings. 

 In papers IV and V, titanium of grade 2 was heat-treated at 800°C for 
1h to transform the native surface oxide to crystalline rutile TiO2. Rutile is 
one of three polymorphs of TiO2; the other two are anatase and brookite. In 
papers VI to X, physical vapor deposition (PVD) was employed to deposit a 
gradient layer of TiO2 on titanium substrates with an amorphous and oxy-
gen-poor composition at the interface between the titanium and the oxide, 
and crystalline anatase TiO2 on the top. This coating procedure is described 
in detail elsewhere79 and was used to provide mechanical stability for the 
oxide. The titanium substrates were placed in phosphate buffered saline 
(PBS) for various amounts of time (up to one week) to allow precipitation of 
HA on the substrates, see Table 4. In papers IV and V, the PBS containers 
were stored at 37°C to mimic biological conditions and, in papers VI to X, 
the containers were stored at 60°C to increase the deposition rate (in paper 
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X, the samples were first immersed in PBS for 4 days at 60° before addition-
al 7 days of immersion at 37°C for sufficient coverage). Prior to HA deposi-
tion, the plates were ultrasonically cleaned with acetone and ethanol.  

In paper X (in vivo study), the cylindrical implant used had a screw-
threaded top to fix it in the cortical bone; see Fig 2. The implants were 
turned from pieces of titanium grade 2 by Enge Mikromekanik AB (Uppsala, 
Sweden). 

 
Fig 2. Photograph of an implant used in the in vivo study. A mounting device was 
attached to the actual implant and this device was used to screw the implant into 
position in the bone. The device mounting was subsequently removed after fixation 
of the implant.  
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Table 4. Description of the samples used in papers IV to X.  
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In paper XI, strontium carbonate coatings were developed for local ad-
ministration of Sr2+ ions from prosthetic implants. Titanium plates were 
treated chemically with NaOH according to a method first described by Kim 
et al. in 1996,80 before being immersed in a strontium acetate solution for 
precipitation of the coatings. The method described by Kim et al. was used 
to obtain a bioactive surface on the titanium, which was intended to interact 
with the Sr2+ ions in the solution. Two sets of plates were coated, A and B. 
First, square pieces of titanium were mirror polished with 1200 SiC grit pa-
per, followed by ultrasonic cleaning in hot tap water containing a neutral 
washing agent (Extran) for 5 minutes and 5 minutes of ultrasonic cleaning in 
acetone. Subsequently, all plates were placed in a beaker containing 5M 
NaOH situated in a heating cupboard set at 60°C for 24h. After that, the 
plates were thoroughly rinsed in de-ionized water and ethanol before being 
blow dried in N2. The first set of plates (group A) was then heat-treated at 
600°C for 2h while the other set (group B) was left in plastic bags. All plates 
were then placed in individual plastic tubes containing 25ml of a 40mM 
aqueous solution of strontium acetate (Sr(CH3COO)2). The tubes were stored 
at 60°C for 4 days before being rinsed with de-ionized water and ethanol and 
blow-dried with N2 gas. The second group of plates (group B) was then heat 
treated at 600°C for 2h while the other plates were left in sealed plastic bags.  

Drug-loading procedures 
In paper VII, antibiotics were incorporated into the HA surfaces by a simple 
soaking procedure; the plates were placed in plastic tubes containing 10ml of 
PBS with 50μg of the designated antibiotic. Four antibiotics were evaluated: 
amoxicillin, cephalothin, tobramycin and gentamicin. These were loaded for 
four periods ranging from 15min to 24h at room temperature. These plates 
were later used in a bacterial inhibition test. Additional plates immersed in 
similar solutions containing either amoxicillin or cephalothin for 15min, 
60min or 24h were later used for analysis of the release rates of the antibio-
tics.   

In paper VIII, we investigated whether antibiotics and BIS could be 
loaded into an HA coating simultaneously. In this paper, the antibiotic ce-
phalothin and the BIS clodronate were used. HA-coated plates were placed 
in individual plastic tubes containing either 1mg of cephalothin, 1mg of clo-
dronate or 1mg of both, dissolved in 40ml of PBS (three different loading 
procedures in total). The plastic tubes were stored at 40°C for 24h before the 
plates were gently rinsed in de-ionized water.  

In paper IX, BMP-2 was incorporated into the HA surfaces. The samples 
were autoclaved at 120°C for 30min prior to the functionalization of the 
surfaces, because they were to be used in cell culture experiments later. The 
functionalization was performed as follows. Recombinant human BMP-2 
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stock solution was prepared according to the manufacturer’s instructions. 
Thereafter, a 1μg/ml working solution of BMP-2 was prepared in a formula-
tion buffer at pH 4.5. Each HA-coated plate was placed in an individual well 
in a 24-well plate and covered with 1ml of the 1μg/ml working solution of 
BMP-2. The plates were left in the solution overnight and air-dried for 2h 
under sterile conditions the following day. 

In paper X, three different surface modifications of the implants were 
evaluated and compared with the native titanium surface, see Table 2. Of the 
20 implants that were prepared, 5 were left non-coated and 15 were coated 
with a layer of HA. After deposition of the HA layer, the implants were 
rinsed in deionized water, dried in air and sterilized by autoclaving (30 min, 
120°C). In the operating room, 5 HA-coated implants were placed in indi-
vidual sterile plastic tubes containing 0.5 ml of an autoclaved aqueous solu-
tion of the BIS pamidronate (0.5 mg/ml). Another 5 HA-coated implants 
were soaked in a 0.5 ml recombinant human BMP-2 solution (rhBMP-2, 
0.15 mg/ml) in formulation buffer containing 2.5% glycine, 0.5% sucrose, 
0.01% Polysorbate 80, 5 mM sodium chloride and 5 mM L-glutamic acid. 
The implants were immersed in the solutions for 10-30 minutes before im-
plantation. 

Table 2. Names and corresponding surface characteristics of the sample types in the 
study (paper X). 

Sample type Number of samples Surface 

Control 5 Native titanium 

Test 1 5 HA coating 

Test 2 5 HA coating loaded with BMP-2 

Test 3 5 HA coating loaded with BIS 

Material characterization  
See section Analysis techniques for a more detailed description of each me-
thod used by the author of this thesis. Other techniques are only mentioned 
in the section below. 

In paper IV, the bioactive properties of rutile TiO2 were investigated and 
the thickness and adhesion coatings were analyzed. Clean, untreated titanium 
was used as reference. The samples were immersed in PBS for 7 days for 
precipitation of HA coatings, and were examined with XRD, Transmission 
Electron Microscopy (TEM), SEM and a scratch test. In paper V, the ther-
mal stability of the HA coating was examined. In this paper, the HA coatings 
were subjected to heat treatment from 600°C to 800°C and then analyzed 
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with XRD, TEM and SEM. The TEM samples examined in papers IV and 
V were produced using a FIB (Strata DB235) according to a procedure de-
scribed elsewhere.81 Briefly, Ga2+ ions were used to mill out thin foils from 
the surfaces of the coated samples. Cross-section TEM analysis was per-
formed with an FEI Tecnai F30 ST (imaging) and a JEOL 2000 FXII (dif-
fraction). The morphology and crystallinity of the HA coatings were ana-
lyzed using bright field TEM and selected area diffraction (SAD). The adhe-
sion of the HA coating was estimated with scratch testing.  

In paper VI, the growth process of HA was studied using Ar gas adsorp-
tion. The specific surface area of HA-coated titanium samples was measured 
at different stages over one week of biomimetic growth. As the samples were 
mainly composed of titanium, and the HA coating only contributed a very 
small fraction of the total weight, the specific surface area of the samples, 
expressed in m2/g, was very low. Ar was used instead of N2 gas in the ad-
sorption analysis (N2 is more commonly used) because of the limited surface 
area of the samples. When the area of a sample is small, measurement of the 
amount of adsorbed gas becomes more uncertain. Choosing another adsor-
bate with a lower saturation pressure than N2 will increase the ratio between 
the numbers of molecules adsorbed and in the free space around the sample 
(a higher share of the molecules will be adsorbed onto the surface). This will 
decrease the uncertainty of the measured amount of adsorbed gas and thus 
improve the reliability of the result.82 The saturation pressure of Ar is about 
¼ that of N2; Ar is thus a better alternative when performing surface area 
determinations on samples with limited specfic area. The presence of HA on 
the surfaces was verified with SEM and XRD.  

In papers VII and VIII, the integrity of the HA coatings was analyzed 
with XRD and SEM. The chemical composition of the HA coatings was also 
examined with X-ray photoelectron spectroscopy (XPS) in paper VII.  

The strontium carbonate coatings in paper XI were examined with XRD, 
SEM and XPS to determine the composition and morphology of the phases 
formed on the substrates. The bioactive properties of the formed coatings 
were examined by soaking the plates in an SBF prepared according to Ko-
kubo’s recipe.83 In this test, the plates were each immersed in 40ml of SBF 
and stored at 37°C for one week before being examined again with XRD, 
SEM and XPS.  

Drug release measurements and in vitro analysis 
The bactericidal effect of the antibiotic-loaded samples in paper VII was 
assessed by analyzing the inhibition of Staphylococcus aureus. After the 
incorporation of antibiotics as described above, the plates were immediately 
transferred to new tubes filled with 40ml PBS and stored for 15min, 60min 
or 24h. This was to release different amounts of antibiotics from the coatings 



 37

before the bactericidal test, in order to evaluate whether the antibiotics were 
released rapidly or were interacting with the coating and being released over 
a more extended period of time. For the bactericidal test, a Mueller-Hinton 
broth with 0.8% agar was prepared by dissolving the delivered powder in de-
ionized water followed by autoclaving at 120°C for 20min. The broth was 
then tempered to 40°C before S. aureus strain Cowan I (NCTC 8530, Na-
tional Collection of Type Cultures, London, UK) suspended in PBS was 
added. The final optical density of the broth at 600nm was 0.005, which 
corresponds to approximately 5×106cfu/ml. The mixture was stirred to dis-
tribute the bacteria evenly in the broth before it was transferred to Petri dish-
es. The dishes were filled to a depth of 10mm (50ml). When the agar set at 
room temperature, the titanium plates were placed in the broth, normally 
against the bottom of the dishes so that both the back and front sides of the 
plates were in contact with the broth. The Petri dishes were incubated at 
37°C for 18h and the inhibition zones around the dishes were photographed 
(Geldoc 2000, Bio-Rad). An HA-coated plate without any antibiotics was 
used as reference.  

The release rates of amoxicillin and cephalothin (antibiotics) in papers 
VII and VIII were investigated using UV-visible light spectroscopy. The 
plates were placed in a beaker, which was covered with Parafilm to inhibit 
evaporation of the added release medium. The medium was then circulated 
through a measuring cell using a peristaltic pump so that the absorbance 
could be measured. In paper VII, individual plates were placed in 8.2ml 
PBS, which was circulated through the measuring cell. In paper IX, 4 plates 
were placed in 10ml de-ionized water to improve the accuracy of the mea-
surement. The release was measured for 22h in paper VII and 48h in paper 
IX. 

The incorporation of clodronate (BIS) in paper VIII was measured with 
XPS. The clodronate molecule contains two Cl- ions, which made it possible 
to detect clodronate on the surface of the HA coating by analyzing the pres-
ence of Cl. The atomic concentration of Cl in both co-loaded and single-
loaded samples was measured and compared with the presence of Cl in ref-
erence HA samples. The analyses were performed on quadratic areas of the 
HA coatings with the dimensions 200μm x 200μm. The surface charges were 
neutralized with argon ions during the analysis.  

