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More than one million people worldwide receive some kind of bone graft each year. Grafts are
often needed following bone tumour removal or traumatic fractures to fill voids in the bone
and to aid in the healing process. The most common method involves bone transplantation,
in which bone tissue is taken from one site to fill the defect in another site. The procedure
thus involves two surgeries, which leads to an increased risk of complications. New, synthetic
graft materials that can be used to fill defects and minimise the complications associated with
bone tissue harvesting are therefore necessary. The synthetic materials available today lack the
inherent biological factors of bone that stimulate the bone regeneration process. Much of today’s
research concerning synthetic bone graft materials aims to solve this issue and researchers have
suggested several different strategies.
The purpose of this thesis is to improve the performance of acidic calcium phosphate cements,
which are materials used as synthetic bone grafts. By combining these cements with drugs or ion
additives, local delivery could be achieved with the potential to stimulate bone formation. Two
different combinations were attempted in this thesis: cement in combination with simvastatin, or
cement in combination with strontium halide salts. Both simvastatin and strontium are known to
positively affect bone formation. The efficacy of the cements with the additives was evaluated
using different bone cell cultures. The results regarding simvastatin showed that the cement’s
mechanical property was not affected upon drug loading, and that the drug was released by a
diffusion-controlled mechanism. Moreover, results showed that simvastatin stimulated the boneforming cells (osteoblasts) to produce more bone tissue, while it inhibited bone-degrading cells
(osteoclasts) from degrading the cement. These findings suggest that simvastatin could aid in
the bone regeneration process in the local area surrounding the cement.
The main purpose of the study using strontium halide salts was to increase the cement’s Xray contrast, which is a property used to monitor cement during injection. In addition, strontium
is believed to positively affect bone cells. The X-ray contrast did increase after the addition of
10 wt% strontium bromide or strontium iodide, while the cell study results did not indicate any
significant effects on the bone-forming cells.
In the last section of this thesis, zebrafish were used as a model to evaluate bone formation
upon treatment with degradation products from synthetic bone grafts. The zebrafish is a small
organism with 70 % gene homology to humans; due to its transparency, fast development and
ease of handling, it is an interesting model for high-throughput studies. Silicate, which is an ionic
degradation product of many different bone substitute materials, was used as a proof-of-concept
to visualise bone formation in these fish. The results showed an increased bone formation upon
treatment with 0.625 μM silicate ions. The results suggest that this model could be used as a
complement to bone cell culture studies in pre-clinical evaluations of the degradation products of
bone substitute materials, thus helping researchers to design materials with degradation products
that could stimulate bone formation.
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RANKL
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Runt-related transcription factor 2
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Scanning electron microscopy
Vascular endothelial growth factor

Introduction

Most of the work in this thesis aimed to modify synthetic bone grafts, in
particularly acidic calcium phosphate cements (CPCs), to better suit the clinical needs. One of the clinical concerns regarding synthetic bone grafts is
their lack of stimulatory effect that enhance bone healing. A necessity for
patients with compromised bone quality and thus poor bone formation. In
this thesis, cements were combined with additives, which are known to positively affect bone formation.
Bone grafts are needed when bone’s natural healing capacity is not
enough to bridge the defect, e.g. when the defect size is large, after a tumour
removal or traumatic fracture, or when the bone regeneration capacity is
compromised, as in osteoporotic bone [1]. Every year, a few million patients
worldwide need bone grafts [2]. A bone graft is defined as any material that
promotes the bone healing process by providing osteogenic, osteoconductive
or osteoinductive activity to the defect site. Osteogenic material contains
cells or precursor cells that can differentiate to bone-forming cells. Osteoconductive materials are scaffolds that facilitate bone ingrowth, and osteoinductive materials provide a biological stimulus that induces bone formation [3, 4].
The current gold standard is autologous bone grafts, in which bone tissue
is harvested from the patient’s iliac crest and placed in the defect. This approach has many drawbacks including additional surgery, limited supply of
bone tissue and donor site morbidity [3]. Other options involve taking bone
tissue from human or animal cadavers, which includes the risk of disease
transfer and immune rejection [3, 5]. Considering the drawbacks of naturally
derived bone grafts, it is not surprising that the number of synthetic bone
grafts has increased in recent years. The price of synthetic materials is generally lower than that of naturally derived ones, and because the performance
of synthetic materials is constantly improving, a growing market is predicted
[2].
The ideal synthetic graft should have mechanical properties similar to
bone to support load, and the material should be degradable so it can eventually be replaced with natural bone. In addition, it should be osteoconductive
and/or osteoinductive to promote bone ingrowth and stimulate bone healing
[2, 4].
The work in this thesis was limited to acidic CPCs, which are synthetic
bone grafts known to be osteoconductive and degradable [6]. A special em11

phasis is given to the cell-mediated degradation of the material and additives
stimulating bone formation. Additives studied in this thesis was statin and
strontium. The efficacy of the cement-additive combinations was evaluated
using bone cell cultures. In addition, zebrafish was tested as a potential in
vivo model to study the affect of ionic compounds on bone formation. The
ionic compound tested was silicate, which is a degradation product of some
synthetic bone grafts.
The following sections will provide the necessary background for the
findings presented in this thesis.
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Bone

The human skeleton is designed to protect vital organs and serve as a
framework for muscles and locomotion. In addition, bone acts as a reservoir
for minerals, such as calcium and phosphate, and regulates the concentrations of the mineral ions in the body. The cavities of the larger bones contain
bone marrow, which is the major source of multipotent cells and the primary
site for the production of blood cellular components [7, 8].

Bone structure
Bone has an exceptional toughness and strength, which enables it to withstand high loads without breaking. The mechanical properties of bone are
based on its unique material composition and the three dimensional organisation of the bone structure. Bone is composed of roughly 60 % inorganic
calcium phosphate minerals, which primarily includes calcium deficient
hydroxyapatite; 30 % organic material, which is mainly collagen; and 10 %
water. While the collagen provides toughness to the bone, the minerals contribute to its strength [8, 9].
Based on the macroscopic structure, one can distinguish two types of
bone tissue. The first type is highly dense cortical bone, which has 10 %
porosity and relatively few cells. Cortical bone is composed of structural
units of osteons, which can be described as cylinders with several bone layers arranged around a Haversian canal; this canal is a cavity with blood vessels and nerves (Figure 1). The osteons are aligned in the longitudinal direction of the bone and can thus provide higher strength in that direction. The
second type of bone is trabecular bone, which has a porosity of 50–95 % [9].
It is more metabolically active than cortical bone due to its larger surface
area and higher number of cells.
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Figure 1. The illustration shows the structures of cortical bone, which is composed
of cylindrical-shaped osteons arranged around Haversian canals containing blood
vessels (Illustrated by Matilda Salmén).

Bone remodeling
Bone is a dynamic tissue that is actively renewed throughout a lifespan. The
strength and integrity of bone depends highly on the repair of micro-cracks
that arise upon load. Bone cells are the machinery responsible for the repair.
The maintenance of bone is known as remodeling, and it implies the removal
of old bone matrix by osteoclasts and the production of new bone matrix by
osteoblasts (Figure 2). It is a highly regulated process with crosstalk between the different types of bone cells. This crosstalk is critical to achieve a
balance between bone resorption and bone formation. If the remodeling balance is disrupted, pathological disorders can occur, such as osteopenia or
osteoporosis involving a net loss of bone. At the other extreme, osteopetrosis
is a disorder that involves a net excess of bone [10, 11].
Three highly specialised cell types are associated with bone tissue; the
sections below describe each cell type in more detail.

Osteoblast
Osteoblasts are responsible for the production of bone matrix. They are derived from multipotent mesenchymal stem cells (MSC), which can also differentiate to other cells, such as adipocytes (fat tissue cells) and myoblasts
(muscle tissue cells) [12, 13]. Bone morphogenic proteins (BMPs), especially bone morphogenic protein-2 (BMP-2), are among the regulatory factors
14

known to be important in MSCs’ commitment to differentiate into osteoblasts. Runt-related transcription factor 2 (Runx2) is another essential factor
in osteoblast differentiation and function. Runx2 up-regulates several osteoblast-associated proteins that are needed for bone matrix production, such as
alkaline phosphatase (ALP), collagen type I, bone sialoprotein and osteocalcin [12, 14] (Table 1).
Once MSCs are committed to differentiate into osteoblasts, the following
series of events take place. In the first proliferative phase, the cells undergo
morphological changes and become large and polygonal. At this stage, the
cells express high amounts of ALP and are called pre-osteoblasts. In the
following maturation phase, the pre-osteoblasts differentiate into osteoblasts
and begin expressing high levels of matrix proteins, such as collagen type I,
bone sialoprotein and osteocalcin (see Table 1). During the last mineralisation phase, the mature osteoblasts begin mineralising the extracellular matrix
by depositing calcium phosphate minerals into the organic protein matrix
[12].
When osteoblasts have ended their matrix production activity, they have one
of three possible outcomes: apoptosis (cell death), becoming lining cells
(resting state) or differentiating into osteocytes [13, 15].
Table 1. A selection of the main markers of osteoblast differentiation [14].
Name

Type

Primary function

Runx2
ALP

Transcription
factor
Enzyme

Collagen type I
Bone sialoprotein

Matrix protein
Matrix protein

Osteocalcin

Matrix protein

Essential transcription factor needed for the differentiation of MSC into osteoblasts
Increases the local concentration of phosphate ions
needed for mineralisation and mineral growth
The main organic constituent of bone matrix
Binds calcium ions and promotes the nucleation of
mineral
Regulates mineral growth, size and quantity during
mineralisation
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Figure 2. Osteoclasts are derived from monocyte/macrophage cell lineage and resorb bone matrix, while osteoblasts are derived from MSCs and produce new bone
matrix. The osteocytes are embedded within the bone matrix and are responsible for
signal transduction (Illustrated by Matilda Salmén).