In paper IX, the response of mesenchymal stem cells seeded on BMP-2-
functionalized HA was evaluated and compared with the response of cells 
seeded on HA coatings without BMP-2, on anatase TiO2 surfaces and on 
native titanium oxide (as delivered). The stem cells (W20-17, European Col-
lection of Cell Cultures) were cultured in complete medium at 37°C and 5% 
CO2. The W20-17 cells were chosen for this study because their differentia-
tion profile is directly correlated with the dose of BMP-2. The circular tita-
nium samples were placed on the bottom of the wells in culture plates with a 



 38 

glass ring on top covering the rim of the samples. Cells were seeded on top 
of the plates; the glass ring prevented liquid from escaping from the surface 
of the samples.  

A standard MTT assay84 was employed for the cell viability test. Cells 
were seeded on the samples and incubated for 2 days before the number of 
living cells present on the surface was measured. An MTT solution was pre-
pared by dissolving thiazolyl blue tetrazolium bromide in PBS and adding it 
to the culture medium on each sample. Living cells metabolize the MTT salt, 
producing blue crystals that can be dissolved in DMSO (dimethyl sulfoxide). 
The number of living cells was estimated by measuring the light absorbance 
in the DMSO at a wavelength corresponding to the blue color of the crystals 
(570nm), and comparing this with a standard curve.  

An alkaline phosphatase (ALP) assay85 was employed to evaluate cell dif-
ferentiation. The glycoprotein ALP is expressed at high levels during the 
initiation of mineralization in bone, thus making it a good marker for active 
osteoblasts. ALP is also expressed in the osteoblast progenitor W20-17 cells, 
especially during differentiation. Thus, the expressed levels of ALP can be 
used as a measure of the differentiation of these cells. The ALP content in 
the cells seeded on the samples was measured as follows. The cells were 
lysed before addition of p-nitrophenyl phosphate. The ALP released from the 
lysed cells cleaved the phosphate group of the p-nitrophenyl phosphate via 
hydrolysis to produce p-nitrophenol, which turns yellow at alkaline pH. The 
relative ALP levels can therefore be estimated by measuring the light absor-
bance at the wavelength corresponding to this yellow color (405nm). The 
expressed ALP levels were measured via this method after 1 and 2 days of 
incubation.  

In vivo analysis  
The in vivo study was designed to evaluate an intra-osseous implant in sheep 
over 6 weeks. 5 Adult (≥ 24 months) female sheep (strain: Grivette) with a 
body weight range from 51 to 63 kg were used in the study. Prior to the sur-
gical procedure, the animals were fasted overnight. At the time of implanta-
tion, pre-medication and anesthesia were given by intravenous injection of a 
thiopental-pentobarbital mixture (Nesdonal®, Merial; and Pentobarbital So-
dique, CEVA Santé animale) and atropine (Atropinum Sulfuricum, Aguet-
tant) followed by inhalation of an O2 – isoflurane (1-4%) mixture (Afrane®, 
Baxter). Each animal received an initial analgesic (flunixin, Meflosyl®, Fort 
Dodge Santé Animale) and, as a prophylactic measure, perioperative antibio-
tics penicillin-procaine and penicillin benzathine (Duplocilline®, Intervet) 
were given. In addition, each animal received a second analgesic (buprenor-
phine, Temgesic®, Schering Plough) pre-operatively.  
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Bone defects were created bilaterally in the distal femoral epiphysis and 
the sites were implanted with samples. Each animal was implanted with 4 
samples, one of each type. An orthopedic drill was used to create cylindrical 
defects approximately 2.3 mm in diameter and < 9 mm deep in the distal 
femoral epiphysis. Drilling was performed under constant irrigation with 
saline solution (NaCl 0.9%) and suction. Intra-osseous implantation was 
performed as recommended by the ISO 10993-6 standard (2007) with the 
cylindrical parts of the samples inserted in the cancellous bone. Once im-
planted, the samples were in contact with bone along the sides while the 
bottom was facing a cavity in the bone. This enabled us to study how bone is 
formed around the implants under different conditions. The animals were 
treated and kept according to the conditions outlined by the EU requirements 
for farm animals (EC Directive 86/609). During the observation period, pe-
nicillin-procaine and penicillin benzathine were continued on days 3, 6 and 9 
following surgery. The analgesic (flunixin) was administered every other 
day for one week following surgery. After a 6-week implantation period, the 
animals were sacrificed by lethal injection of a barbiturate (DolethalND, Ve-
toquinol) and the implanted sites were sampled.  

The protocol for the study was approved by the BIOMATECH (France) 
Ethical Committee on October 14, 2008. 

The retrieved samples were embedded in polymethylmethacrylate 
(PMMA) after dehydration. The samples were cut in half; one half was pre-
pared for histology analysis by a microcutting and grinding technique 
adapted from Donath et al.86 The other half was prepared for SEM analysis 
by depositing a thin layer of gold/palladium on the surface. Sections for his-
tological analysis were stained with modified Paragon and analyzed using a 
light microscope. The local tolerability was evaluated according to the ISO 
10993-6 standard. The samples prepared for SEM were analyzed in back-
scatter mode for the best contrast between implant and tissues. The bone-
implant contact was assessed from the SEM images by measuring the con-
tact length along the periphery of the sides and bottom of the implants. 
Quantitative analysis of the SEM images was performed using Leica Qwin 
software to assess the bone density in the closest 200μm of the surrounding 
tissues. Areas of soft and hard tissue were determined from the difference in 
contrast in the images and the bone/soft tissue ratio was calculated.  



 40 

Results and discussion 

Oral dosage forms for controlled drug release 
Paper I 
In paper I, the halloysite powder that was used with MCC to prepare pellets 
for oral administration of fentanyl was characterized prior to pellet produc-
tion. XRD analysis revealed that the powder as delivered contained not only 
Halloysite but also Cristobalite, a polymorph of SiO2 formed at high temper-
atures, see Fig 3. This was presumably because Halloysite originates from 
volcanic soils, of which Cristobalite is a common constituent. The layered 
structure of halloysite allows it to be hydrated, as water can enter the spaces 
between the layers. This hydration causes the structure to expand. The layers 
are 0.7nm apart in the de-hydrated state and 1nm apart when hydrated. Peaks 
in the XRD pattern confirmed the presence of both hydrated and de-hydrated 
Halloysite in the powder as it was delivered.  

The zeta potential of the Halloysite powder was negative over a wide pH 
range from ~2.5 and upwards (see Fig 3), reaching a plateau around pH 7, as 
described previously.34,87 This behavior of the surface charge is expected to 
promote adsorption of positively charged species to the surface at pH values 
above ~2.5. As fentanyl is a basic molecule with a pKa of 9.0,29 most fen-
tanyl molecules will carry a positive charge at pH values below 7, according 
to the Henderson-Hasselbalch equation.88 
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Fig 3. XRD pattern and zeta potential of the Halloysite powder (as delivered) used in 
paper I. Peaks in the XRD pattern indicate the presence of both hydrated and un-
hydrated Halloysite as well as Cristobalite.  

SEM analysis of the Halloysite powder showed that it consisted of tubular 
shaped particles with diameters ranging from ~30nm to ~200nm and lengths 
up to several micrometers, see Fig 4. The powder also contained some sheet-
like particles with side lengths around 1μm, and a large number of smaller 
particles (less than 300nm), probably originating from crushed larger par-
ticles. The tubular shape of the particles is characteristic of Halloysite, which 
is formed by a hydrothermally driven transformation of the clay mineral 
kaolinite. This transformation forces the originally sheet-like kaolinite par-
ticles to roll up.89  

 
Fig 4. SEM image of the Halloysite powder (as delivered) used in paper I.  

The obtained pellets were white and shaped as elongated spheres with a 
diameter of ~1.5mm after drying, see Fig 5. The pellets were easy to separate 
from each other and kept their rigidity after production, which proved that 
the proposed spheronization process could be used to produce clay-based 
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oral dosage forms. They were, however easily crushed, which is why drug 
release measurements were also performed on crushed pellets.   

 
Fig 5. Photograph of dried pellets made of a mixture of Halloysite and MCC, ob-
tained through the spheronization process. 

The pellets kept their shape in all three release media during the release 
measurements. No signs of swelling or disintegration were observed. The 
release profiles are displayed in Fig 6; it can be seen from the figure that 
release was sustained over a period of 3-4h. The release profiles were the 
same at pH 1.0 and pH 6.8 but substantially less fentanyl was released in the 
48% alcohol solution. It is not clear why this difference occurred, as fentanyl 
is more soluble in alcohol, but the zeta potential of the Halloysite powder in 
the alcohol/water solution was -30mV, which is greater than in the other 
media. This difference could have influenced the drug release profile, be-
cause a higher surface charge will result in a greater surface-drug attraction. 
The alcohol may also have influenced the internal structure of the pellets, 
which may have altered the release profile. The release of drug from the 
crushed pellets was similar to that from the intact pellets, but occurred faster. 
In the crushed pellet study, the total time for drug release was limited to 
about 2-3h but the amount of fentanyl released in the alcohol/water solution 
was still substantially lower, see Fig 6. 



 43

 
Fig 6. Drug release profiles of fentanyl from intact and crushed pellets made of a 
mixture of Halloysite and MCC.  

It was found that not all of the incorporated fentanyl was released from 
the pellets, even in the non-alcoholic release media. In the latter, about 75% 
of the fentanyl was released; the remaining 25% is believed to have been 
confined in the Halloysite/MCC matrix and tightly bound to the Halloysite 
surfaces. Mathematical Weibull analysis90 of the drug release proved that the 
shape of the release profiles corresponded to fickian diffusion of the drug 
molecules inside the drug-carrying matrix. The Weibull equation can be used 
to interpret the release profiles if fitted to the release data, as shown else-
where.91  

The conclusions that can be drawn from this study are that the proposed 
mixture of Halloysite and MCC can be used to produce pellets through a 
spheronization process and that these pellets can be used to obtain sustained 
release of the incorporated drugs for a couple of hours. The pellets did not 
swell or disintegrate when immersed into various aqueous solutions but they 
were fragile, and crushed pellets released the drug at a higher rate than intact 
pellets. The total time for release was about 4h for the intact pellets, which is 
too short a period for sustained delivery of opioids, where the desired release 
time is about 8-12 h.92 The limitations in mechanical stability also restrict the 
use of the proposed carrier to other drugs with wider therapeutic windows to 
prevent instant delivery of toxic doses if the carrier breaks down due to unin-
tended mechanical force.  

Paper II 
In paper II, metakaolin was used as the aluminosilicate precursor for the 
geopolymer samples. The transformation of kaolin to metakaolin was con-
firmed using XRD analysis, see Fig 7. The peaks corresponding to kaolin 



 44 

disappeared in the XRD pattern after calcination while a hump characteristic 
of metakaolin appeared between 15° and 30°. The as-delivered powder was 
also shown to contain some Sillimanite (Al2SiO5), which remained unaf-
fected by the calcination process.  

 
Fig 7 XRD pattern of the kaolin powder (as delivered) before and after calcination. 
The disappearance of the kaolin peaks in the pattern after calcination and the ap-
pearance of the hump between 15° and 30° confirm the transformation to metakao-
lin. The XRD analysis also demonstrated the presence in the powder of Sillimanite, 
which was unaffected by the calcination process.  

The porosity of the geopolymer samples was calculated by comparing the 
apparent density (sample mass divided by sample volume, measured with a 
slide caliper) and true density obtained from the He pycnometry measure-
ments. The porosity values correlated well with the compression strength 
values obtained for the relevant compositions, see Fig 8. A clear relationship 
can be seen between the porosity and the mechanical strength of the geopo-
lymers; an increasing pore volume resulted in lower compression strength. 
This relationship is intuitive and in agreement with the results of earlier stu-
dies.25,93 The compression strengths ranged from 10 to ~100MPa, which are 
comparable with the compression strengths of ordinary Portland cements 
(around 50MPa).94 The most significant reason for the variations in porosity 
is the amount of water used during synthesis; extra interstitial water increas-
es the porous volume in the bodies. Notably, higher Na2O/SiO2 ratios also 
increased the compression strength of the geopolymers (see Table 1 for a full 
view of all the samples). It can be seen that Zol8 is stronger than Zol7 and 
Zol11 is stronger than Zol10 and Zol9. An increasing Na2O/SiO2 ratio is 
believed to promote re-organization and densification of the geopolymer 
structures93 and this could be the reason for the increasing compression 
strength.25 However, a high alkali content during synthesis also appears to 
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decrease the setting time of geopolymers, resulting in limited dissolution of 
the metakaolin particles.93 This may be the reason for the Zol3 samples 
breaking into pieces when retrieved from the moulds after casting, preclud-
ing the test of mechanical strength. With this sample, the rapid setting 
caused by a high Na2O/SiO2 ratio and a low Al/Si ratio seems to have hin-
dered the formation of a homogeneous geopolymer structure stretching 
throughout the bodies. 

 
Fig 8. Compression strengths of the geopolymer samples in paper II with their cor-
responding porosities shown in the inset.  

Gas sorption analysis indicated that pores in the range below 120nm (the 
analytical range of the equipment) were shifted from more narrow distribu-
tions around 10nm for the Si-rich samples prepared with a low water content 
during synthesis to increasingly larger pores with wider distributions when 
more water was used and the Al content was increased, see Fig 9. This figure 
shows the pore size distributions in three representative samples, namely 
Zol1, Zol7 and Zol11. Zol1 represents a sample with low Al content pre-
pared with a small amount of water, Zol11 represents a sample with high Al 
content prepared with a large amount of water, and Zol7 is of intermediate 
composition. For samples with the highest Al/Si ratios prepared with large 
amounts of water, no pores were found in the range below 120nm. It is the 
pores in this size range that are believed to affect the drug release properties 
of the different compositions; diffusion in larger pores will be too great to 
cause the desired retardation of drug release.95 
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Fig 9. Pore size distributions in three geopolymer samples. Zol1 had the lowest 
Al/Si ratio and was prepared with a low amount of water. Zol11 contained the high-
est amount of Al and was prepared with more water. Zol7 was of intermediate com-
position.   

The pellets obtained from the casting process were cylindrical and well 
shaped, see Fig 10. The Zol3 samples held together in the pellet production 
process, in contrast to the larger cylinders of Zol3 intended for compression 
testing, and could therefore be used in the drug-release measurements. All 
samples were beige, similar to the color of the precursor powder (metakao-
lin). Concerns regarding possible degradation of the incorporated drugs dur-
ing pellet synthesis (due to the rather harsh alkaline conditions) could be 
dismissed since respective drugs could be dissolved in a solution of pH 12 
(NaOH) without showing any signs of degradation over 7h when monitored 
with HPLC.  

 
Fig 10. Photograph of geopolymer pellets produced in paper II.  

Fig 11a displays the appearance of the metakaolin precursor particles 
while Figs 11b-e show the microstructure of four geopolymer compositions 
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with decreasing Al/Si ratios (b:0.94, c:0.76, d:0.65, and e:0.57). As can be 
seen in the figure, the metakaolin sheets were to some extent preserved in 
the geopolymer structures; they were partly dissolved, and welded onto 
and/or wedged between each other. More compact structures were obtained 
by reducing the Al/Si ratio. This is in agreement with earlier studies which 
confirmed that the amount of added silica is the most influential parameter in 
terms of altering the microstructure.25,93 The microstructure of samples with 
Al/Si ratios ≤ 0.65 were rather compact and had what seems to be isolated 
pores while samples with Al/Si ratios ≥ 0.76 had more open structures with 
interconnected pores. These findings are in line with the results from the gas 
sorption analysis presented above where it was also shown that low Al/Si 
ratios rendered compact structures with smaller pores.  
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Fig 11. Microstructure of metakaolin (a) and four geopolymer compositions with 
decreasing Al/Si ratios: 0.94(b), 0.76 (c), 0.65(d) and 0.57(e). 
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The release profiles of zolpidem at pH 6.8 are displayed in Fig 12. The re-
leased amount of zolpidem is presented in the graph as a percentage of the 
total amount of zolpidem present in the pellets before the release measure-
ment. As stated earlier, 13mg zolpidem was added to each gram of metakao-
lin in the compositions and careful weighing of the pellets and their constitu-
ents before, during and after synthesis showed that the zolpidem content 
varied between 0.58 and 0.98 wt% in the pellets. After 24h, about 80-85% of 
the zolpidem was released from all compositions except the ones with high 
silica content which were prepared with a small amount of water (Zol1-3 and 
Zol5). As shown earlier, these compositions were more compact than the 
others and the limited connectivity of the pores in these pellets prevented the 
release media from entering the pellets and thus prevented diffusion and 
release of the incorporated drug. Geopolymerization can be described as a 
sol-gel process46 and, in the compact compositions, the higher Si content will 
have triggered the sol to form a gel during synthesis when the size of the 
formed (and perhaps not fully condensed) cross-linked clusters was very 
limited. Reorganization (syneresis) of the gel structure would therefore be 
hindered,25 which would be likely to contribute to the reduced permeability 
of these samples. When more water was added, the geopolymers will have 
gained more open structures, increasing the setting time and allowing more 
time and space for reorganization. This can be clearly seen when samples 
Zol3 and Zol4 are compared; the only difference between these two compo-
sitions is the amount of water used during synthesis but, while Zol4 was 
associated with the most rapid release of all the compositions, only a limited 
amount was released from Zol3 in the same time period. Variations in the 
Na2O/SiO2 ratio did not seem to affect the release properties, as is obvious 
when comparing samples Zol7 and Zol8 as well as samples Zol9 and Zol11. 
It has been suggested that the increase in mechanical strength seen for sam-
ples with higher Na2O/SiO2 ratios is the result of a coarsening effect,96 where 
weak points in the structure are reinforced due to structural reorganization. 
However, such a process would be expected to conserve the pore structure96 
and not to have any significant impact on the release properties. 
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Fig 12. Profiles of zolpidem released from the geopolymer pellets at pH 6.8.  

The same pattern was seen in the release measurements of fentanyl at pH 
6.8, see Fig 13. Slightly more fentanyl was released after 24h (~95%) com-
pared to the zolpidem samples, except for the compact high silica/low water 
compositions, Fen3 and Fen5.  

The pellets stayed intact during the release measurements at pH 6.8 with-
out any signs of losing their rigidity. Judging from the amount of drug re-
leased from the pellets, the drugs seem to stay intact during synthesis, which 
is in line with the earlier stability test. 

The release of fentanyl at pH 1.0 is shown in Fig 13; the release rates 
were almost identical for all compositions, including the high silica/low wa-
ter compositions. About 80% of the fentanyl content was released after 5h, 
which was about 4 times faster than the release from the open structure com-
positions at pH 6.8. It is notable that the final amount of fentanyl released at 
pH 1.0 was lower than that at pH 6.8. This may be related to a microstruc-
tural transformation of the geopolymers due to the acidic conditions in the 
release medium. It has been shown that geopolymers partially re-condense 
into new forms rather than dissolve under acidic influence.28 This dissolu-
tion/re-condensation behavior could initially open up the structures, allowing 
the release medium to enter all the compositions before a collapse of the 
porous structures, preventing further transport of the incorporated drug.  
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Fig 13. Profiles of fentanyl released from the geopolymer pellets at pH 6.8 and pH 1.0.  

An additional factor influencing the difference in release rates at pH 6.8 
and pH 1.0 could be the different electrostatic interactions between the sur-
face of the geopolymer and the drug. Zeta-potential measurements showed 
that a geopolymer sample prepared without any additional silica carried a 
negative net charge at pH 6.8 (-33.8±0.2mV) and a positive net charge at pH 
1.0 (6.6±0.1mV). Dissolved fentanyl molecules will be ionized and therefore 
positively charged under these conditions as described above. This results in 
an attractive force between the walls of the geopolymer and the drug at pH 
6.8, but a repulsion at pH 1.0. For zeolites, the crystalline counterparts to 
geopolymers, electrostatic interactions between the zeolite surface and in-
corporated ions are known to play a significant role in the diffusion 
process.97  

The results in this study indicate that it is possible to use geopolymers to 
produce mechanically strong carriers of fentanyl (and the sedative zolpidem) 
with controlled release of the incorporated substance over an extended time 
period, which would be suitable for opioid administration. Manufacturing of 
pellets cast in desired shapes and sizes enables adjustment of the geometry 
and thus the release rate of the incorporated drug (smaller pellets give short-
er diffusion paths and vice versa). The low synthesis temperature would 
enable easy incorporation of drugs directly during the geopolymer fabrica-
tion process.   

The properties of the geopolymer carriers could be altered in various 
ways, which proves the flexibility of the proposed concept. By altering the 
synthesis conditions, it was possible to adjust the porosity, mechanical 
strength and release properties of the different compositions. The samples 
with the most promising characteristics contained pores with a size distribu-
tion around 40nm and compression strengths around 60MPa (Zol7, Zol8). 
These samples released about 60% of their drug content within the first 10h 
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and nearly all of the remaining 40% during the following 14h. Under acidic 
conditions, when a dissolution process seemed to cause a four-fold increase 
in release rate, the release profile was almost identical for all the composi-
tions. Under these conditions, even the more compact structures, with li-
mited release at pH 6.8, released the drug content at rates similar to those of 
other compositions.  

Paper III 
In paper III, the three sol-gel-synthesized precursor powders replaced the 
metakaolin used in paper II for geopolymer fabrication. The obtained pre-
cursor powders were completely white and the corresponding XRD patterns 
for each powder displayed peaks associated with crystalline SiO2 prior to 
calcination, although the peak intensities decreased with increasing Si con-
tent, see Fig 14. It is also evident from Fig 14 that the three powders adopted 
a clear amorphous structure after calcination, which is desirable as it in-
creases the reactivity of the powders.11 

 
Fig 14. XRD patterns of the sol-gel-synthesized aluminosilicate precursor powders.  

The specific surface areas and densities of the powders increased with 
aluminum content, while the calculated mean sizes of the primary particles 
decreased, see Table 5. The primary particles in AS11 and AS21 were al-
most equal in size (~5-6nm) while the AS12 particles were about twice as 
large (~10nm). These findings are in agreement with earlier TEM studies.47 
No significant difference was seen in surface charge between the powders; 
all three powders had a zeta-potential of about -33mV at pH 6.8, see Table 5.  
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Table 5. Characteristics of the sol-gel-produced precursor powders. 