Osteoclast
Osteoclasts degrade bone matrix in a process known as bone resorption.
They are derived from hematopoietic cells of a monocyte/macrophage linage. Osteoclasts are large multinucleated cells formed by the fusion of several osteoclast precursor cells. Two factors are essential for osteoclast differentiation: the macrophage colony stimulatory factor (M-CSF) and the receptor activator of nuclear factor kappa B ligand (RANKL). M-CSF is secreted
by osteoblasts and is crucial for the survival and proliferation of osteoclast
precursor cells [16]. The second factor, RANKL, is mainly a membranebound protein on osteoblasts; however, some soluble RANKL is also secreted by the osteocytes. RANKL binds to its receptor (receptor activator of
nuclear factor kappa B; RANK), which is expressed on the osteoclast precursor cells and activates the fusion and differentiation process. A third factor, osteoprotegerin (OPG), is also secreted by osteoblasts. OPG is a soluble
receptor that binds to RANKL and prevents its interaction with RANK;
therefore, the ratio between RANKL and OPG controls osteoclast differentiation [11, 12] (Figure 3).
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Figure 3. Crosstalk between osteoblasts and osteoclasts. M-CSF and RANKL,
which are produced by osteoblasts, are essential to the survival and differentiation of
osteoclast precursors into mature bone resorbing osteoclasts. OPG is a soluble receptor that is also produced by osteoblasts; it competes for the RANK binding site (Illustrated by Matilda Salmén).

Once the osteoclastic differentiation has begun, the cell membrane undergoes complex polarisation, resulting in a mature resorbing osteoclast. The
sealing zone, which is a ring structure rich in F-actin, tightly attaches the cell
membrane to the bone matrix to form an isolated extracellular compartment
beneath the osteoclast. This compartment is known as the resorption lacuna.
Irregular, finger-like extrusions are formed from the membrane that faces the
resorption lacuna; these extrusions are known as the ruffled border. This
border contains enzymes (proteinases) and ion channels [16]. The osteoclast
first pumps protons into the resorption lacuna through the ion channels and
acidifies the environment. The low pH in the resorption lacuna dissolves the
bone mineral and exposes the organic components of bone. In the next step,
enzymes, such as cathepsin K and tartrate resistant acid phosphatase
(TRAP), are secreted into the resorption lacuna. While cathepsin K degrades
collagen type I, the role of TRAP is not fully understood [17, 18]. However,
TRAP is often used as a marker for osteoclast differentiation along with cells
that are being multinucleated [13].
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Osteocyte
Osteocytes are mainly responsible for signal transduction. They are the most
abundant cell type in bone, and they have a lifespan of up to several decades,
in contrast with other bone cells that only live for a few weeks [15]. Osteocytes are evenly distributed within the bone matrix and communicate with
each other by dendritic extensions that run along small liquid-filled channels
known as canaliculi [10]. The dendritic extensions are developed during the
differentiation from osteoblast to osteocyte, and each cell can have up to 50
extensions [12, 15]. Through the complex network of canaliculi, the osteocytes have the ability to sense mechanical load because it changes the fluid
flow inside the channels. In response to these signals the osteocytes secrete
factors to regulate osteoblast and osteoclast activities [10].

18

Synthetic bone grafts

A large number of different materials have been developed as synthetic bone
grafts, including metal alloys, such as titanium alloys; polymers, such as
polylactides; and ceramics, such as silicate glasses and calcium phosphates.
Calcium phosphate materials are perhaps the most interesting because of
their similarity to bone mineral and their osteoconductive properties [2, 14,
19].
Albee and Morris performed the first reported implant procedure using a
calcium phosphate material in 1920 [20]. However, calcium phosphate materials did not get much attention until the 1970s, when many research groups
attempted to synthesise and characterise different calcium phosphate compositions. The materials were produced via the thermal fusion of calcium phosphate powders; thereby, a wide range of shapes with different porosities was
achieved.
The next breakthrough in calcium phosphate materials arrived in the
1980s: CPCs. In contrast to pre-shaped blocks, CPCs had the ability to perfectly adapt to the shape of the bone defect [19].

Calcium phosphate cements
CPCs are prepared by mixing one or several calcium phosphate powders
with a liquid phase, which hardens within a few minutes to a solid body.
Some common calcium phosphates and their calcium-to-phosphate ratios
(Ca/P) are listed in Table 2.
The final product of the cement depends on the initial powders used. The
setting reaction in various cements is best understood by looking at the solubility of the different compounds involved (Figure 4). At a given pH, the
calcium phosphate phase with the lowest solubility will form. Figure 4 clearly shows that hydroxyapatite is the most stable phase, within the pH range of
4.2 to 9.5. This explains why most calcium phosphate minerals that naturally
occur in the body are hydroxyapatites [21, 22]. At a more acidic pH (i.e.
below 4.2), the stable phase is dicalcium phosphate (monetite); however, its
hydrated form, dicalcium phosphate dihydrate (brushite), differs only slightly in solubility at an acidic pH.
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Table 2. Some common calcium phosphate compounds and their calcium-tophosphate ratios [19, 21].
Compound

Ca/P

Monocalcium phosphate
Dicalcium phosphate dihydrate (brushite)
Dicalcium phosphate anhydrate (monetite)
β-tricalcium phosphate
Hydroxyapatite

0.5
1
1
1.5
1.67

CPCs are generally divided into two groups: hydroxyapatite cements and
acidic CPCs composed of monetite and/or brushite. In this thesis, only acidic
CPCs have been studied; therefore, less attention has been given to hydroxyapatite cements. The acidic CPCs have a major advantage over hydroxyapatite cements in their fast degradation rate at physiological conditions. This
property allows the grafted cement to be degraded and replaced by new bone
tissue [6, 23].
Both monetite and brushite minerals have an equimolar Ca/P, while hydroxyapatite has an excess of calcium, with a Ca/P of 1.67 (Table 2). One
way of achieving brushite or monetite cements is to mix equimolar amounts
of β-tricalcium phosphate (β-TCP, Ca/P: 1.5) and mono-calcium phosphate
(MCP, Ca/P: 0.5) with water. The net Ca/P will then be 1, and brushite or
monetite will precipitate as a result [6]. In brief, the setting reaction can be
summarised as follows:
1. Dissolution of cement powders in an aqueous solution
2. Formation of a supersaturated solution
3. Nucleation of the most stable calcium phosphate mineral
4. Crystal growth of the mineral to form a solid body of interlocked
crystals
Although monetite is the most stable calcium phosphate mineral, at a pH
below 4.2, brushite is often formed during setting because the brushite’s
setting reaction consumes less energy. However, monetite can be obtained
by controlling the conditions during cement setting. Conditions favouring
monetite formation include high acidity, high temperatures and a limited
amount of aqueous solution during setting [6].
Although acidic cements set at a low pH, this has not proven to be a disadvantage in vivo. In fact, good biocompatibility results have been achieved
with little or no inflammation at the site of implantation [23-25].
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Figure 4. Each curve in the graph describes the solubility of a calcium phosphate
compound expressed as the calcium concentration of the saturated solution as a
function of pH [21, 22].

In the body, the degradation of acidic CPCs has been suggested to follow
three different routes: chemical dissolution, macrophages engulfing cement
debris particles and osteoclast-mediated resorption [6, 23, 26, 27].
CPCs can be injected and moulded to perfectly fit the bone defect. This
allows surgeons to perform minimally invasive surgeries when filling defects. However, the surgeon must mix the powder and liquid components
immediately prior to the injection, giving only a few minutes of working
time before the cement sets. In addition, the mixing procedure in the operating room leads to major risk factors. Improper mixing may compromise the
cement’s mechanical properties, and even worse, the mixing step might increase the risk of infection. The use of pre-mixed cements is one alternative
that decreases the mixing and handling of CPCs in the operating room [28,
29].
In pre-mixed cements, the paste is formed by mixing the powders with a
non-aqueous liquid, e.g. glycerol or ethylene glycol [29, 30]. The paste obtained does not set until it is exposed to an aqueous solution, such as water
or blood. The setting of pre-mixed cements is a diffusion-controlled mechanism in which the glycerol diffuses out and is replaced by the aqueous solution, after which the setting reaction starts [29, 31].
Overall, acidic CPCs are interesting options for bone grafts. However,
improvements must be made to meet clinics’ needs, such as tuning the degradation rate to match the new bone formation, improving the X-ray visualisation (radiopacity) during injection and modifying the cements to enhance
the local bone formation [32].
21

CPCs as drug carriers
Because CPCs set at body temperature and are highly porous, they are good
candidates for drug-delivery systems. By incorporating drugs or different
ionic compounds in cements, local delivery is achieved that could improve
the bone-healing capacity or provide antibacterial effects [33].
By mixing the drug with reactants of the cement, a distribution throughout the whole matrix is attained, which gives a prolonged delivery time
compared to soaking or adsorbing molecules on the surface [34].
However, some aspects must be considered when using cements for drug
delivery. First, the drug should withstand the pH changes and the fluctuations in ionic strength that occur during cement setting. Second, the drug
might interact with the reactants and influence the setting time, microstructure and mechanical properties of the cement. For example, the antibiotic
tetracycline chelates with calcium ions during the setting reaction, thus prolonging the cements’ setting time [33, 35]. Other antibiotics, such as gentamicin and cephalexin, are known to cause crystal growth in cements thus
changing the mechanical properties [36, 37].
Depending on the drug-release mechanism, the drug-delivery system can
be categorized in three major classes [34]:
(a) Diffusion controlled release. The drug is incorporated into a nondegradable matrix and the release kinetics is only dependent on
the physical diffusion through the matrix.
(b) Chemical process controlled release. The drug is incorporated into a degradable matrix and the release kinetics is connected to the
degradation of the matrix.
(c) Externally or electronically controlled release. The drug release
is triggered by external factors.
CPCs are generally considered to have a diffusion-controlled release. Although CPCs are considered degradable, the degradation rate of the cement is
often much slower than the drug release rate and can thus be neglected [38].
The Korsmeyer-Peppas equation is a semi-empirical model to describe the
drug release [39]:
!

  ! ! = 𝐾𝑡 !                                                                     𝑓𝑜𝑟  𝑀! < 0.6  𝑀!
!