Precursor powd-
er name 

AS21 AS11 AS12 

Al/Si molar ratio 2:1 1:1 1:2 

Specific surface 
area 

412.8±1.9m2/g 366.2±1.2m2/g 224.2±0.52/g 

True density 2.912±0.019g/cm3 2.707±0.011g/cm3 2.575±0.017g/cm3 

Mean particle size 5.0±0.1nm 6.1 ±0.1nm 10.4±0.1nm 

Zeta-potential (pH 
6.8) 

-33.1±0.3mV -34.8±2.0mV -33.1±1.3mV  

During the geopolymer synthesis process, AS21 and AS11 readily dis-
solved in the sodium silicate solution to form cohesive pastes that were easy 
to transfer to the moulds after mixing. AS12 did not react as easily, and the 
obtained paste behaved more like toothpaste with grainy particles. Upon 
hardening, composition GP12 shrank and the cast cylinders were easy to 
retrieve from the moulds, while the geopolymers of composition GP21 in-
creased in volume. Any significant volume change for composition GP11 
was not observed after hardening. The three geopolymers were all pure 
white and appeared slightly translucent, which is consistent with an inherent 
nanostructure and mesoporosity (mesopores: pores with a diameter between 
2nm and 50nm).98,99 It was evident from the gas sorption analysis that GP12 
had a relatively compact structure with lower pore volume and smaller spe-
cific surface area than the other compositions, see Table 6.  

Table 6. Characteristics of the geopolymer (GP) samples. 

Geopolymer 
name 

GP21 GP11 GP12 

Precursor powder 
(and Al/Si molar 
ratio of precursor) 

AS21 (2:1) AS11 (1:1) AS12 (1:2) 

Compressive 
strength 

20.4±4.0MPa 39.2±5.4MPa 10.2±2.3MPa 

Specific surface 
area 

5.04m±0.012/g 5.09±0.01m2/g 0.75±0.01m2/g 

Pore volume (in 
pores  <120nm) 

0.0112cm3/g  0.0106cm3/g  0.0043m3/g  

True density 2.142±0.002g/cm3 2.207±0.012g/cm3 2.223±0.002g/cm3 

Zeta-potential (pH 
6.8) 

-49.4±0.9mV -54.2±1.0mV -61.7±0.3mVmV  
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The gas sorption isotherms for the GP samples are displayed in Fig 15. 
The shape of the wide hysteresis for GP21 and GP11 is consistent with irre-
gular interconnected and slit-like mesopores100 and the steep drop in the de-
sorption branch at a partial nitrogen pressure p/p0 ≈ 0.46 suggests the pres-
ence of ink bottle-shaped pores with necks smaller than ~5nm.101 The satura-
tion plateau reached at p/p0 ≈ 0.9 for GP21 suggests that the structure was 
completely filled with condensed gas and is indicative of a lack of larger 
pores above the mesoporous range.  

 
Fig 15. N2 isotherms for the three GP samples.  

The pore size distributions of the three geopolymers are seen in Fig 16. 
Here a distinct difference can be seen between the compositions; the majori-
ty of the pores in GP21 and GP11 are gathered in a narrow size region 
around 10nm while the pores in GP12 have a wide size distribution, mainly 
in the macroporous range (above 50nm). It is clear from Fig 16 that GP21 
had the most distinct pore size distribution, with all pores in a range between 
2nm and 35nm, while GP11 contained pores with sizes up to 85nm. In addi-
tion to having the highest accessible pore volume, GP21 also seemed to have 
the highest inaccessible pore volume, judging from the fact that it had the 
lowest true density, as shown in Table 6 (true density is the skeletal density 
of the material including inaccessible pores).  
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Fig 16. Pore size distribution in the three GP samples. 

AS11 reacted readily with the sodium silicate solution to form geopoly-
mers within an hour after mixing, while the other powders needed substan-
tially longer times to set; AS21 had the slowest setting rate and needed sev-
eral days to set. The compressive strength of the compositions differed sig-
nificantly; GP11 had the highest compressive strength, twice as high as 
GP21 and four times higher than GP12, see Table 2. The compressive 
strength of GP11 can be compared with that of ordinary Portland cement but 
is several times lower that that of teeth. The relatively low compressive 
strength of GP12 may be related to limited polymerization, since AS12 did 
not dissolve as easily as the other powders in the sodium silicate solution. 
The higher strength of GP11 compared to GP21 may be explained by the 
higher porosity of GP21 and the higher Si content in GP11, which clearly 
increased the reactivity of this powder and shortened the setting time. The 
high reactivity of GP11 may have caused a more complete and homogeneous 
geopolymerization, compared with the other samples. 

The XRD patterns for all three geopolymers contained the characteristic 
hump corresponding to the amorphous structure of the geopolymer,4 see Fig 
17. There was also a distinct peak in the patterns indicating the presence of a 
crystalline phase, but it is hard to determine this phase correctly from a sin-
gle XRD peak. Nonetheless, this peak was not seen in the XRD patterns for 
any of the precursor powders, indicating that the formation of this phase was 
induced by the reaction between the sodium silicate solution and the precur-
sor powders.  
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Fig 17. XRD patterns for the GP samples. The characteristic hump represents the 
geopolymer structure in the samples while the peak around 17° indicates the forma-
tion of a crystalline phase.  

In contrast to the precursor powder tests, the zeta-potential measurements 
of the geopolymers revealed a difference between the compositions; the neg-
ative surface charge increased with Si content, see Table 2. The surface 
charge was significantly larger for all geopolymers than for their correspond-
ing precursor powder, with GP12 possessing the most negative zeta potential 
at -61.7±0.3mV. The differences between the geopolymer samples may be 
attributed to differences in the numbers of silanol (SiOH) and aluminol 
(AlOH) groups present on the surfaces.102 Amphoteric alumina is generally 
protonated and carries a positive charge at pH 6.8 while the silica species are 
negatively charged.103 The profound electronegativity of the geopolymer 
walls enables electrostatic interaction with ionized molecules integrated in 
the porous structures.  

Continuous sustained release of oxycodone for up to 6 days was obtained 
from all drug-carrying compositions, see Fig 18. This is substantially slower 
than the rates in paper II, where fentanyl was released from bodies of simi-
lar size but composed of metakaolin-based geopolymers. This difference in 
release rate may be attributed to the more limited porosity and more distinct 
mesoporous structure of the geopolymers in the oxycodone study. Sustained 
release for several days is obviously not desirable in this context, as the pel-
lets would have left the intestines long before complete release of the drug. 
But the profound retardation of the drug release from the geopolymer struc-
tures opens up the possibility of precise control of the release rates simply by 
adjusting the size of the pellets, which would affect the diffusion length in 
the structures. A decrease in size should also increase the number of accessi-
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ble drug molecules, as this would open up the structures and expose a larger 
area to the liquid.  

As shown in Fig 18, it was observed that the oxycodone release rate de-
creased with increasing Al/Si ratio. This is consistent with the fact that the 
pore sizes also decreased with increasing Al/Si ratios (see Fig 16); it is logi-
cal that drug diffusion through the geopolymer, and therefore also drug re-
lease, will be slower in a system of smaller pores.95 Increasing the aluminum 
content also resulted in a more linear release profile. This linear release can 
also be attributed to the shift towards smaller pores in the aluminum-rich 
compositions, since it has been shown that polymeric systems with pore 
diameters in a range comparable with the size of the drug molecules enables 
zero order release.104  

 
Fig 18. Release profiles for oxycodone released from the DR samples at pH 6.8. 
Each curve shows the total release of oxycodone from roughly 135 pellets (total 
weight 600 mg) 

It was clear from the release measurements that the elevated temperature 
employed during the setting period for DR12-60, DR11-60 and DR21-60 
resulted in slower release of oxycodone. This may have been the result of 
capillary contraction of the structures, as the water would have left the geo-
polymers more easily at this temperature, forcing formed pores to shrink 
before complete cementing of the structures. The oxycodone study showed 
that linear release profiles can be achieved with the presented geopolymer 
system, simply by tuning the Al/Si ratio of the precursor particles, and the 
curing temperature. This offers benefits over the previously described clay-
derived geopolymer dosage forms in paper II where the release profiles 
were more similar to those of the DR12 samples. 

After the release of oxycodone had leveled out, the buffer concentration 
was increased fourfold to investigate whether more oxycodone could be 
released by screening the charge of the geopolymer walls (examined after 
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200h of release, for the samples that had cured at room temperature). The 
increase in buffer concentration did not result in any additional release of 
oxycodone, showing that a buffer concentration of 50mM was sufficient to 
release all of the drug (except the fraction confined in the closed pores). Af-
ter 200h of release, 5.6mg oxycdone had been released from DR21-RT, cor-
responding to roughly 80% of the total amount of incorporated oxycodone 
(exact calculations of released fractions were precluded by the difficulty in 
assessing the amount of water entrapped in the structure after synthesis).  

DR21-60 was also subjected to release measurements in 40% ethanol to 
examine whether alcohol affected the release rate. As seen in Fig 19, where 
the release of oxycodone in the alcohol solution is compared with the release 
in phosphate buffer at pH 6.8, alcohol increased the release rate. The in-
crease under these extreme conditions seems, however, to be relatively li-
mited, i.e. less than twofold. 40% ethanol is believed to be an extreme con-
centration that would only be possible to achieve under very limited time if 
the pellets were swallowed with strong spirits. The alcohol would be diluted 
by the gastric juices in the stomach and the concentration would rapidly de-
cline once the liquid entered the small intestine, where the uptake of alcohol 
is rapid.105 Under more realistic conditions, with lower alcohol concentra-
tions, the effect of alcohol on the release of drug should be negligible, as 
seen for other systems.88,105 

The release of oxycodone from DR11-60 was also examined at pH 1.0, to 
test the effects of acidic conditions. As shown in Fig 19, the release rate was 
substantially higher at pH 1.0 than at pH 6.8, as expected since the same 
behavior had already been seen in paper II. In this study, drug release at pH 
1.0 suddenly ceased after about 48h, despite only 4mg having been released, 
compared to a total of 5mg after 144h at pH 6.8. As discussed earlier, this 
may have been because of a collapse of the porous structure due to a dissolu-
tion and re-condensation process in the geopolymer. These negative effects 
on drug release caused by low pH can, however, be overcome if the pellets 
are administered in enteric-coated capsules.  
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Fig 19. Comparison of release profiles for oxycodone from DR21-60 at pH 6.8 and 
in 40% ethanol, and from DR11-60 at pH 6.8 and pH 1.0. 

In this paper, fully synthetic geopolymers were obtained by the reaction 
of a sodium silicate solution with sol-gel-synthesized aluminosilicate nano-
particles. The three investigated precursor nanoparticles had Al/Si molar 
ratios of 2:1, 1:1 and 1:2. By altering the Al/Si molar ratio of the nanopar-
ticles, several properties of the corresponding geopolymers could be ad-
justed; these included, for example, mechanical strength, setting time and 
swelling/shrinking behavior during setting. One particularly interesting re-
sult was that the pore size distribution was narrowed as the Al/Si molar ratio 
was increased. For the highest investigated Al/Si molar ratio, 2:1, the entire 
pore volume was within the mesoporous range (all pores were between 2nm 
and 35nm). The geopolymers were used as drug-carrying vehicles for sus-
tained release of the opioid oxycodone. Drug release was profoundly re-
tarded in vitro, and an almost linear release profile was obtained from the 
aluminum-rich compositions, which is a very desirable property for sus-
tained-release formulations. The mechanical strength of the geopolymers 
makes them difficult to crush if they are accidentally chewed, and they 
would therefore be a safe and attractive material for controlled release of 
drugs with a narrow therapeutic window, such as highly potent opioids. This 
study has focused on the release of opioids for the treatment of chronic pain, 
but the presented geopolymers could also be used for drug administration in 
other clinical indications where a constant or sustained delivery of drugs is 
desirable. 
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Functional implant coatings 
Papers IV – VI 
In papers IV and V, titanium of grade 2 was heat treated to oxidize the tita-
nium surface to rutile TiO2. When crystalline TiO2 is exposed to SBF or 
PBS, OH groups adsorb to the Ti ions in the surface.106 As the isoelectric 
point of TiO2 is about 5.9,107 which is lower than the pH of SBF or PBS 
(~7.4), the TiO2 surface is deprotonated and negative TiO- groups form on 
the surface. These negative sites attract Ca2+ ions from the fluid that bonds to 
the surface. Hence, a layer of amorphous calcium titanate is formed, a layer 
that eventually becomes positively charged as it grows in thickness. The 
positive net charge of the surface then makes it start to interact with PO4

2- 
ions and a metastable phase of calcium phosphate is formed. This calcium 
phosphate layer is then crystallized into HA, as it is thermodynamically 
more favorable.23,24  

It was shown that the modest heat used to treat the titanium was sufficient 
to produce a surface of rutile TiO2 that could elicit the precipitation of HA 
on its surface when immersed in PBS. Fig 20 displays the XRD pattern of 
the deposited HA coating dried at room temperature. The thermal stability of 
the HA coating was also examined by heating samples to 600°C and 800°C. 
XRD analysis confirmed the decomposition of the HA to tricalcium phos-
phate (TCP, Ca3(PO4)2) for samples heated to 800°C, see Fig 20. Signs of 
this decomposition had already been seen at 600°C, see Fig 20, probably 
because of the lower Ca/P ratio of the coating compared to stoichiometric 
HA, which has a Ca/P ratio of 1.67. Stoichiometric HA is stable up to 
1200°C before OH- groups gradually start to evaporate as the material even-
tually decomposes.108 However, it has been shown that the thermal stability 
of sintered HA is strongly related to the Ca/P ratio109 and that calcium-
deficient HA transforms into TCP at lower temperatures.110 The calcium 
deficiency of the deposited HA coatings in this work (later shown to be 1.36 
in paper VII via XPS analysis) had its origin in the already low Ca/P ratio in 
the PBS solution. This deficiency is desirable, as it has previously been 
shown that this feature makes the coating induce more rapid bone ingrowth 
compared to stoichiometric HA.111 Further, calcium-deficient HA generally 
has a larger surface area than its stoichiometric counterpart, which facilitates 
the loading of therapeutic agents.112    

TEM analysis of the samples obtained from FIB sectioning showed that 
the grain size in the rutile TiO2 varied between 100 and 300nm, see Fig 21. 
The thickness of the HA coating varied between 6 and 7μm and heat treat-
ment at 600°C induced growth of the crystalline grains in the HA, see Fig 
22. The heat-treated coating also appeared more porous than the untreated 
coating. The strongest electron diffraction spots that were acquired from the 
HA coatings originated from the 002 and 112 planes, which was in agree-
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ment with the XRD measurements. Fig 23 shows a step in the FIB prepara-
tion of a TEM sample.  

The HA coating crumbled during the scratch test, and smeared out along 
the path of the ball even at a low load, before starting to detach from the 
substrate, see Fig 24. A much higher load was required to finally remove the 
coating from the substrate; the critical pressure for the coating at failure was 
estimated as 2.4±0.1GPa. At this load, large pieces of the coating started to 
detach from the substrate. This can be compared with the hardness of human 
bone, which varies between 0.5 and 0.75GPa,113 and as the contact pressure 
cannot exceed the hardness of the softest material, the coating is not ex-
pected to be scraped off the substrate if applied to a screw that is fastened in 
bone. However, due to the fragile nature of the coating, which started to 
deform at low pressures, careful handling is advised.  
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Fig 20. XRD patterns for HA coatings deposited on rutile TiO2 substrates and dried 
at room temperature, or heated to 600°C or 800°C. The peaks in the patterns confirm 
the presence of HA after the deposition procedure and the gradual transformation to 
TCP when heat-treated at different temperatures.  
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Fig 21. TEM cross-section image with corresponding electron diffraction pattern of 
HA formed on rutile TiO2.  

 
Fig 22. TEM cross-section image with corresponding electron diffraction pattern of 
HA heat-treated at 600°C.  
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Fig 23. A step in the preparation of a TEM sample using FIB. The ion gun was used 
to create the grooves along the sides of the sample. The Pt deposited on top of the 
sample was for protection of the sample.  

 
Fig 24. A scratch created with the Al2O3 spherical tip in the HA coating. The left 
arrow indicates where the coating started to detach from the substrate.  

The evolution of the surface area during biomimetic growth of HA is in-
teresting, because surface interaction with cells, proteins and body fluids in 
vivo and the possibility of loading the HA with active molecules before im-
plantation are expected to be dependent on the HA surface area.114 In paper 
VI, it was shown that the surface area of the HA coating increased linearly 
during the time of measurement (0-7 days) at a rate of ~100cm2/g⋅day, see 
Fig 25. E-SEM images of the growing HA coating can be seen in Fig 26. 
Here, the appearance of the HA can be seen, with spherical crystals forming 
as early as one day after initiation, and a homogeneous layer appearing after 
3 days. The cracks in the coating after 3 days are due to the low pressure in 
the E-SEM chamber. New spherical crystals continued to form on the sur-
face still after 7 days.  
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Fig 25. Specific surface area of titanium substrate (0 days) and the increasing area of 
HA during biomimetic growth (1-7days).  

 
Fig 26. E-SEM images of a clean TiO2 surface (reference), and after immersion in 
PBS for 1, 3 and 7 days.  
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Papers VII and VIII 
In paper VII, the bacterial inhibition test indicated that the loading proce-
dure for adding antibiotics to the HA-coated titanium samples was success-
ful. Fig 27 displays the bacterial inhibition zones around the antibiotic-
loaded samples inserted in the bacterial broth. It was clear that a 15 min 
loading time was sufficient to obtain a bactericidal effect, and that the effect 
remained after 24h of release. The HA coating alone did not inhibit bacteria 
in the direct vicinity of the sample. The same result was seen for all types of 
antibiotics. The size of the inhibition zones was about the same for all sam-
ples, independent of loading time, which indicates that a 15min loading time 
is sufficient to obtain maximum effect. The release of cephalothin and amox-
icillin, monitored with UV-visible light spectroscopy, also indicated that 
15min of loading time was sufficient to obtain sufficient release of the anti-
biotic. The amount of the antibiotic released was compared with the results 
from an antimicrobial susceptibility test (E-test, Biodisk AB) which showed 
that 0.064μg of the respective antibiotic was required to inhibit the presence 
of S. aureus strain Cowan I (the same pathogen as in the bacteria inhibition 
test) in 1ml broth. This comparison showed that over every 9 to 17 minutes, 
sufficient antibiotic was released to ensure inhibition of bacteria over a ra-
dius of 1cm from the samples. The release of cephalothin was somewhat 
slower, in agreement with earlier studies where cephalothin had a higher 
affinity for binding to HA.62 
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Fig 27. Inhibition zones in the bacterial broth around the samples loaded with anti-
biotics and an unloaded reference sample.  
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In paper VIII, continuous diffusion-controlled release of cephalothin was 
achieved over 43h for both the co-loaded samples and the samples loaded 
with cephalothin alone, see Fig 28. The release rate was somewhat faster for 
the co-loaded samples during the first 5 hours of release but almost identical 
during the remaining release period. It was also possible to simultaneously 
incorporate cephalothin and clodronate to the HA coating. The loading of 
each of the components seemed to be unaffected or even improved by the 
presence of the other. The successful incorporation of BIS was indicated via 
XPS analysis; a higher Cl content in the coatings exposed to clodronate re-
vealed the presence of the BIS, see Table 7. The amount of Cl was low but it 
has been shown previously that shorter loading times promote more efficient 
loading, with an optimum at 1h of soaking.115 Nonetheless, since Cl only 
constitutes 13.3% of the clodronate molecule, the concentration of Cl at the 
surface is not a direct measure of the amount of incorporated clodronate, 
which in reality is higher. The small amount of Cl in the other coatings is 
due to incorporation of Cl from the PBS during precipitation of the HA coat-
ing. The shift of the Cl2p peak towards higher binding energies for the Cl- in 
the clodronate-containing samples indicates a different binding state for the 
Cl- ions in these samples due to a different atomic environment and supports 
the premise that clodronate is incorporated in the surfaces, see Fig 28.  

 

 
Fig 28. The left panel displays the release profiles of cephalothin from the co-loaded 
samples (upper curve) and the samples loaded with cephalothin alone (lower curve). 
The solid lines are incorporated as guides for the eye. 

The right panel shows the Cl2p peak for the different surfaces. The curves are 
based on the average values of two measurements from different samples. The dif-
ference in intensity corresponds to a difference in occurrence of Cl in the samples 
while the difference in binding energy corresponds to a difference in the atomic 
environment of the Cl- ions.  
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Table 7. Atomic concentration (%) of the different elements present in the surfaces 
of the loaded and unloaded samples.  

Sample Cl P Ca O C 

HA 0.3 12.7 17.0 62.9 7.0 

HA+Cephalothin 0.3 13.5 17.9 64.9 3.0 

HA+Clodronate 0.8 13.5 17.9 64.9 3.0 

Co-loaded 0.9 13.6 18.0 63.2 4.3 

 

The findings in these two papers (VII and VIII) show that it is possible 
to obtain a bactericidal effect from a biomimetic HA implant coating if it is 
simply immersed in a solution of the chosen antibiotic prior to implantation. 
It was shown that a 15min loading period was sufficient to obtain maximum 
efficacy, lasting up to 43h. It was also shown that it is possible to simulta-
neously incorporate antibiotics and BIS into the same coating to obtain a 
dual biological effect. These findings open up the possibility of the strategic 
incorporation of active agents to the HA coating immediately prior to im-
plantation.  

Paper IX 
In paper IX, we investigated the response of mesenchymal stem cells grown 
on native titanium oxide, anatase TiO2, HA and HA loaded with BMP-2. 
Cells were cultured on the samples for 2 days before the cell viability was 
determined. Since BMP-2 should only affect cell differentiation and not 
viability, no BMP-2-loaded samples were used in the viability analysis. The 
results from the MTT assay, displayed in Fig 29, showed that the cells pre-
ferred HA over the two titanium oxide surfaces. The results also showed that 
the cells appeared to prefer the anatase TiO2 surface to the native titanium 
oxide. The expressed levels of ALP in the cells after 1 and 2 days are dis-
played in Fig 29. It is clear that the BMP-2-loaded samples had a significant 
impact on the differentiation of the cells compared to the other samples. 
Notably, the expressed levels of ALP in the cells on the other samples are 
almost equal, suggesting that the difference in surface morphology between 
the smooth oxide samples and the porous HA samples did not affect the dif-
ferentiation behavior. ALP is always expressed in the W20-17 cells to some 
level, even when they are not differentiating. As the oxide samples are be-
lieved not to induce any differentiation, the level of ALP in the cells cultured 
on the oxide samples can be seen as a reference level. Thus, it can also be 
concluded that the HA coating alone does not induce any differentiation. 
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This is in agreement with earlier studies that also confirmes that the higher 
cell viability seen on the HA samples is related to their topography.116   

 
Fig 29. The left panel displays the results from the MTT assay and the right panel 
displays the expressed levels of ALP in the cells cultured on the different samples. 
Notably, the HA coating had a profound impact on cell viability but not on cell pro-
liferation; the addition of BMP-2 was clearly needed to induce differentiation of the 
cells.  