(1)

Where 𝑀! is the drug release at time 𝑡; 𝑀! is the drug released as time approaches infinity; 𝐾 is the constant, including structural and geometrical
properties; and 𝑛 is the release exponent that explains the release mechanism. For a pure diffusion-controlled release, the exponent 𝑛 has different
values for different geometries (Table 3). For example for a pure diffusion
from a slab 𝑛 is 0.5 and any 𝑛-values above that indicates an anomalous
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transport that could be due to degradation or swelling of the drug delivery
matrix [39, 40]. The Korsmeyer-Peppas model can only be applied to drug
release performed under perfect sink conditions, which means the volume of
the solute should be large enough to not limit the drug solubility [39].
The drug release values achieved from release measurements in vitro cannot be directly extrapolated to the in vivo release values. The release kinetics
in vivo are often much slower because of the surface change of the cement,
including protein adsorption and phase transformation [34].
Table 3. Release exponent and mechanism of drug release from various sample
geometries [39].
Release exponent, 𝒏
Slab

Cylindrical
sample

Spherical
sample

Drug release mechanism

0.5

0.45

0.43

Fickian diffusion

0.5 < n <1.0

0.43 < n < 1.0

0.43 < n < 1.0

Anomalous transport
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Substances stimulating bone formation

In general, most synthetic bone grafts works well in applications in which
the defect is surrounded by healthy bone. However, in patients with compromised bone quality, e.g. osteoporosis, external factors are needed in combination with synthetic grafts to stimulate bone regeneration [1, 41]. The
most extensively studied bone-inducing agent is perhaps BMP-2, a protein
involved in the physiological process of fracture healing [1]. Although BMP2 has demonstrated promising experimental results, its clinical use is controversial because of adverse effects, such as soft tissue oedema, local inflammation and ectopic bone formation [42]. In addition, because of the low bioactivity and stability of recombinant BMP-2s, supra-physiological doses are
needed that lead to high costs for each treatment [41, 42]. Therefore, alternative methods with the potential to stimulate bone formation are needed. Several strategies are currently being investigated: graft materials in combination with osteogenic cells from the host’s bone marrow; graft materials used
for the local delivery of small chemical molecules or ions [8, 41, 43]. This
thesis investigated the small chemical molecule simvastatin and two different ions: strontium and silicate. The substances are described in more detail
below.

Statins
Statins are cholesterol-lowering drugs that effectively inhibit the conversion
of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) to mevalonate,
which is one step in the process of producing cholesterol. For this reason,
different types of statins have been prescribed worldwide for decades. Over
time, evidence has emerged that statins also have anti-inflammatory, vascular-stimulating and bone-forming effects [44].
The statin drug family contains a collection of different molecules that are
either naturally derived or synthetically produced. The two types of statins
include those with lipophilic side groups and those with hydrophilic side
groups. However, the lipophilic statins (e.g. simvastatin, lovastatin, mevastatin and atorvastatin) are the only ones that induce bone formation [44, 45].
These statins up-regulate the expression of BMP-2 and thus the differentiation of MSCs into osteoblasts, which was first demonstrated by Mundy et al.
in 1999 [46]. Later, it was suggested that the induced bone formation was
24

also partly due to enhanced expressions of the vascular endothelial growth
factor (VEGF), which regulates vascularisation and stimulates osteoblast
activity and bone mineralisation. It was concluded that these two factors,
BMP-2 and VEGF, were independently induced by lipophilic statins [44,
47].
Although much attention has been given to statins’ ability to induce bone
formation, increasing evidence shows that they also inhibit osteoclast differentiation and function. They do so using the same mechanism as nitrogencontaining bisphosphonates, a potent anti-resorptive drug that is clinically
used for the treatment of osteoporosis. Both lipophilic statins and nitrogencontaining bisphosphonates inhibit steps in the mevalonate pathway by limiting the modification of the small signalling proteins essential for osteoclast
differentiation and survival and for ruffle border formation [48-50]. Some
studies have also suggested that lipophilic statins suppress the differentiation
of osteoclasts by regulating the OPG/RANKL ratio. This has been shown in
vitro by the up-regulation of OPG genes in osteoblasts treated with lipophilic
statins [51, 52].
Overall, lipophilic statins may have a dual effect on bone remodeling by
both enhancing bone formation and inhibiting bone resorption. Therefore,
lipophilic statins have become an interesting option for bone metabolic diseases alone and in combination with bone graft materials.
To benefit from the statin-bone-inducing effect, the drug must be available for the bone tissue. Statins intended for cholesterol treatment are administered orally. They are metabolised in the liver, and only a small amount
reaches the systemic circulation. Some statins are even administered as inactive pro-drugs to better target the liver and minimise their bioavailability in
other tissues [53]. These pro-drugs are hydrolysed to their active form by
enzymes found in the liver or plasma [54] (Figure 5). In contrast to oral drug
administration, studies have confirmed that local delivery of statins to bone
tissue is more effective for bone stimulation [55, 56]. Numerous materials
have been evaluated as local drug-delivery systems for statins, including
hydrogels, porous particles and polymer beads [57-59]. Polymers have an
advantage over calcium phosphate materials because they can chemically
bind to statins and thus provide a slow release [59]. However, as a bone graft
material they lack the advantages of CPCs such as being injectable and osteoconductive. Until now no attempts have been made using acidic CPC as a
local delivery system for statins.

25

Figure 5. Simvastatin pro-drug (right) and active simvastatin β-hydroxy acid (left)
(Wikimedia commons.
http://commons.wikimedia.org/wiki/File:Simvastatin_and_simvastatin_betahydroxy_acid_form.png).

Release of active ions
The degradable, inorganic scaffolds used as synthetic bone grafts release a
range of different ions when dissolved in the body. For example, bioglasses
release silicates, calcium and phosphate ions, while calcium phosphate ceramics release only calcium and phosphate ions. In certain concentrations,
these ions can evoke cellular responses, such as promoting bone formation
[43, 60]. Studying the dissolution products is therefore an interesting research area [43].
Two ions that have received special attention for bone applications are
strontium and silicates. Numerous publications report enhanced osteoblastic
activity when incorporating strontium or silicate in calcium phosphate materials [61-63].

Strontium
Strontium is an element similar to calcium; however, it has a larger ion size
(1.13 Å compared to 0.96 Å) [60]. Extensive debate has occurred in the scientific community concerning the effect of strontium on bone tissue. In vitro
studies have shown both anabolic and anti-resorptive effects of strontium
[64-66]. The anabolic effect is suggested to increase pre-osteoblast proliferation, osteoblast differentiation and to increase the expression of ALP and
collagen type I [64]. Although the mechanism of action is not fully understood, part of it is thought to be mediated through the calcium-sensing receptor [67]. In addition, strontium has been shown to inhibit osteoclast differentiation and maturation in vitro [64, 68].
In vivo, the anti-resorptive effect of strontium is more pronounced than
the bone forming effect [69]. However, in vivo studies have also pointed out
that high doses of strontium actually impair bone mineralisation [70, 71].
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Because of its similarity to calcium ions, strontium can be incorporated
into the bone mineral, forming strontium-substituted apatite. The positive in
vivo results, demonstrating higher bone strength upon strontium treatment,
has been suggested to at least partly be due to changes in the material composition of bone [69].
Strontium ranelate, an organic ranelic acid combined with two strontium
ions, has been used to treat osteoporotic patients in Europe; however, due to
the risk of blood clots when used for extended time periods, the medication
is now restrictively prescribed [72].

Silicon
Silicon is the second most abundant element in the Earth’s crust; however,
pure silicon is rarely found in nature. Most silicon exists as silica or silicates,
inorganic compounds of silicon and oxygen or anions thereof. Silicon has an
important physiological role in the formation of cross-links between collagens and proteoglycans [73].
In the 1970s and 1980s, Edith Carlise conducted several studies attempting to elucidate silicon’s role in bone matrix formation. One of these studies
analysed the silicon content in rodent bones; the results showed that the element was highly concentrated in actively mineralising sites [74]. A following study showed that silicon had a primary effect on collagen type I. Based
on these studies, it was concluded that silicon is an essential element for
bone formation [75]. Other animal studies have also confirmed the essential
nature of silicon in bone development and bone quality, with both increased
bone formation and reduced bone resorption [73, 76].
Recent in vitro studies have confirmed that silicates enhance the expression of transcription factor Runx2 and osteoblast genes such as ALP, osteocalcin and collagen type I [77-80]. Mladenovič et al. also suggested that
silicates inhibit osteoclast differentiation in vitro [81].
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Evaluations with bone cell cultures and
zebrafish

For many years, researchers have been developing and modifying CPCs in a
search for an optimal cement to be used as a bone graft. Numerous approaches have been tried, such as different material compositions, porosities
and delivery forms [32]. To further stimulate bone regeneration, cements
have also been combined with drugs and growth factors [82, 83]. However,
the most relevant question is the efficacy of cement as a bone graft in clinical situations. As a first step, preclinical studies are performed to demonstrate the potential of a cement as a graft material [84]. In preclinical studies,
the mechanical stability, biocompatibility and, if relevant, drug dosages
needed to stimulate bone regeneration is evaluated in vitro and then in vivo
[85]. By beginning with cell studies, the unnecessary use of animals is
avoided and experiments are less expensive.
Because CPCs are intended to be used as bone grafts and facilitate bone
ingrowth, it is logical to evaluate how the material affects osteoblasts [86].
For such studies, osteoblast cell cultures are used. The results give a first
indication of how the CPCs would affect cell proliferation, viability and
differentiation [85, 86].
As mentioned previously, CPCs degrade by both dissolution and osteoclast-mediated resorption [5, 6]. To study cell-mediated degradation, osteoclast cell cultures are used, which give indications of the extent of osteoclastic resorption [26, 87].
Although in vitro studies have some shortcomings, such as being a static
system and often overestimating toxicity, they still provide useful information, especially for screening and comparing different materials under
development [88]. However, it is difficult to recreate cell interactions and the
bone-healing process in vitro; therefore, in vivo studies are required in which
small animals, such as rats or rabbits, are commonly used [85].
This thesis mainly used in vitro studies with osteoblast and osteoclast cell
cultures. In addition, an alternative in vivo model, the zebrafish, was also
evaluated for its use in preclinical studies. The following sections describe
the cell cultures and the zebrafish model.
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Osteoblast cultures
Depending on the material design and composition, different direct or indirect methods of assessing cell response can be used. Indirect methods are
useful when evaluating degradation products or the drug release from the
material, while direct contact is used to study the effect of surface topography, porosity or chemistry on the cell response [43].
Various assays are available to study the proliferation and differentiation
of osteoblasts. Bone matrix proteins are ideal as indicators for osteoblastic
differentiation, e.g. ALP an early marker of osteoblast differentiation, which
is often used when comparing the osteogenic potential of different materials
[86].
The osteoblasts used for in vitro studies can be derived either from human
or animal bone tissue (primary cultures) or from immortalized and malignant
cells (cell lines) [13]. Although human primary cells are ideal because they
more closely reflect the clinical situation, they are less suitable for comparative studies because of their limited accessibility and donor-specific variations. In contrast, malignant or immortalised cells are easily available in
unrestricted numbers and provide reliable and reproducible results. The
drawback to these cells is that they do not behave exactly like primary cells
[7]. The most commonly used osteoblastic cell lines are Saos-2, MC3T3-E1,
MG-63 and U2OS [7]. In this thesis, Saos-2 and MC3T3-E1 cells were used.