The morphology of the cultured cells on the samples can be seen in Fig 
30. The cells on the native titanium oxide surfaces appeared rounded, while 
the cells on the other surfaces were flattened and stretched out. This indi-
cates that the cells thrived on all surfaces except the native titanium oxide, in 
agreement with the MTT results which indicated that cell viability was low-
est on the native titanium surfaces.  
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Fig 30. SEM images of the W20-17 cells cultured on (a) native titanium oxide, (b) 
anatase TiO2, (c) HA and (d) BMP-2-loaded HA.  

The reason for the higher cell viability and the differences in cell mor-
phology on the anatase TiO2 compared to the native titanium oxide is likely 
to be found in a difference in wettability of the surfaces. The wettability of 
surfaces has a great impact on the cell response117 and the results of this 
study are in agreement with earlier work which suggested that the greater 
wettability of crystalline TiO2 compared to native titanium oxide will result 
in greater cell viability.118 The difference may also be linked to a difference 
in surface charge.118 Thus, the anatase TiO2 surface seems to provide a more 
favorable environment for cells than the native titanium oxide. However, the 
cell viability was clearly highest on the HA, which seemed to provide the 
best conditions for cell proliferation. 

The results of this paper show that it is possible to incorporate BMP-2 in-
to a biomimetic HA coating using the proposed soaking procedure. The suc-
cessful loading and the positive effect of the addition of BMP-2 was shown 
in vitro where functionalized HA evoked a response in mesenchymal stem 
cells, which started to differentiate. The HA alone did not induce this re-
sponse, even though it was shown that cell proliferation was far better on 
HA than on titanium oxide. The findings suggest that it is possible to use the 
highly biocompatible and bioactive HA coating as a carrier of BMP-2 to 
induce faster bone formation.  



 72 

Paper X 
In paper X, the biological response to HA coatings functionalized with BIS 
and BMP was studied in a sheep model using native titanium oxide implants 
as control. No local signs of necrosis were observed macroscopically with 
either the test or control samples. Moderate signs of hemorrhage were ob-
served at the level of the soft tissues surrounding the type 1 and type 2 sam-
ples. No signs of exudate were observed with either the test or control sam-
ples, except in one animal which developed a subcutaneous liquid pocket in 
the right and left femurs, graded as a marked exudate, which increased the 
mean grade of exudation similarly in all groups. 

Signs of local intolerance were only observed in one of the test 3 samples, 
where marked infiltration of lymphocytes occurred, without any significant 
implications for bone healing. Marked development of newly formed bone, 
showing characteristics of a mixture of lamellar and woven bone with os-
seous condensation, was seen over the surfaces of all samples. In terms of 
healing performance, the histology analysis demonstrated that the control, 
test 1 and test 3 samples yielded similar marked amounts of newly formed 
bone and levels of implant osseointegration. Test 2 samples showed incon-
sistent outcomes, with a slightly lower healing performance than in the other 
samples. Very few osteoclasts were observed in the vicinity of the test 3 
samples, compared with moderate numbers for the other types of implant. 
Fig 31 shows active bone deposition on a test 1 sample.  

 
Fig 31. Histologic image (×10) of active bone deposition around an implant with an 
HA coating. The black area in the image is the implant, red indicates osseous tissue 
with osteocytes (OC), the blue linings surrounding the bone are composed of active 
osteoblasts (OB) and white areas indicate bone marrow (M). 

The bone/implant contact measurements are presented in Fig 32 as the 
average differences in contact between the test samples and the control sam-
ple in each respective sheep. The displayed results are based on three values, 
as the highest and lowest values were excluded from the calculations. Fig 33 
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displays a representative SEM image on one of the samples. Images like this 
were used to calculate the bone/implant contact and the bone density. Nota-
bly, BMP-2 had a large impact on bone formation at the bottom of the sam-
ples. Here, the implants were not in contact with bone at implantation and 
BMP-2 clearly induced more bone formation along the periphery of the im-
plants under these conditions. At the sides of the implant, the results for the 
test samples were equivalent to those for the control samples (no significant 
differences). The apposition of new bone around the samples was not im-
proved by the HA coating, since the control and test 1 samples were equally 
integrated into the bone, with an average bone contact of 62% on the sides 
and 52% at the bottom. BMP-2 had no detectable effect along the sides of 
the implants, which were in contact with bone immediately after implanta-
tion. The different conditions for healing and bone formation clearly affected 
the impact of the delivered BMP-2. The test 2 samples were the only ones 
with more bone apposition at the bottom than at the sides, with about 20% 
more bone contact at the bottom. It is also notable that BIS did not affect the 
bone/implant contact. 

 
Fig 32. Relative bone contact along the sides and bottom of the test samples com-
pared with the control sample in each sheep, error bars shows the standard deviation 
for the three samples.  
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Fig 33. SEM image of an implanted sample with an HA coating functionalized with 
BIS. 

Fig 34 displays the results from the bone density measurements; the re-
sults are presented as the average difference in bone density between the test 
samples and the control sample in each respective sheep. The results are 
based on three values, since the highest and lowest values were excluded 
from the calculations. It can be seen that the delivered BIS had a significant 
impact on the bone formation around the test 3 samples. This was also con-
firmed by the histology analysis, which showed very small numbers of os-
teoclasts in the vicinity of these implants. The greatest impact was seen at 
the bottom, which suggests that the delivered BIS was most effective in 
areas where there was no bone. The lower bone density around the test 2 
samples is notable; this observation may be explained by the dual effect of 
BMP-2, which also activates apoptosis in postnatal osteoblasts.119,120 BMP-2 
has also been shown to decrease calcium deposition in vitro120,121 and the 
findings in this study suggest that the delivered BMP-2 actively promotes 
activation of newly recruited mesenchymal stem cells and osteoblast proge-
nitor cells to produce bone directly at the HA coating, while more mature 
osteoblasts already present in the bone at some distance from the implant are 
stimulated in a negative way. A higher concentration of BMP-2 in the load-
ing solution might have resulted in more effective functionalization of the 
HA coating, and subsequently more BMP-2 delivered to the tissues. This 
could have caused another biological response if the effect was dose-
dependent. The HA coating alone was not observed to have any impact on 
bone formation around the implants after 6 weeks of implantation, which is 
in line with earlier studies.122 This is, however, in contrast with the positive 
effects of biomimetic HA on bone formation observed by Barrère et al.123  
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Fig 34. Relative bone density along the sides and bottom of the test samples com-
pared with the control sample in each sheep, error bars shows the standard deviation 
for the three samples.  

The findings in this study indicate that it is possible to obtain a positive 
effect on bone formation in vivo via local delivery of active agents from 
implant coatings composed of biomimetic HA. In the future, this strategy of 
incorporating active molecules into HA coatings in the operating room im-
mediately prior to implant insertion could be employed to deliver single 
drugs or combinations of drugs (including, for example, antibiotics) from the 
implant surfaces.  

Paper XI 
In paper XI, a coating of strontium carbonate was produced by the de-
scribed mineralization method. XRD analysis proved the formation of crys-
talline sodium titanate (Na2Ti5O11) and rutile TiO2 on both samples (A and B) 
after the alkali treatment, see Fig 35, in where the XRD pattern of sample A 
after the alkali and subsequent heat treatment can be seen. Fig 35 also dis-
plays the XRD pattern for sample B after immersion in the strontium acetate 
solution and subsequent heat treatment. The peaks in the pattern indicate the 
formation of strontianite (SrCO3) on the sample, which was confirmed for 
sample A in the same way. The similarities between the formation of HA and 
strontianite coatings on sodium titanate indicate that Sr2+ interacts with so-
dium titanate in a similar way to Ca2+ and that Sr2+ can be incorporated into a 
titanate surface.  
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Fig 35. The panel to the left shows the XRD pattern of sample A prior to the stron-
tium carbonate deposition. Peaks in the pattern indicate formation of sodium titanate 
in the surface as a result of the NaOH treatment. The panel to the right shows the 
XRD pattern of the strontianite coating precipitated on sample B.  

The morphology of the strontianite coatings was examined with SEM. As 
seen in Fig 36, the appearance of the coatings differed between the two sam-
ples. Both coatings were porous, but the pore size was larger and the walls 
were thinner and more delicate on the surface of sample B. XPS analysis 
revealed strontium in both surfaces. The amount of strontium was higher in 
the surface of sample B (Sr/Ti ratio was 0.21) than in sample A (ratio 0.14).  

After immersion in SBF, the surface morphology of both samples (A and 
B) changed, as observed with SEM (Figs 36 and 37), which indicates a trans-
formation or growth of the coatings on the samples. Both surfaces were por-
ous but the coating on sample B consisted of needle-like crystals whereas the 
coating on sample A had a more random crystal structure. Spherical crystal 
formations like that shown in Fig 37b were found on both surfaces.  

It was not possible to analyze the newly formed coatings with XRD be-
cause of their limited thickness and low density.  
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 Fig 36. SEM images of the strontianite coatings on samples A (a) and B (b). 

 
Fig 37. SEM images of the strontianite coatings on sample A (a) and B (b) after 
immersion in SBF. 

XPS analysis showed that calcium and phosphate were present in both 
surfaces and titanium and strontium were still detectable after immersion in 
SBF. The Sr/Ti ratio of sample A was 0.03, compared with 0.14 prior to SBF 
immersion, which indicates a release of Sr2+ or dissolution of the strontianite 
film during the formation of the new coating. Some strontium is believed to 
have been present as a substitution for calcium in the newly formed CaP 
coating on the surface, because the Ca/P ratio in the coating was 1.38 but the 
(Ca+Sr)/P ratio was 1.64, which is consistent with the Ca/P ratio of stoichi-
ometric HA (1.67). On the other hand, in the second surface (sample B), the 
Sr/Ti ratio only dropped from 0.21 to 0.19, suggesting that most of the stron-
tium was still present in the surface. XPS data proved that the calcium con-
tent of this coating was very low, with a Ca/P ratio of 0.08, suggesting that a 
type of strontium phosphate (SrP) coating with low calcium content had 
formed on the surface. This indicates slower release of Sr2+ from this sur-
face, which would have enabled the formation of an SrP coating on the sur-
face instead of a calcium-rich structure. It is not clear whether this SrP coat-
ing will transform into an HA-like structure with time but it is not unlikely, 
as this was seen when a glass-cement system containing strontium was im-
mersed into SBF.124 

It was clear that the strontium was more tightly bound to surface B, prob-
ably due to the increased stability of the heat-treated strontianite coating and 
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the incorporation of Sr2+ into the sodium titanate surface following strontium 
exposure. This resulted in a more moderate release of Sr2+ into the SBF solu-
tion but it also hindered the immediate formation of an HA-like structure on 
the surface.  

The formation of an apatite structure on surface A after immersion in SBF 
proved the concept of strontium release from a bioactive surface on a tita-
nium substrate. The formation of an SrP layer on surface B suggests possible 
bioactivity at this surface, with the slow release of strontium.  Depending on 
the method, the release rate of strontium ions from the surface could be al-
tered; the results suggest the possibility of tailoring the rate at which stron-
tium is to be released from the surface. 

For the first time, a way of producing a stable bioactive surface with a 
strontium carbonate coating for local delivery of strontium ions has been 
presented in this study. It is suggested that this treatment/coating procedure 
could be employed for orthopedic or dental implants to improve the bone 
healing process following implantation and to ensure the long-term stability 
of the implant.  