Saos-2
The Saos-2 cells were isolated from a bone cancer tumour from an 11-year
old Caucasian girl in the 1970s. The cells have a similar phenotype as mature osteoblasts, with a high ALP expression. After longer times in a culture,
ALP expression values can increase up to 120 times higher than in human
primary cultures. The Saos-2 cells can form mineralised matrixes that are
similar to woven bone, i.e. bone tissue without a hierarchic organisation [7].

MC3T3-E1
MC3T3-E1 is a cell line established from newborn mouse calvaria. The cells
show a growth rate and Runx2 gene expression similar to that of human
primary cells; thus, it has become popular for evaluating therapeutic agents
or new materials [7, 13]. The cell line has several variants or sub-clones with
different phenotypes. Only sub-clone 4 and 14 form a mineralised collagen
matrix. However, additives such as ascorbic acid and β-glycerophosphate are
needed for mineralisation [89].
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Osteoclast cultures
Osteoclast resorption of CPCs are interesting because it speeds up the degradation of the synthetic material and because osteoclast resorption is tightly
connected to bone formation [90]. However, osteoclasts are difficult to study
in vitro because of their limited lifespan when differentiated. One of the
most commonly used cell lines for differentiating osteoclasts is the leukaemia-derived mouse monocyte/macrophage Raw 264.7 [13]. The cells are
differentiated to osteoclasts upon RANKL treatment. However, the osteoclast-like cells obtained by the cell line have limited resorption capabilities
[91]. Therefore the best way of evaluating osteoclast resorption is to differentiate osteoclasts from primary precursor cells [13]. Quinn et al. suggested
a method for isolating osteoclast precursors from mouse bone marrow cells.
The precursor cells need M-CSF and RANKL to differentiate to osteoclasts
[87]. The differentiated osteoclast can then be characterised by cells with
multiple nuclei and expression of TRAP [13]. The best way to identify resorption is through the presence of resorption pits on the material surface [5].

Zebrafish – in vivo model
While cell culture models tend to examine the cell response of a single cell
type or, in the best case, a co-culture, in vivo models involve an entire range
of interactions between different cell types. An alternative to cell culture
studies and rodent in vivo studies could thus be studies using zebrafish. The
zebrafish (Danio rerio) is a freshwater vertebrate belonging to the family of
teleosts. They have a 70 % genetic homology to humans [92]. This fish has
been used as a vertebrate model organism for genetic and developmental
studies since the 1970s. In the last decade, the species has been increasingly
used in pharmaceutical research for risk assessments of new drugs [92]. Several features make them popular as a model organism, including their small
size (Figure 6), fast development and the transparency of embryos, which
makes them ideal for staining to visualise various organs [93].
As in humans, zebrafish bones are remodeled by osteoblasts, osteoclasts
and osteocytes [94]. Fleming et al. and Barros et al. have suggested that
zebrafish could be used for screening compounds that are bone anabolic or
bone catabolic. A simple and straightforward approach have been suggested
for such studies: where fish embryos are first treated with different compounds for 5 days, followed by staining and quantifying the bone tissue in
the embryos. By using this method results have shown that glucocorticoids,
bisphosphonates, parathyroid hormone and vitamin D have similar effects on
bone formation in zebrafish as in mammals [95, 96]. The results are encouraging and suggest that the zebrafish model could be a valuable tool for preclinical research concerning synthetic bone grafts, especially for the evalua30

tion of dissolution products and drug release and the bone-stimulating effect
thereof. However there is one central difference between the fish and mammals, which involves the mechanism used to regulate calcium homeostasis.
In mammals, bone tissue has a central role in calcium homeostasis, while in
zebrafish the gills are responsible for this task. This makes the bone tissue in
zebrafish less sensitive to the systemic calcium concentrations [94].

Figure 6. Overview picture of zebrafish embryos in a 24 well plate. Notice their
small size.
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Aims of the Thesis

An increasing interest has arisen regarding the potential of using acidic
CPCs as bone graft materials. This is because of the cements fast degradation, which allows the graft material to be replaced by natural bone. Acidic
CPCs are degraded by chemical dissolution and osteoclastic resorption, although little is known about the extent of chemical dissolution versus osteoclastic resorption. Moreover, acidic CPCs are not sufficient for patients with
compromised bone quality, thus additional factors are needed to stimulate
bone formation. The aim of this thesis is thus to develop acidic CPCs with
addition of bone stimulating factors and to investigate the cements’ osteoclast-mediated resorption.
More specifically, the aim is to combine a pre-mixed CPC with simvastatin, which is a drug with the potential to stimulate bone formation. The
efficacy of the cement–drug combination was first evaluated using osteoblast
cell cultures in Paper I. In Paper II, the osteoclastic resorption of the cement was studied. The in vitro osteoclast culture model was further used to
study the anti-resorptive effect of simvastatin in combination with the cement in Paper III. In Paper IV, the main aim was to increase the X-ray
contrast of CPCs using strontium halide salts, which could potentially stimulate osteoblasts. Finally, in a search for better model systems for analysing
ionic dissolution products from bone grafts, an in vivo model using zebrafish
embryos was tested in Paper V. As a proof-of-concept, silicate’s effect on
bone formation was studied.
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Pre-mixed CPC as a delivery system for
simvastatin

Paper I evaluated the possibility of using pre-mix acidic CPCs as a drug
delivery system for simvastatin. Pre-mixed acidic CPCs possess several of
the properties needed for a synthetic bone grafts. They are injectable, degradable and mouldable. The idea behind the study in Paper I was to add a
bone-stimulating drug to further improve the bone-forming potential of the
cement. Such a combination would be useful for bone defects with limited
osteoblast activity.
Cements with different simvastatin doses were produced, and their mechanical properties were characterised. In addition, drug release studies and
in vitro evaluations were performed using the osteoblastic cell line Saos-2.
For a more detailed description of the methods used in Paper I, please see
the method section.
Drug incorporation and release
To increase the solubility of the drug and facilitate its release in aqueous
solutions, the lactone ring of simvastatin was opened by increasing the pH
and heating the solution [97] (Figure 5). After the hydrolysis of the lactone
ring, the solution was lyophilised to remove all water, which was necessary
to prevent the water content from beginning the setting reaction in the premixed cement.
A homogenous distribution of simvastatin in the cement paste was obtained by mixing the lyophilised drug thoroughly with glycerol before adding the calcium phosphate powders. Three different doses of simvastatin
were studied: 0.25, 0.5 and 1 mg/g CPC. The cement paste was moulded into
discs for the drug release studies and into cylindrical rods for the mechanical
testing.
From the release studies, which were performed in phosphate buffered saline
(PBS), a continuous release of drug was observed for one week. Using the
Korsmeyer-Peppas equation (equation 1), the release exponent (𝑛) was calculated, which indicated the drug release mechanism (as explained in Table
3) [39]. Because the release studies used thin cement discs in moulds with
only one open side, the sample geometry was approximated to slabs.

33

Table 4. The release constant of the Korsmeyer-Peppas equation obtained by plotting log (Mt/M∞) versus log (𝑡) for the initial 60 % drug release (Paper I).
CPC with different doses of
simvastatin
0.25 mg/g cement
0.5 mg/g cement
1 mg/g cement

Release exponent
𝒏

Correlation coefficient
𝑹𝟐

0.53
0.53
0.54

0.99
0.99
0.99

The 𝑛-values obtained indicated a release kinetics that were mainly controlled by diffusion (Table 4). The small deviations from a perfect diffusioncontrolled release (𝑛  = 0.5 for slabs) are probably due to reactions that occur
during cement setting. During setting, the glycerol diffuses out while water
enters the cement paste and begins the dissolution and precipitation of calcium phosphate crystals [31]. The undefined cement matrix, prior to complete
setting, releases the drug more easily with a burst release during the first
hour.
Setting time and mechanical properties
As previously mentioned, incorporating drugs into CPCs could influence the
physiochemical properties of the cement, thus increasing setting time or
decreasing the mechanical strength [33]. Both compressive strength and
diametral tensile strength were used to address this matter, and the results
indicated no changes in cement properties due to the simvastatin incorporation. Yin et al. reported similar results using a hydroxyapatite cement in
combination with simvastatin; however, at doses about 100 times higher than
those used in this thesis, a decrease in mechanical strength was demonstrated
[82]. However, such high doses were not relevant in vivo because they
caused tissue necrosis around the cement implant.
Furthermore, the simvastatin doses in this study did not influence the setting time or the material phase. After setting, the pre-mixed cement mainly
consisted of monetite crystals, as confirmed by X-ray diffraction.
In vitro efficacy of simvastatin
As mentioned earlier, acidic cements have an acidic setting reaction. To
ensure that this did not affect the activity of the simvastatin, released drug
samples were collected, diluted and used in cell culture studies with osteoblast cells (Saos-2). To better mimic the continuous drug release from the
cements, the cell media was continually changed to cement extracts from
corresponding time points. Figure 7 shows the drug concentrations added to
the Saos-2 culture at each time point.
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Figure 7. Simvastatin concentrations obtained from the release studies were diluted
40 times and used for cell culture studies. Each point demonstrates the concentration
of the drug in the cell media at each time point.

The proliferation results showed lower proliferation for all groups treated
with simvastatin at all time points (3, 5 and 7 days). The lower cell proliferation might indicate that the cells switched to a differentiating state [98]. This
was confirmed by analyzing ALP expression and mineralization. As seen in
Figure 8a the ALP activity increased significantly for cells treated with lower doses of simvastatin an in corroboration with the higher ALP activity, the
same simvastatin doses induced higher mineral formation (Figure 8b). In
contrast, the highest simvastatin dose appeared toxic, with both a decreasing
viability and decreasing ALP activity over time.
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Figure 8. ALP activity and amount of mineralised matrix produced by Saos-2 cells
cultured with simvastatin released from a CPC. The histogram shows mean values
and standard deviations (n = 4). * Indicates significant differences (p < 0.05) (results
from Paper I).

As shown in Figure 7 and Figure 8, the concentration range of simvastatin
that enhanced mineralisation in Saos-2 cells was between 0.1–1 µM. Similar
observations have been demonstrated in the literature using other cell lines
[99, 100].
In conclusion, this study shows the potential of incorporating simvastatin
in pre-mixed acidic CPCs in that the drug did not infer with the cements
mechanical properties and maintained its efficacy, i.e. stimulated osteoblasts
to produce bone matrix, after release.
Many publications have shown faster bone healing with local delivery of
simvastatin [56, 101, 102]. However, few of the delivery systems suggested
combine the injectable, osteoconductive and degradable properties of acidic
CPCs. Therefore the cement-drug combination used in this thesis might be a
better alternative.
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Resorption of monetite by osteoclasts – with
and without added simvastatin

The pre-mixed CPCs discussed in this thesis form monetite as an end product as confirmed by X-ray diffraction in Paper I and previous studies [28,
31]. Monetite is one of the most degradable calcium phosphates used for
bone regeneration and is generally suggested to degrade through chemical
dissolution, particle disintegration and osteoclastic resorption [6]. Grafts
made from monetite have been tested in animals and humans with promising
results showing material resorption followed by new bone formation [27,
103]. Because interest in using monetite in synthetic bone grafts is growing,
the resorption mechanism deserves deeper investigation. The monetite resorption by osteoclast cells was evaluated in Paper II, using mouse bone
marrow macrophages differentiated into osteoclasts, in vitro [87]. In Paper
III the same methods was used to evaluate the anti-resorptive effect of
simvastatin incorporated into monetite. The pre-mixed CPC was used to
obtain monetite material in both Paper II and Paper III. For detailed description of the methods, see the method section.
Cell viability on monetite
To study cells in direct contact with monetite thin discs of cements were
moulded. Several pilot experiments showed that the cement samples used for
in vitro studies had to be washed several times after setting to remove unreacted starting materials, which otherwise caused a pH drop in the cell culture
media. This initial pH drop will likely not be an issue in vivo because the
dynamic fluid and buffering capacity of the body diminishes acidification. In
general, in vitro tests are known to have a tendency toward overestimating
toxicity [88].
After three washes with PBS, the monetite discs studied in Paper II
showed no signs of toxicity, and the cells seeded on the monetite showed
good viability.
Osteoclast differentiation on monetite
After seeding the bone marrow macrophages on monetite discs, the cells
were treated with M-CSF and RANKL; these two cytokines are essential for
osteoclastic differentiation [16, 104]. As a negative control for osteoclast
differentiation, some samples were treated only with M-CSF without
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RANKL. After seven days, the samples were analysed for osteoclast differentiation. This was done by TRAP staining cells and by counterstaining with
the nuclear stain DAPI (Figure 9). No TRAP-stained cells were detected on
the cement discs without RANKL treatment, which is in accordance with the
fact that RANKL is needed for differentiation [104]. Further analysis of osteoclast-specific genes, such as cathepsin K (Ctck gene) and TRAP (Acp5
gene), also confirmed osteoclast differentiation on cement samples treated
with both M-CSF and RANKL.

Figure 9. TRAP stain of murine bone marrow cells seeded on monetite samples after
7 days in culture (results from Paper II). The red spots are cells with the TRAP
enzyme. The blue square shows a TRAP-positive cell counterstained with DAPI
stain, which stains cell nuclei blue. Notice the multiple nuclei within the TRAPpositive cell.

Osteoclast resorption of monetite
To quantify the osteoclastic resorption of the monetite cements, a colorimetric assay was used to measure calcium ions in the cell media. The rationale
behind this choice was that an increased calcium ion concentration in the
media was a sign of increased cement resorption. The results showed that the
calcium ion concentration was significantly higher in the media from
monetite discs cultured with osteoclasts compared to monetite discs with
non-differentiated cells or no cells (Figure 10).
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Figure 10. Calcium ion concentration measured in culture media after 7 days of
culture (results from Paper II). The histograms show mean values and standard
deviations (n = 6). * Indicates significant difference (p < 0.05) between RANKLtreated groups compared to other groups.

Grossardt et al. have also demonstrated osteoclastic resorption of monetite in
vitro [26]; however, using a cell line model with a limited ability to resorb
[91]. Therefore, the results obtained in that study might be an underestimation of the osteoclasts’ resorption activity. The results in this thesis showed a
1.4 fold increase in calcium ion concentration in wells with differentiated
osteoclasts as compared to wells without differentiated osteoclasts or without
cells (Figure 10).
Several in vivo studies have demonstrated the “pitting resorption” of
monetite, which is subsequently filled with new bone, suggesting osteoclast
resorption followed by osteoblast bone formation [27, 103]. The “pitting
resorption” of monetite was also observed in this thesis, when analysing the
samples with a scanning electron microscope (SEM) (Figure 11). Overall,
the findings in Paper II suggest that osteoclasts have a pronounced role in
monetite resorption.
Numerous physical factors are known to influence osteoclast differentiation, such as surface topography [105] and porosity [106]. Future work on
modifying the physical properties of CPCs should also consider the effect of
osteoclasts. By using in vitro methods, such as the one suggested in Paper
II, a screening of cement materials based on their resorption can be performed, which could aid in designing cements with the desired degradation
rate.
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Figure 11. SEM image of osteoclasts on monetite disc after 16 days. For better contrast cells have been coloured in the micrograph. Bar =50 µm.

Cell viability on monetite with simvastatin
Paper III used the same experimental procedure as that used in Paper II.
However, simvastatin was incorporated in the pre-mixed cement in this
study. The simvastatin doses used were based on the results from Paper I,
but an even lower dose of simvastatin (0.1 mg/g CPC) was included and the
highest dose of 1 mg was omitted because of the cytotoxic effects observed
in Paper I.
In Paper III, the three washing steps prior to cell seeding added a limitation to the study. The aim of the study was to evaluate how the simvastatin
release affected osteoclasts. However, a considerable amount of the drug
was lost during the cement setting and washing steps. One way to reduce the
drug loss was to conduct the cement setting in humid conditions, thus limiting the burst release during the setting reaction in an aqueous solution. In
preliminary experiments, it was noticed that by using the suggested method,
more of the drug was retained within the cement and higher release concentrations were obtained in the cell studies. X-ray diffraction analysis confirmed that this setting method did not affect the cement phase and monetite
was still formed as the end product.
The simvastatin concentrations obtained during the cell studies ranged
from 0–30 µM and were considerably higher than the concentrations used in
the osteoblast cell cultures in Paper I (0.1–1 µM). However, none of the
doses used in this study seemed toxic to the bone marrow macrophages. The
cells on all the monetite samples looked viable, with only few dead cells
observed (Figure 12). Quantitative analysis of the number of viable cells,
using image analysis, revealed that there was no significant difference between the groups.
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Figure 12. Live/dead stain of murine bone marrow cells seeded on monetite discs
with different doses of simvastatin (results from Paper III). The cell staining was
performed after 12 days in culture. Viable cells are stained green and dead cells
stained red. Only few dead cells are seen in the representative pictures, indicating
good viability.

Osteoclast differentiation on monetite with simvastatin
The anti-resorptive effect of lipophilic statins is believed to be connected to
the fact that statins inhibit osteoclast differentiation [107]. The differentiation of osteoclasts was therefore evaluated on cements with simvastatin.
After seeding cells on monetite samples with different doses of simvastatin
(0.1, 0.25 and 0.5 mg/g CPC), osteoclast differentiation was initiated by
treatment with M-CSF and RANKL. After one week, the samples were analysed, by TRAP staining. From the TRAP staining, it was clear that the
number of stained cells decreased with increasing simvastatin doses, thus
indicating an inhibitory effect on osteoclast differentiation (Figure 13).

Figure 13. TRAP stain of murine bone marrow cells seeded on monetite discs with
different doses of simvastatin after 7 days in culture (results from Paper III). The
red spots demonstrate cells with the TRAP enzyme; notice the decreased amount of
TRAP-positive cells with increasing doses of simvastatin.

The TRAP-stained images clearly showed that the size of the stained cells
decreased (Figure 13). To corroborate this observation cell nuclei were
stained with DAPI and the nuclei of all TRAP stained cells were counted.
The results revealed that the proportion of large cells with more than six
nuclei was considerably smaller on samples with simvastatin compared to
samples without simvastatin (Figure 14). This suggests that the drug im41

paired the cells’ capacity to fuse and form large osteoclasts. These results are
comparable with the findings of Woo et al. [107], who observed a decreased
amount of large TRAP-positive cells with increased concentrations of compactin, which is another lipophilic statin. However, further evaluations are
needed to elucidate the exact mechanism of inhibition.

Figure 14. The proportion of cells with more than six nuclei (results from Paper
III). * Indicates a significant difference (p < 0.05) compared to cement without
simvastatin (n = 3 samples, five images from different areas of each sample).

Osteoclast resorption of monetite with simvastatin
A colorimetric method was used to quantify the calcium ions in the media as
a measure of osteoclastic resorption. The results showed that the two higher
doses of simvastatin (0.25 and 0.5 mg/g CPC) reduced osteoclastic resorption significantly because their calcium ion levels were lower than that of the
monetite samples without simvastatin. These results are in agreement with
the osteoclast differentiation findings discussed above. The fact that simvastatin inhibits the resorption of monetite might be useful for tuning in the
resorption rate with bone formation rate.
In conclusion, the in vitro findings in Paper I and III show that simvastatin in combination with pre-mixed CPC has a dual effect: the drug stimulates osteoblast differentiation and bone formation while inhibiting osteoclast differentiation and resorption. In the case of a bone defect, this would
imply fast callus formation and bone regeneration, which are properties desired for bone graft materials, especially fore grafts used at defect sites
which heals slowly [41]. However, in vivo studies are needed to confirm the
promising results achieved in Paper I and III. For those studies, a simvastatin dose of approximately 0.5 mg/g CPC would likely be a good starting
point.
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Strontium halides in combination with acidic
CPCs

In this study, an acidic CPC was used, with brushite as the end product. Similar to monetite, brushite is highly degradable. In Paper IV, the aim was to
increase the radiopacity of the material, which is a property required for
monitoring the cement during injection into the defect. Using a degradable
material leads to higher demands on the radiopacifier used. Insoluble compounds, such as barium sulfate (BaSO4) and zirconium oxide (ZrO2), are
used as radiopaque agents in conventional non-degradable bone cements
[108]. However, using such a compound in combination with degradable
cements could cause adverse biological effects as the cement degrades and
the insoluble radiopacifiers are released into the surrounding tissue. Therefore, a need arises for soluble, non-toxic radiopacifiers.
Strontium halides are salts of a strontium cation [Sr2+] and two halide anions (fluoride [F-], bromide [Br-], chloride [Cl-] or iodide [I-]); these strontium
halides could be a good option. The combinations are highly soluble in water, with the exception of strontium fluoride (SrF2). Both SrF2 and strontium
chloride (SrCl2) have previously been investigated as radiopacifiers for dental applications [109]. However, no studies using strontium bromide (SrBr2)
or strontium iodide (SrI2) have been published.
In Paper IV, the strontium halides mentioned above were all tested as radiopacifiers in brushite cements, and the cement properties upon modification were measured. The modified brushite cements were also evaluated in
cell cultures using the osteoblastic cell line Saos-2, with the intention to see
if the strontium ions had any beneficial effect on cell proliferation and/or
differentiation. For a more detailed description of the methods used, see the
method section.
Radiopacity
The strontium halide salts were mixed with one of the powder reagents of
the cement mixture at a ratio of 10 wt% of the total cement mass. Thin discs
were prepared and X-rayed at a peak voltage of 72 keV, which is the typical
peak voltage used in the clinic. Commercial acrylic bone cements with ZrO2
and BaSO4 as radiopacifiers were also included for comparison. The radiopacity analysis showed that, except for SrF2, the strontium halides improved
the contrast of brushite significantly and, as expected, the contrast increased
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as the atomic numbers of the halogens increased (F < Cl < Br < I). As seen
in Figure 15, 10 wt% of SrBr2 and SrI2 showed a similar contrast as the
commercial cement Vertcem V+®, which has 40 wt% of ZrO2.