In the future, it would be very interesting to perform further studies on the 
nature and adhesion of the strontianite films and the bioactivity of the sur-
faces. By increasing the duration of the in vitro bioactivity test, thus letting 
the CaP coatings grow thicker, it should be possible to improve the bioactivi-
ty analysis. It would also be very interesting to carry out in vitro studies in-
vestigating the cell response and to investigate the biological response of the 
surfaces in vivo.  
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Concluding remarks  

This work may at first glance appear a bit uneven, with scattered results and 
numerous tracks and sub-tracks. However, the aims of the thesis were inten-
tionally wide: to investigate the possible use of ceramics to improve the the-
rapeutic effects of various biomedical applications or to act as carriers of 
antibiotics or other substances to obtain a local effect at the site of prosthetic 
implants. With this in mind, it can be seen that some unique features of ce-
ramics have been demonstrated and that these materials can offer new and 
thrilling possibilities in the biomedical applications presented.  

The work was divided into two tracks: one dealt with the oral administra-
tion of opioids and the other with the development of functional implant 
coatings. In the first track, it was shown that geopolymers can offer new 
possibilities in the development of safe oral dosage forms. The mechanical 
strength and chemical durability of geopolymers provide desirable stability 
to the dosage form and the porosity can be altered to adjust the release rate 
of the incorporated drug. The proposed material strategy is believed to re-
duce the risk of dose dumping from controlled release dosage forms. A 
number of different drugs can be incorporated in the geopolymer composi-
tions, whose properties can be adjusted by tuning the synthesis conditions 
and constituents. The choice of precursor powder affected the properties of 
the geopolymers: synthetic aluminosilicates produced fully mesoporous bo-
dies. The geopolymeric dosage forms were cast in Teflon moulds, in an easy 
and flexible procedure, to the desired shapes.  

In the other track, biomimetic coatings of hydroxyapatite were functiona-
lized with antibiotics, proteins and bisphosphonates to obtain a local effect in 
the direct vicinity of prosthetic implants. This was done by a simple soaking 
procedure which also enabled the simultaneous loading of antibiotics and 
BIS to a coating in order to obtain a dual effect. The positive effect of anti-
biotic-functionalized hydroxyapatite was demonstrated in vitro; the release 
of antibiotics continued for almost two days with a satisfactory bactericidal 
effect. The effects of BMP-2-loaded hydroxyapatite were shown both in 
vitro and in vivo: it was shown that BMP-2-functionalized hydroxyapatite 
induced differentiation of mesenchymal stem cells and more bone formation 
at the surface of implants than pure titanium. The effect of BIS-
functionalized hydroxyapatite was evinced in vivo: the BIS had a positive 
influence on the bone density around the implants. These results indicate that 
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the biomimetic hydroxyapatite coating acts as a carrier of active agents that 
can be loaded into the implant surfaces immediately prior to surgery. This 
flexible process makes it possible to tailor the functionalization of the im-
plant to individual patients.  

Finally, it was shown that it is possible to coat titanium substrates with 
strontium carbonate via a biomimetic method. This coating is believed to 
slowly degrade in vivo to release Sr ions that have been shown to have a 
positive impact on bone formation. The properties of the coating can be al-
tered by varying the deposition conditions.  
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Analysis techniques 

X-ray diffraction 
XRD is a technique used to determine the periodical arrangement of atoms 
in crystalline materials. The atoms in such materials are ordered in well-
defined, long-range patterns, with lattice parameters in the sub-nanometer 
range that allow for diffractive interaction with interfering X-rays. When a 
planar wave of monochromatic X-rays is scattered elastically against the 
atomic planes in a crystalline solid, see Fig 38, the reflected beams undergo 
constructive or destructive interference according to Bragg’s law: 

nλ = 2dsinθ    (2) 

where n denotes an integer, λ is the wavelength of the X-rays, d is the lattice 
plane distance and θ is the angle between the incident wave and the scatter-
ing planes. Constructive interference only occurs when the phase shift 
2dsinθ is a multiple of the wavelength and an XRD pattern is achieved by 
measuring the intensity of a reflected XRD wave at different angles com-
pared to the sample. The peaks in the obtained pattern correspond to diffrac-
tion against different scattering planes in the material, and these peaks can be 
used to establish the atomic arrangement in the sample. As each crystalline 
material has its own unique atomic arrangement, XRD is a prectical method 
for phase determination of solids. 

 
Fig 38.Illustration of X-ray scattering against the planar arrangement of atoms in a 
sample. 

In this work, two Siemens/Bruker D5000 diffractometers with different se-
tups have been used for powder and thin-film characterizations.  
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X-ray photoelectron spectroscopy 
XPS is a quantitative analysis technique used to determine the elemental 
composition and chemical state of the elements at the surfaces of solids. The 
technique utilizes the photoelectric effect, first explained by Albert Einstein 
in 1905, which describes how electrons in a solid can be excited and emitted 
from the surface by irradiating the surface with photons. When a solid is 
irradiated with X-rays, the photon energy can be transferred to the core elec-
trons in the surface atoms, see Fig 39. If the transferred energy is high 
enough, the electrons can escape from the atoms and, if they are close to the 
surface of the sample (<10nm), they may leave the surface without losing 
any of their kinetic energy. The electrons emitted from the surface are re-
ferred to as photoelectrons. By recording the kinetic energy of the photoelec-
trons, the binding energies of the emitted electrons can be calculated (if the 
X-rays are monochromatic) according to the following formula: 

Eb = hν − Ek    (3) 

where Eb is the binding energy of the electrons in the solid, hν is the energy 
of the X-rays and Ek is the kinetic energy of the emitted electrons. Since the 
binding energies of electrons can be recorded, and the discrete binding ener-
gies are distinctive for different elements, the elemental composition of a 
surface can be determined by analyzing the kinetic energies of the photoelec-
trons. The atomic concentrations of the elements in the surface can be calcu-
lated by recording the numbers of emitted photoelectrons corresponding to 
each element. The chemical binding state of the elements is determined by 
analyzing small shifts in the binding energy of the emitted electrons. 

 
Fig 39. Illustration of photo-induced emission of an electron from a core shell in an 
atom. 

All XPS measurements in this work were made with a Phi Quantum 2000 
from Physical Instruments. A monochromatic Al-Kα X-ray source was used 
at all times. 
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Scanning electron microscopy 
SEM is a technique employed for visualization of surfaces, with high magni-
fication. The use of electrons instead of photons, as in a light microscope, 
enables far greater magnification because of the shorter wavelength of elec-
trons. Because the electrons in an SEM are accelerated against the sample 
with a well-defined voltage, the focal depth in an SEM is superior to that in a 
light microscope, where photons with different energies refract differently in 
the lens system. In an SEM, an accelerated beam of electrons is scanned over 
the surface and, when the electrons hit the surface of the sample, they are 
scattered against the atoms in the surface. When the interfering electrons 
collide and are scattered inelastically against electrons in the surface, surface 
electrons will be emitted from the solid. These emitted electrons are called 
secondary electrons and they can be recorded to create a topographic image 
of the surface. The number of secondary electrons emitted from each point 
of the surface depends on the morphology of the surface: electrons near 
edges or delicate structures are more easily emitted. Placing the detector on 
the side of the sample can enhance the topographic information; this gives a 
shadowing effect to the image as electrons emitted from structures facing 
away from the detector will not be recorded. The interfering electrons can 
also be scattered elastically against the nucleus in the surface to return back 
out of the sample. These electrons are called backscattered electrons and 
they can be recorded to create an image with contrast, based on the differ-
ences in the atomic numbers of the elements in the sample. Heavier elements 
scatter the electrons more effectively due to the greater charges of their nuc-
lei and these will therefore provide more backscattered electrons.  

Three SEMs were used in this work. In papers IV and V, a LEO 440 
SEM from Zeiss with a tungsten filament was used. In paper VI, images 
were taken with an FEI/Phillips XL30 environmental scanning electron mi-
croscope (E-SEM). Otherwise, a LEO 1550 microscope from Zeiss, 
equipped with a field emission electron gun, was used consistently for SEM 
analysis. In paper X, a backscatter detector was used to create images with 
compositional contrast.  

Electrophoretic light scattering 
ELS is used for zeta-potential measurements of charged particles in colloidal 
suspensions. The actual surface charge of particles is difficult to establish by 
any measuring technique but the closely related zeta-potential is easily 
measured using light-scattering techniques. The zeta-potential is related to 
the surface charge of the suspended particles at different pHs and describes 
the electric potential in the surrounding layer of counter ions that is formed 



 85

around the particles by electrostatic interaction between the charged surface 
and ions present in the medium, see Fig 40.  

 
Fig 40. Illustration of a charged particle in solution with counter ions present at the 
surface.  

The measurement is based on the motion of the suspended particles when 
they are exposed to an electric field, where the velocity of the moving par-
ticles depends on the zeta-potential. By illuminating the moving particles 
with a laser, the velocity can be determined using laser Doppler velocimetry. 
When the particles move in the medium, they scatter the light in a manner 
corresponding to their velocity, and the measured velocity is used to calcu-
late the zeta-potential according to the Henry equation: 

ζ =
3ην
2εfH

    (4) 

where ζ is the zeta-potential, η is the viscosity of the medium, ν is the veloci-
ty of the particles, ε is the dielectric constant of the medium and fH is Hen-
ry’s function, with a value of 1.5 in aqueous media.  

For the zeta-potential measurements in this work, a Nicomp™ 380 ZLS 
from Nicomp Inst Corp. was used in paper I and a Zetasizer nano from 
Malvern was used in papers II and III. All measurements were performed 
with a 0.001M KCl electrolyte with the pH adjusted using 0.01M NaOH and 
0.01M HCl. 

Gas sorption analysis 
Gas sorption analysis is used to assess the surface area and porosity of meso- 
and micro-porous materials, i.e. materials containing pores with diameters of 
50nm or less. The technique is based on the gradual multilayer formation of 
physisorbed gas molecules on solid surfaces at different pressures (and con-



 86 

stant temperature). An isotherm can be obtained by letting inert gas mole-
cules such as N2 or Ar adsorb onto a sample; the amount of adsorbed gas 
species is then measured at different gas pressures. From this isotherm, the 
surface area can be calculated using the BET method described by Brunauer, 
Emmett and Teller, 1938.125 In this method, the area of the first fully cover-
ing monolayer of adsorbed gas species, as obtained from the isotherm, 
equals the surface area of the material.  

Information about the porosity can be obtained by measuring the amount 
of adsorbed gas molecules at very low pressures up to the saturation pressure 
of the gas, and then allowing the molecules to desorb by a gradual decrease 
in pressure. When the pressure in the confined sample container is increased, 
the gas starts to condense in the pores, which are eventually filled with liq-
uid. The gradual increase in pressure leads to a stepwise filling of condensed 
gas in the solid; pores with the smallest dimensions are filled first. When the 
saturation pressure is reached and the solid is filled with liquid, the pressure 
is gradually decreased to allow the adsorbed molecules to evaporate from the 
sample. This result in a hysteresis in the isotherm as the molecules leave the 
pores via a meniscus formed by the condensed gas, see image 40. Adsorp-
tion occurs by the gradual development of multilayers on the surface; a me-
niscus is formed first when a pore is completely filled with condensed gas. 
When a meniscus is formed, desorption is governed by the curvature of the 
meniscus, taking place at a lower pressure than the pressure needed to fill the 
pore.126 

 
Fig 41. Illustration of a gas sorption isotherm. The hysteresis in the isotherm is due 
to differences in pressure between condensation and vaporization of the gas mole-
cules present in the mesopores.  
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The desorption branch of the isotherm is used in the BJH method de-
scribed by Barret, Joyner and Halenda in 1951127 to calculate the pore vo-
lume and pore size distribution, according to a modified version of the Kel-
vin equation. The use of the BJH method is widespread but it is known to 
underestimate the size of the pores and is sensitive to the so-called tensile 
strength effect, which introduces artifacts to the pore size distribution.128 The 
more modern methods based on density functional theory (DFT) provide a 
better instrument for determining the porous properties of the examined ma-
terials.128 DFT calculations are based on statistical mechanics, where com-
plex mathematical modeling of gas-solid and gas-gas interactions together 
with geometric consideration of the pores is used to derive the amount of 
adsorbed gas at different pressures. The obtained data is then compared with 
the experimental isotherm to assess the pore size distribution and the total 
pore volume.  