Figure 15. Relative radiopacity of CPC with 10 wt% of strontium halides. Commercial acrylic bone cements were included for comparison. Error bars correspond to
standard deviations. Different letters represent statistically significant differences (p
< 0.05). (★) Simple P was not distinguishable from the background (results from
Paper IV).

Mechanical testing and phase composition
In general, adding strontium halides weakened the mechanical properties of
the brushite cement, including both the compressive and tensile strengths,
with the weakest being the SrCl2-modified cement. The compressive strength
of the cement samples aged in PBS 1 day prior to measurement ranged from
2.13 ±	
 0.21 to 5.74 ±	
 1.14 MPa, while the tensile strength ranged from 1.14
±	
 0.18 to 1.88 ± 0.24 MPa.
The phase composition of the modified cements aged in PBS for 1 and 7
days was investigated using X-ray diffraction. The diffraction data obtained
was further analysed through Rietveld refinement. The results revealed that
cements modified with SrBr2 and SrI2 contained a considerable amount of
monetite after 1 day (1.7 wt% and 6.7 wt% respectively). The monetite content also increased over time; by day 7, the values were 6.7 wt% (SrBr2) and
17.1 wt% (SrI2). The precipitation of monetite in strontium-containing
brushite cements have previously been reported [110, 111]. The exact mechanism for this phenomenon is unknown; however, monetite precipitation has
been attributed to low pH, a lack of water and high ionic strengths [6].
Calcium and strontium ions have similar charges and sizes (0.96 Å and
1.13 Å, respectively); therefore, the ions in a crystal lattice can be substituted. The Rietveld refinement data showed that the unit cell volume was larger
for the modified cements, which indicates the incorporation of the larger
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strontium ion into the crystal lattice (Table 5). However, a larger unit cell
volume was not observed for SrF2-modified CPC, which is explained by the
fact that SrF2 is not water-soluble and as such did not react with the cement.
As seen in Table 5, the unit cell volume decreased with time, which could
indicate that strontium ions were released over time. Alkhraisat et al. observed similar results when incorporating SrCl2 in brushite cements [111].
The strontium release added an additional dimension to the radiopaque
brushite cements because the ions could stimulate pre-osteoblast cell proliferation and increase osteoblast mineralisation [112]. It was thus interesting
to evaluate the modified cements in cell culture studies.
Table 5. Volumes of the unit cell of brushite crystals modified with different strontium halides (results from Paper IV).
Sample
CP
CP-SrF2
CP-SrCl2
CP-SrBr2
CP-SrI2

V[Å] day 1

V[Å] day 7

494.81
494.58
496.84
496.93
496.44

494.72
494.30
496.25
496.57
495.95

Osteoblast proliferation and differentiation
Cell studies were conducted using Saos-2 cells in direct contact with different strontium halide modified cements. Prior to cell seeding, the cement
discs were washed with PBS to remove any unreacted starting material that
would otherwise acidify the cell media. One day after seeding, a live/dead
stain revealed that all the cells on the SrF2-modified cement had died; the
same result was achieved in repeated experiments. The cell death was connected to the particularly low pH of that cement type, while only a slight
acidification was observed in all other cements samples. The SrF2 cements
were therefore excluded from any further cell studies.
The proliferation assay showed that the cells did not increase in number
from day 1 to day 3 (Figure 16a). This was attributed to the slight acidification of the media by the cement samples. However, the acidification decreased with time, and at day 5, a slight increase in cell number was seen.
These results were similar for all the cements tested, and no significant differences between the groups were seen.
The ALP activity also showed similar results for all the cement samples,
with a slight increase in activity at days 3 and 5 compared to day 1 (Figure
16b). No beneficial or negative effects due to strontium release were observed in the cell studies. The results showed that the radiopaque cements
were as good as the non-modified brushite cement, with the exception of
those modified with SrF2.
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Figure 16. Saos-2 cells cultured on strontium halide-modified acidic CPC for 1, 3
and 5 days. (a) Number of viable cells and standard deviations (n = 8). (b) ALP
activity and standard deviations (n = 8) (results from Paper IV).

Previous reports regarding osteoblast studies on strontium-substituted calcium phosphate materials have demonstrated varying results. For example,
Wue et al. showed beneficial effects when culturing a pre-osteoblast cell line
on strontium-containing hydroxyapatite [61], while Alkhraisat et al. reported
no significant differences when culturing osteoblast cell lines on strontiumcontaining brushite cements [111]. The contradictory results depends on the
strontium concentrations released and the specific cell lines used. One limitation in the present study was the lack of strontium release data, which
makes a comparison to other in vitro studies difficult.
Overall, the results in Paper IV show that adding 10 wt% of strontium
halides (except for SrF2) to acidic CPCs significantly improved the radiopacity of the cement without affecting the cytocompatibility.

46

Zebrafish: A possible tool for evaluating
silicate ions in bone applications

The zebrafish is becoming an increasingly popular model organism for drug
research because of their rapid development and transparent bodies, which
makes them ideal for imaging and visualising different organs, and because
of their high similarity to humans [93]. Zebrafish skeletons demonstrate
great resemblance with human skeleton in terms of cells, matrix proteins and
signalling factors, thus making them suitable for research in the bone regeneration field [92].
In Paper V, the possibility of using zebrafish to study the effect of ionic
compounds on bone tissue was evaluated. As a proof-of-concept, silicate
ions were chosen because they are known to stimulate bone matrix formation
[73] and because silicate ions are a degradation product of many synthetic
bone grafts [43]. Different silicate concentrations were initially evaluated in
vitro using an osteoblast cell line. The concentrations that stimulated mineralisation were then tested in the zebrafish, while their bone formation was
monitored over several days.
Osteoblast proliferation and differentiation
The MC3T3-E1 pre-osteoblast cell line was used for the cell studies. Silicate
ions were added to the cell cultures after seeding. The silicate concentrations
used (25, 125 and 625 µM) were based on previous reports [78, 80] and pilot
studies. None of the concentrations used were toxic; in fact, the silicate
treatment of the cells increased osteoblastic differentiation, as demonstrated
by ALP activity (not shown) and mineralisation (Figure 17). The difference
in mineralisation was more pronounced for the highest concentration and the
results were in agreement with previous published results showing that silicate up-regulate ALP and mineralisation [73, 78, 80]. Because the lowest
concentration (25 µM) demonstrated similar results as 125 µM, it was omitted from further studies.
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Figure 17. Overview of fixed alizarin red-stained cells after 15 days in culture.
MC3T3 cells were treated with sodium metasilicate at different concentrations. After
3 days of culture, the medium was supplemented with 50 µg/ml ascorbic acid and 10
mM β-glycerophosphate. A negative control without ascorbic acid and βglycerophosphate was also included (results from Paper V).

Mineralisation in zebrafish
Zebrafish embryos can easily pick up small chemical compounds by diffusion through their skin, which is utilized for both drug treatment studies and
staining different organs in live embryos [92]. For the zebrafish experiments,
3-day-old fish embryos were used, and the silicate ions (125 and 625 µM)
were simply added to their media. The fish embryos were stained for bone
formation and photographed at 5, 7 and 9 days after fertilisation. The amount
of mineralised bone was quantified using image analysis both by measuring
the stained area (Figure 18) and the stain intensity (results not shown) [95].
Both measurements gave similar results; a significant higher amount of bone
mineralisation in the 9-day-old fish embryo treated with the highest dose of
silicate (625 µM). The silicate concentrations used in this zebrafish study
were based on the osteoblast cell culture studies with MC3T3-E1. Using
higher silicate doses for the fish experiments might have resulted in larger
differences between the groups. Thus further studies are needed to establish
an optimal silicate concentration rage for zebrafish embryos.
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Figure 18. Zebrafish larvae treated with different concentrations of sodium metasilicate from 3 days after fertilisation to 9 days after fertilisation. At days 5, 7 and 9, the
fish larvae were stained with alizarin red and photographed. The mineralised area
was quantified using Image J software. The graph shows mean values and standard
deviations (n = 6–8). * Indicates significant differences (p < 0.05) compared to all
groups (results from Paper V).

The results obtained suggest that zebrafish embryos could be used as a tool
to evaluate the effect of silicate ions on bone formation. This method is not
limited to silicates, other ions, such as strontium, zinc and magnesium, could
also be investigated. The zebrafish is a powerful in vivo model with many
existing molecular tools. Therefore, further studies using this model could
provide valuable information about the effect on osteoblasts and osteoclasts
upon treatment with silicate and other ions of interest.
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Conclusions and future perspectives

Most of the work in this thesis was based on modifying acidic CPCs to better
suit the clinical needs, such as adding additives to stimulate bone formation
and increasing radiopacity of acidic CPCs.
In the present work, a combination of pre-mixed CPCs with simvastatin, a
drug with bone anabolic effects, was evaluated. The results showed that the
drug did not impair the cements’ mechanical properties and setting reaction.
The drug demonstrated a continuous release over at least one week, with a
slight initial burst release. Furthermore, osteoblast cell cultures suggested
that the released drug retained its activity and stimulated the cells to produce
bone matrix. In a separate study it was demonstrated that simvastatin inhibited the differentiation and resorption ability of osteoclasts. Overall, the results indicate that the cement–simvastatin combination is a promising bone
graft substitute material that can stimulate bone formation. However, all the
investigations on this topic were conducted in vitro with cell cultures. Although cell cultures are useful as a first evaluation tool, the results achieved
are difficult to extrapolate to in vivo situations. In vivo, many factors can
affect the drug release kinetics. Therefore, in vivo studies are needed to further investigate the potential of the cement–simvastatin combination suggested here. In vivo, it would be interesting to monitor factors such as drug
release; bone formation around the implant site; and osteoclast resorption of
the cement material and the bone in the near vicinity of the cement.
The degradation of acidic CPCs occurs through different mechanisms. In
this thesis, osteoclastic resorption was evaluated. The results revealed a significant resorption of the monetite cement with pit formation on the material
surface. Natural bone remodeling involves a sequence of bone resorption
followed by bone formation, thus indicating the importance of osteoclasts in
bone formation. In the future, more effort should be made to assess osteoclastic responses to different CPC modifications. Up to now, the numbers of
publications focusing on the osteoclastic resorption of CPCs are scarce.
Strontium halides are soluble salts, with the exception of strontium fluoride. In this thesis, the salts were used to modify acidic CPC for two reasons:
to increase the radiopacity of the cement and to stimulate osteoblasts. While
no beneficial (or adverse) effects of strontium could be detected on the osteoblasts, the use of strontium halides increased the radiopacity of the acidic
CPCs. However, one limitation of the study was the lack of ion release data,
which would have aided in understanding the in vitro results. Therefore, this
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should be evaluated in future studies. Moreover, since strontium is known to
have a anti-resorptive effect it would also be interesting to study the osteoclastic resorption of the strontium halide modified cements.
The zebrafish experiments conducted showed interesting results suggesting increased bone formation in response to silicate treatment. In the study
presented here, only a mineralisation stain was used to show silicate’s effect
on zebrafish bone formation. In future studies, additional bioassays should
be used to better reveal the mechanisms involved.
The mineralisation results per se are not surprising because silicate supplementation has previously been proven to affect bone in both chicks and
rodents. However, the use of zebrafish as an in vivo model is more interesting because the zebrafish could be a powerful tool for evaluating the dissolution products of synthetic bone grafts.
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Methods

Setting time
Setting time is one of the important properties of cements, and standardised
methods to measure it have been developed [113]. Briefly, the procedure is
to place a needle of a certain diameter and weight on the cement surface. The
cement is considered set when no indentation mark from the needle tip is
visible on the surface. The Gillmore needle method, which calls for a needle
diameter of 1.06 mm and a weight of 453.6 g, was used in Paper I. Indentations were then made at different time intervals until the setting time was
established. To initiate the setting reaction, the pre-mixed cement samples
were immersed in PBS.
Mechanical testing
For brittle materials such as CPCs, two mechanical properties are often evaluated: compression strength and diametral tensile strength. The compression
strength is the maximum amount of stress the cement can withstand in uniaxial compression before breaking. In Papers I and IV, the compression
strength was measured using cylindrically moulded cement samples 6 mm in
diameter and 12 mm in height.
Because brittle materials cannot be tested using tension, their tensile
properties are determined with diametral tensile tests. By applying loads to
cement discs placed on their edge, a tensile force is induced perpendicularly
to the load axel. In Papers I and IV, the diametral tensile strength was
measured on cement discs 8 mm in diameter and 3 mm in height.
For both compression strength and diametrial tensile strength, a universal
testing machine was used, with a crosshead speed of 1 mm/min. The maximum compression or tensile stress (𝜎!"# ) was calculated using equations 2
or 3, respectively. Where 𝐹!"# is the maximum load, 𝐴 is the cross-sectional
area, 𝑑 is diameter and ℎ is height.

𝜎!"# =

!!"#

𝜎!"# =

!!!"#
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(2)
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X-ray diffraction
X-ray diffraction is an analytical technique used to characterise crystalline
materials. A crystalline material is defined as a material in which atoms are
organised in a regular lattice. This lattice of atoms creates planes with a high
atomic density that is repeated along an axis. In X-ray diffraction, the atomic
lattice is used as a diffraction grating to diffract monochromatic X-rays. The
distance between planes with a high atomic density defines the scattering of
the incident X-ray. By detecting the intensity of reflected X-rays for a range
of different angles, a unique diffraction pattern for each crystalline material
is obtained. Cement phases were analysed using X-ray diffraction in Papers
I and IV. In both papers, a monochromatic Cu-Kα X-ray was used with a
specific wavelength of 0.154 nm and a theta:theta setup, with angles ranging
from 5° to 60°.
Drug release studies
In the drug release studies described in Paper I, cement paste was placed in
moulds that were immersed in 5 mL of PBS solution and incubated at 37° C
during agitation. PBS was continuously collected and replaced with new
PBS to ensure that the solution did not become saturated with simvastatin. In
Paper III, pre-set cement discs were immersed in PBS and the solutions
were replaced in conjunction with the media changes in the cell cultures. For
both studies, the amount of the drug in the PBS was determined through
absorbance measurements using a spectrophotometer at a wavelength of 238
nm.
Cell viability/proliferation studies
Cell viability or proliferation can be monitored using many different methods, such as enzyme activity, DNA synthesis, cell membrane integrity or
metabolic activity. In this thesis, three different assay methods were used:
AlamarBlue, lactate dehydrogenase (LDH) activity and live/dead stain. These methods are described below.
AlamarBlue
AlamarBlue is a water-soluble, cell-permeable molecule that is blue and
non-fluorescent. Once it is added to the cell culture, the molecule enters the
cell and is irreversibly reduced by electron transfer processes within the respiratory chain of the cell. The reduced molecule is pink and fluorescent and
can be quantified either by colorimetric or fluorescence measurements. The
colour change or fluorescent intensity is proportional to the number of metabolically active cells [114]. AlamarBlue was used in Papers I and V to assess cell proliferation and viability. The fluorescent readout was used for
better sensitivity (excitation: 560 nm; emission: 590 nm). However, the
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method was less suitable in direct contact experiments with CPCs because
the CPCs interacted with the assay and gave high background values
LDH activity
LDH is an enzyme found in the majority of animal cells. The enzyme is situated inside the cell and catalyses the conversion of pyruvate, which is the
product of glycolysis, to lactate. LDH activity can be utilised in two different
ways. One approach implies the measurement of LDH activity in the cell
culture media and is a measure of cell membrane damage and cytotoxicity.
This method is based on the fact that the LDH enzyme only crosses the cell
membrane if the membrane is compromised. In the other approach, cells are
first lysed to release all LDH enzymes within the cell. The LDH activity then
corresponds to the number of viable cells [115]. The second approach was
used in Paper IV to quantify the number of viable cells on CPC samples.
The readout of the assay was a colour change that was quantified using a
spectrophotometer at a wavelength of 490 nm.
Live/dead stain
Membrane integrity is a commonly used parameter in cell viability assays.
The live/dead stain is based on this parameter. The stain contains two molecules: calcein-AM and propidium iodide. Calcein-AM is a non-fluorescent
cell membrane-permeable molecule; however, once inside the cell, it degrades to a green fluorescent molecule due to enzymes that are active in
viable cells. Therefore, the viable cells emit a green fluorescent light. In
contrast, propidium iodide is not membrane-permeable in viable cells and
can only cross cell membranes that are compromised. When propidium iodide reaches the cell nucleus after passing the defective cell membranes, it
interacts with the DNA and emits a red fluorescent light. In Papers II and
III, the stain was used in combination with image analysis using ImageJ
software to quantify the number of viable cells. In Paper IV, the stain was
used to visualise the spreading of viable cells on CPC samples.
ALP activity analysis
ALP is one of the proteins expressed early in osteoblast differentiation and is
often used as an osteoblast marker [12]. ALP is an enzyme that cleaves
phosphate groups from other molecules. The enzyme can be quantified by
measuring its activity in cleaving the synthetic substrate p-nitrophenyl phosphatase, which turns yellow upon dephosphorylation. The enzyme activity is
thus proportional to the colour change. The colour change was measured
using a spectrophotometer at a wavelength of 405 nm. The ALP activity
values obtained were normalised to the total amount of protein. This method
was used in Papers I, IV and V.
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Alizarin red analysis
Alizarin red is a molecule with a high affinity to calcium. It can be used to
visually detect calcium minerals in cell cultures and to quantify the mineral
amount. The procedure involves fixing and staining cells followed by extensive washing to remove all excess stain. The cell culture and mineral deposition can then be visualised using a light microscope.
During quantification, the stain is extracted with an acid and the colour of
the extract is measured using a spectrophotometer at a wavelength of 405 nm
[116]. In Papers I and V, the stain was used to detect and quantify calciumrich deposits by osteoblast cell cultures.
In Paper V the stain was also used to detect bone mineral in the zebrafish
embryos. The stain was then added to the fish media; and it diffused through
the fish’s skin to stain the bone mineral. The fish embryos were subsequently
anesthetised and transferred to pre-moulded gel channels that kept the embryos in position during imaging. Photograph of each embryo was taken, and
the amount of stain was quantified with image analysis using the ImageJ
software.
Murine bone marrow macrophage isolation
Bone marrow macrophages were used as precursor cells to differentiate osteoclasts in vitro (Paper II and III). The bone marrow cells were isolated
using the method described by Takeshida et al. [117]. The marrow cells were
flushed from the long bones of mice and cultured on non-culture tissuetreated petri dishes with 100 ng/ml recombinant murine M-CSF. The cells
were incubated for three days at 37°C, after which all non-adherent cells
were washed away. The adherent cells left in the petri-dish, i.e. the bone
marrow macrophages, were used for osteoclast experiments.
TRAP stain and activity analysis
The TRAP enzyme is expressed by osteoclasts and is therefore used as a
marker to detect osteoclast differentiation. However, in addition to TRAP
expression, osteoclasts also need to be multinuclear [13]. A stain is often
used to detect TRAP enzyme activity. The staining procedure involves fixing
cells, adding buffer solutions and adding a synthetic substrate, which upon
cleavage turns purple. After an incubation at 37°C, the cells expressing the
TRAP enzyme are stained purple. The TRAP stained cells can then be visualised under a light microscope.
The TRAP activity can also be quantified, which is useful for comparative studies. Media from the cell cultures are used to quantify TRAP activity.
Buffers and a synthetic substrate are then added to the cell media. After an
incubation time a colour change can be detected, which is proportional to the
TRAP activity in the cell culture [118]. The colour change is measured using
a spectrophotometer at a wavelength of 405 nm. Staining and the quantifica55