The shape of the hysteresis in the isotherm can provide information on the 
geometry of the pores.  

All the gas sorption measurements carried out in this work were per-
formed on an ASAP 2020 from Micromeritics. All samples were adequately 
degassed prior to analysis to remove adsorbed water from the surfaces.  

UV-visible light spectroscopy 
UV-visible light spectroscopy (UV-Vis) is a method used to measure the 
concentration of organic molecules in liquids. Organic molecules, especially 
those with a high degree of conjugation (molecules with alternating single 
and multiple bonds in their structures), contain electrons with low excitation 
energies that can absorb photon energy when irradiated with light in the UV-
visible light spectral region. These electrons can only absorb photons with 
certain energies via transition to discrete energy levels in the molecule, 
which are distinctive for different molecular structures. This makes it possi-
ble to measure the concentration of a certain molecule in solution by measur-
ing the absorbance of light transmitted through the solution with a characte-
ristic absorbance wavelength for that molecule.  

In this work, a Shimadzu UV-1650pc was used for release measurements 
in papers VII and VIII. The same equipment was used in paper III for 
concentration measurements of oxycodone.  

Compression strength testing 
The compression strength is the maximum stress that a material can endure 
without breaking when subjected to compressive forces. By applying an 
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increasing compressive force to a sample with a specific cross-sectional area 
until the sample breaks, the compressive strength can be calculated by the 
following equation:  

σmax =
Fbreak

A
   (5) 

where σmax is the compression strength, Fbreak is the applied force leading to 
breakage of the sample and A is the cross-sectional area of the sample. The 
compression strength is a common measure of the mechanical stability of 
ceramic materials, as opposed to metals and polymers where the tensile 
strength is a more common measure. The tensile strength of ceramics is 
usually poor due to their brittle nature which, together with the omnipresent 
flaws in the materials which serve as tensile stress raisers, causes ceramics to 
break at substantially lower tensile stresses than predicted by the strength of 
the interatomic bonds.1 This behavior often causes ceramics to break without 
any plastic elongation when subjected to an applied tensile force. In contrast, 
when ceramics are subjected to compressive forces, the internal flaws do not 
act like stress raisers. Thus, the mechanical strength of ceramics during 
compression is superior to the tensile strength.   

In this work, an Autograph AGS-H universal testing machine from Shi-
madzu was used for all compression strength measurements.  

Scratch testing 
A scratch test can be used to estimate the adhesion of a coating deposited on 
a substrate. In paper IV, a spherical tip of Al2O3 was used to create a scratch 
in the HA coating; the tip was pressed against the sample with an increasing 
load. The scratch test velocity was 10mm/min and the load rate was 
100N/min; thus, each millimeter equaled a 10N increase in load. The critical 
load at failure was obtained by studying the scratch in an optical microscope 
and the critical contact pressure was calculated according to the Hertz equa-
tion: 

p0 = −0.578
FN ⋅ E '2

R2

 

 
 

 

 
    (6) 

where p0 is the contact pressure, FN is the applied load, E’ is the weighted 
E-modulus for the substrate and the Al2O3 tip, and R is the radius of the tip. 
An Al2O3 tip was used to ensure that all deformation was confined to the 
coated titanium substrates. The radius of the tip was 3mm; since the thick-
ness of the coating was so small compared to the contact area, it had a neg-
ligible influence on the contact pressure. Thus, only the mechanical proper-
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ties of the tip and the titanium substrate (Table 7) were used in the determi-
nation of E’ according to the following expression:  

1

E '
=

1 −ν 2
sub

Esub

+
1−ν 2

tip

Etip

   (7) 

where E denotes the E-modulus and ν is the Poisson ratio.  

Table 7. Mechanical properties of the substrate and alumina tip.  

Material E-modulus (GPa) Poisson ratio 

Titanium (grade 2) 110 0.32 
Al2O3 386 0.22 
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Svensk sammanfattning 

Keramer är oorganiska material som ofta saknar metalliska egenskaper så-
som elasticitet och elektrisk samt termisk ledningsförmåga. De består av 
föreningar mellan metalliska och icke-metalliska atomslag där atomerna är 
arrangerade i komplexa strukturer och hålls samman av kovalenta bindningar 
och/eller jonbindningar. Exempel på keramer är bl.a. aluminiumoxid, titan-
nitrid eller volframkarbid och de kännetecknas ofta av hög isolationsförmå-
ga, extrem formstabilitet, hög smälttemperatur och hög kemisk stabilitet.  

Lergods och porslin är tidiga exempel på keramiska material som tillver-
kas av lera som formas för att sedan ”brännas” vid hög temperatur. Vid den-
na process avlägsnas vattnet ur leran och värmen gör att lerpartiklarna reage-
rar med varandra och solidifierar (bildar en kropp). Sintring kallas en lik-
nande tillverkningsmetod som används för att producera en mängd olika 
keramiska material där låg porositet, hög nötningsstyrka och kemisk stabili-
tet är önskvärt. Vid denna process kompakteras ett pulver i en form som 
sedan värmebehandlas vid hög temperatur vilket gör att partiklarna reagerar 
med varandra och bildar en kompakt kropp. Ett annat exempel på keramiska 
material är de som bildas genom en kemisk reaktion mellan vatten och vissa 
vattenlösliga keramiska ursprungsmaterial, t.ex. kalciumsilikater (byggce-
ment), kalciumsulfater (gips) och aluminiumsilikater. Dessa material bildas 
vid rumstemperatur genom att ursprungsmaterialet löses upp i vattnet och 
sedan faller ut i nya former i en process där vattnet konsumeras för att till 
slut ingå i det nya materialet. Dessa material blir alltid porösa och därmed 
också mer mekaniskt instabila jämfört med sintrade keramer och de har lägre 
kemisk stabilitet. 

Den stora variation i egenskaper som återfinns hos keramer gör dem in-
tressanta i en mängd olika applikationer och målet med detta arbete har varit 
att studera hur några av dem kan användas som läkemedelsbärare eller som 
en reservoar av joner som långsamt ska frisättas i olika medicinska samman-
hang.  

En del av arbetet handlade om att använda geopolymerer för att tillverka 
pellets för oral administrering av högpotenta opioider. Geopolymer är ce-
mentliknande material som bildas genom en kemisk reaktion mellan alumi-
niumsilikat i pulverform och en alkalisk vattenlösning. Genom denna reak-
tion bildas polymera enheter som formar en amorf sammanhållande struktur. 
Materialet blir poröst och har liknande egenskaper som byggcement, men 
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med bättre kemisk stabilitet. Porerna hos geopolymerer är i stor utsträckning 
sammankopplade i ett nätverk vilket gör dem permeabla för olika sorters 
vätskor. Detta oordnade nätverk av porer går att modifiera vilket möjliggör 
justering av diffusionshastigheten hos molekyler som befinner sig i porsy-
stemet, vilket är intressant i detta fall eftersom det enkelt går att inkorporera 
läkemedel i geopolymerer som sedan långsamt får diffundera ut ur struktu-
rerna. Långsam frisättning från läkemedelsformuleringar är önskvärt vid en 
rad olika kliniska indikationer, däribland svår kronisk smärta som bäst be-
handlas med opiater eller deras syntetiska motsvarigheter opioider. Oral 
administrering av högpotenta opioider är svårt eftersom de snabbt tas upp av 
kroppen och de har ett smalt terapeutisk fönster, d.v.s. skillnaden mellan en 
terapeutisk dos och en toxisk dos är liten. Detta gör att läkemedelsbäraren 
som ska frisätta läkemedlet under en längre tid inte får riskera att falla sön-
der på grund av mekaniska eller kemiska påfrestningar under passagen ge-
nom mag-tarmkanalen. Om läkemedelsbäraren faller sönder kan det resultera 
i en snabb frisättning av hela dosen med ödesdigra konsekvenser. För detta 
ändamål tillverkades en rad olika geopolymerer som analyserades och sedan 
användes som bärare av olika läkemedel där frisättningen studerades in vitro. 
Egenskaperna hos geopolymererna gick att justera genom att variera ur-
sprungsmaterial och syntesparametrar, och det gick att tillverka geopolyme-
rer där porerna var 35nm eller mindre i diameter varifrån frisättningsprofi-
lerna var näst intill linjära.  

Den andra delen av arbetet handlade om att använda keramiska belägg-
ningar som läkemedelsbärare på implantatytor. Här användes en biomim-
etisk metod för att belägga titan med hydroxyapatit, ett material som till stor 
utsträckning påminner om mineralfasen i ben. Detta material möjliggör en 
bra interaktion mellan ben och implantat men kan också användas till att 
leverera olika typer av läkemedel till vävnaden som omger implantatet. 
Biomimetisk hydroxyapatit är poröst och har en stor aktiv yta som gärna 
interagerar med laddade molekyler och joner, vilket gör det möjligt att funk-
tionalisera hydroxyapatit med olika läkemedel som sedan kan frisättas under 
en längre tid in vivo. Intressanta läkemedel i dessa sammanhang är t.ex. anti-
biotika eller substanser som påverkar läkeprocess positivt efter operation. 
Resultaten visade att det, på ett enkelt sätt, var möjligt att funktionalisera 
hydroxyapatit med både antibiotika och bisfosfonater, dels var för sig men 
även tillsammans. Frisättningen av antibiotika pågick i mer än 40 timmar 
och verkade hämmande på bakterietillväxt nära ytan. Det visade sig också 
vara möjligt att funktionalisera hydroxyapatit med tillväxtfaktorer som sedan 
påverkade stamceller att differentiera mot att bli benbildande celler. I denna 
del av arbetet framställdes även implantatbeläggningar av strontiumkarbonat 
genom en liknande biomimetisk beläggningsmetod. Dessa beläggningar är 
tänkta att långsamt lösas upp in vivo för att frisätta strontiumjoner. Strontium 
i lagom dos påverkar benläkningsprocessen positivt genom att stimulera 
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celler, vilket kan korta ner konvalescenstiden efter operation och förbättra 
infästningen av implantat om det frisätts från ytan. Det visades att upplös-
ningshastigheten hos beläggningarna gick att styra genom värmebehandling 
och att de i olika grad interagerar med joner i simulerad kroppsvätska, joner 
som ackumulerades och bildade benlika skikt på beläggningarna. 

Resultaten från detta arbete visar på bredden av egenskaper hos vissa ke-
ramiska material och hur dessa kan utnyttjas i olika medicinska samman-
hang. De låga tillverkningstemperaturerna, porositeten, de ytaktiva och bio-
kompatibla egenskaperna, de mekaniska egenskaperna och lösligheten är 
exempel på faktorer som utnyttjades i syfte att leverera läkemedel och joner. 
Möjligheten att styra egenskaperna hos dessa material gjorde det möjligt att 
justera hur snabbt läkemedel- och jonfrisättningen skulle ske, vilket i framti-
den gör det möjligt att skräddarsy lösningar utifrån behov.  
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