tion of TRAP activity were used in Papers II and III to evaluate osteoclast
differentiation.
DAPI staining
DAPI is a blue-fluorescent stain that binds to DNA in the cell nucleus, upon
binding the fluorescence signal is enhanced. DAPI is a commonly used nuclear stain and in Paper II and III the stain was used to visualise the multiple nuclei of differentiated osteoclasts.
Gene expression analysis
Gene expression analysis implies a relative quantification of specific genes
expressed by cells. Relative quantification of genes can be done using realtime PCR. This method was used in Papers II and III to further confirm
differentiated osteoclasts. The osteoclastic genes CtcK (encoding for cathepsin K) and Acp 5 (encoding for the osteoclast-specific TRAP enzyme) [17]
were then analysed.
The gene expression values obtained through real-time PCR are highly
dependent on the amount of mRNA that is successfully isolated from each
sample. For a better comparison of the results, all the genes are normalised
to a housekeeping gene, which is a gene with a stable expression level in the
cells. In Papers II and III, Actb (encoding for actin B) was used as housekeeping gene.
Calcium assay
The amount of calcium ions in the cell media was measured to determine the
osteoclast resorption (Papers II and III). A colorimetric assay was used for
this purpose; this assay utilises the chromogenic complex of calcium ions
with 0-cresolphthalein [119]. The colour change was measured using a spectrophotometer at a wavelength of 570 nm.
Scanning electron microscopy
A SEM is a microscope that uses focused electron beams to create highresolution images. When the incident electron beam interact with atoms in
the sample, various signals are produced that can then be detected. The signals give information about the sample’s surface topography. In Paper IV,
SEM was used to visualise osteoblasts on CPC surfaces. In Paper II, it was
used to visualise osteoclast resorption pits.
Prior to SEM, the cells were fixed with glutaraldehyde followed by dehydration with ethanol and hexamethylsilazane. Finally, the samples were sputter-coated with palladium to avoid charging by the electrons.
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Svensk sammanfattning

Runtom i världen utförs varje år över en miljon operationer som kräver bentransplantationer eller benersättningsmaterial för att fylla håligheter som
skapas till följd av cancer, missbildningar eller svåra frakturer som inte
självläkt. Den vanligaste metoden går ut på att ta benvävnad till transplantationen från patientens höftben, vilket innebär ett omfattande kirurgiskt ingrepp. Fördelen med att använda den kroppsegna vävnaden är att den inte
stöts bort och att den innehåller biologiska faktorer som stimulerar benbildning. Nackdelarna är att bara en viss mängd vävnad kan plockas ut och att
operationen ger en ökad risk för infektion. Dessa risker och komplikationer,
med bentransplantationer, har bidragit till en ökad användning av benersättningsmaterial. Benersättningsmaterial är ofta syntetiska material som liknar
benvävnad på något sätt. I dagsläget finns det inga syntetiska material som är
lika bra som den kroppsegna benvävnaden, men forskning pågår för att ta
fram nya material. De viktigaste egenskaperna för ett bra benersättningsmaterial är:
- deras mekaniska egenskaper
- att de är nedbrytbara, så att de kan ersättas med nybildat ben
- att benceller kan växa på dem
- att de stimulerar benceller att bilda ben
Syftet med den här avhandlingen har varit att kombinera benersättningsmaterial med läkemedel eller joner som kan stimulera benbildning. Detta är
extra viktigt vid behandling av patienter med nedsatt benbildningskapacitet,
t.ex rökare, patienter som genomgått strålbehandling eller personer med
benskörhet. I avhandlingen har också nerbrytningen av benersättningsmaterial studerats. Slutligen har akvariefiskar utvärderats i syfte att kunna
användas som en djurmodell för att studera nedbrytningsprodukterna från
benersättningsmaterial. För att förstå resultaten i avhandlingen beskrivs benvävnad i följande stycke.
Ben är uppbyggt av ett mineral, bestående av kalcium och fosfat, som är
inbäddat i flera lager av proteiner, främst kollagen. Benvävnad fungerar därför som ett kompositmaterial, där mineralen står för tryckhållfastheten och
kollagenet för draghållfastheten. Ben är i högsta grad en levande vävnad som
ständigt förnyas. Förnyelseprocessen gör att skelettet behåller sin styrka och
att små sprickor som uppstår vid den vardagliga belastningen läker. Benet
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bryts ner av ”ben-ätar-celler” (osteoklaster) som löser upp benmineralen och
spjälkar benproteiner. Nytt ben bildas sedan av ”ben-byggar-celler” (osteoblaster) som producerar och deponerar nya proteiner och benmineraler. Vid
mindre benbrott eller skador kan bencellerna bygga nytt ben och läka ihop
skadan så att vävnaden återfår sin ursprungliga styrka. Men vid större defekter/skador behövs bentransplantationer eller benersättningsmaterial för att
hjälpa kroppen vid läkningen.
De flesta studier i den här avhandlingen har baserats på benersättningsmaterialet kalciumfosfatcement. Ett material som precis som byggcement, är
pulver som härdar i kontakt med vatten. Det finns många fördelar med denna
typ av benersättningsmaterial, framförallt att kalciumfosfatmineralen som
bildas efter härdning liknar det kroppsegna benmineralet. Därför är materialet ett bra underlag för benbildning och läkning. En annan fördel med cementet är att det kan sprutas in och formas innan de har härdat. Det gör att
större kirurgiska ingrepp kan undvikas. En nackdel med kalciumfosfatcement är dock att de inte stimulerar benceller att bilda nytt ben, något som är
viktigt vid behandling av patienter med försämrad benbildning.
I artikel I studerades möjligheten att kombinera kalciumfosfatcementet med
ett läkemedel för att få till mer benbildning. Syftet var att få en lokal frisättning av läkemedlet och på så sätt stimulera närliggande bencellerna att producera nytt ben. Läkemedlet som användes var simvastatin, en kolesterolsänkande medicin, som ofta skrivs ut till hjärt-kärlsjuka personer. På senare
år har det dock upptäcks att simvastatin har en positiv effekt på benbildning
och en hämmande effekt på bennedbrytning. Dessa egenskaper är viktiga för
att få en bra initial benläkning. Resultaten i artikel I visades att cementets
egenskaper inte påverkades negativt av läkemedelstillsatsen och att frisättningen av simvastatin från cementet varade i över en vecka. Resultaten visade också att simvastatin efter frisättning behöll sin verkan och stimulerade
”ben-byggar-cellerna” till benbildning, vilket visades genom cellodlingsexperiment.
I artikel II och III flyttades fokus istället till ”ben-äter-cellerna”. Teorin
var då att kalciumfosfatcementet också skulle kunna brytas ner av dessa
celler, eftersom mineralet liknar det i ben. Resultaten visade att cellerna faktiskt löste upp cementet och bildade små gropar på ytan, se figur 1 nedan.
Men om simvastatin rördes ner i cementblandningen hämmades nedbrytningen. Sammanfattningsvis så visades det i avhandlingen att tillsats av simvastatin till cementet gjorde det gynnsamt för benbildning samtidigt som det
minskade nedbrytningen. Detta skulle kunna vara positivt för patienter med
nedsatt benbildning, där det annars kan uppstå en situation där cementet
bryts ner snabbare än benet läkt ihop.
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Figur 1. Elektronmikroskopbild över en osteoklast som bryter ner kalciumfosfatcement. Cellen löser upp mineralet och lämnar en grop bakom sig. Skalstrecket motsvarar 50 µm.

Som diskuterades tidigare är en av fördelarna med kalciumfosfatcement att
de kan sprutas in i bendefekten. I vissa fall behöver man kunna övervaka
injektionen noga för att förhindra att cementet kommer ut på fel ställen.
Övervakningen sker oftast med röntgen och då är det viktigt att cementet har
bra röntgenkontrast. I artikel IV undersöktes därför möjligheten att öka röntgenkontrasten hos cementet med tillsats av strontiumsalter. En annan eventuell fördel med strontiumsalterna var att de även skulle kunna ha en positiv
effekt på benläkning. Strontium har i tidigare studier visats ha en positiv
effekt på ben, dels genom att stimulera benbildning och dels genom att
hindra bennedbrytning. Resultaten i artikel IV visade att strontiumsaltet gav
en förbättrad röntgenkontrast men den stimulerade effekt av benbildning
uteblev. Dock hade strontiumsalterna inte heller någon negativ effekt på
”ben-byggar-cellerna”.
Cellstudierna som utförts i denna avhandling har endast en gjorts på en
celltyp i taget, d.v.s antingen ”ben-byggar-celler” eller ”ben-ätar-celler”.
Men verkligheten ser annorlunda ut och i benvävnaden sker ett nära samspel
mellan olika celltyper. För att kunna göra en bättre utvärdering krävs därför
mer komplexa system än cellodlingar med endast en eller två celltyper. En
mer komplex modell, för att studera benbildning och hur den påverkas av
olika ämnen, skulle kunna vara zebrafiskyngel (artikel V). Zebrafiskyngel
har på senare tid blivit en populär modellorganism för läkemedelsforskning.
Fördelarna med zebrafisken är att dess gener till 70 % liknar människans och
att de är genomskinliga, vilket gör att det går att studera olika organ inuti
dem. I artikel V utnyttjades just denna egenskap. Fiskynglen behandlades då
med silikat genom att tillsätta silikatsalt till fiskodlingsvattnet. För att kunna
mäta mängden ben som bildades så tillsattes ett färgämne som band till benvävnad. Resultaten visade att silikatkoncentrationer kring 0,5 mg/ml gav mer
benbildning hos fiskyngel jämfört med obehandlade fiskar. Tidigare publicerad forskning har också visat att silikat har en positiv effekt på benbildning.
Att testa just silikater var relevant då ett flertal benersättningsmaterial frisät59

ter dessa joner när de bryts ner. Ett exempel på ett sådant material är glaskeramer, som inte tagits upp i denna avhandling. Försöket visar att zebrafiskar skulle kunna användas i framtida forskning kring hur joner och nedbrytningsprodukter från benersättningsmaterial kan påverka benvävnad.
Sammanfattningsvis har resultaten i denna avhandling har visat att:
5. Tillsats av simvastatin till kalciumfosfatcement troligen ger ett
bättre benersättningsmaterial, med stimulerad benbildning och
hämmad bennedbrytning lokalt kring cementet.
6. Tillsats av strontiumsalt till kalciumfosfatcement ger en bättre
röntgenkontrast utan att påverka bencellerna negativt.
7. Zebrafiskyngel kan användas för att se hur nedbrytningsprodukter
från benersättningsmaterial påverkar benbildning.
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