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Abstract
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The use of injectable biomaterials is growing as the demands for minimally invasive procedures,
and more easily applicable implants become higher, but their availability is still limited due to
the difficulties associated to their design.

Each year, more than 700,000 vertebral compression fractures (VCF’s) are reported in the
US and 500,000 VCF’s in Europe due to primary osteoporosis only. VCF’s can compromise
the delicacy of the spinal canal and also cause back pain, which affects the patient’s quality of
life. Vertebroplasty was developed in the 80’s, and has proven to be a safe minimally invasive
procedure that can, quickly and sustainably, relieve the pain in patients experiencing VCF’s.
However, biomaterials for vertebroplasty still have limitations. For instance, ceramic bone
cements are difficult to distinguish from the bone using X-ray techniques. On the other hand,
acrylic bone cements may cause adjacent vertebral fractures (AVF’s). Large clinical studies have
indicated that 12 to 20% vertebroplasty recipients developed subsequent vertebral fractures, and
that 41 to 67% of these, were AVF’s. This may be attributed to the load shifting and increased
pressure on the adjacent endplates reached after vertebroplasty with stiff cements.

The primary aim of this thesis was to develop better injectable biomaterials for spinal
applications, particularly, bone cements for vertebroplasty. Water-soluble radiopacifiers were
first investigated to enhance the radiopacity of resorbable ceramic cements. Additionally,
different strategies to produce materials that mechanically comply with the surrounding tissues
(low-modulus bone cements) were investigated. When a suitable low-modulus cement was
produced, its performance was evaluated in both bovine bone, and human vertebra ex vivo
models.

In summary, strontium halides showed potential as water-soluble radiocontrast agents and
could be used in resorbable calcium phosphates and other types of resorbable biomaterials.
Conversely, linoleic acid-modified (low-modulus) cements appeared to be a promising
alternative to currently available high-modulus cements. It was also shown that the influence of
the cement properties on the strength and stiffness of a single vertebra depend upon the initial
bone volume fraction, and that at low bone volume fractions, the initial mechanical properties of
the vertebroplasty cement become more relevant. Finally, it was shown that vertebroplasty with
low-modulus cements is biomechanically safe, and could become a recommended minimally
invasive therapy in selected cases, especially for patients suffering from vertebral compression
fractures due to osteoporosis.
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A mamá y papá 
 
 
 
 
 
“Educating the mind without educating the heart is no education at all” 

-Aristotle 
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1 Introduction 

1.1 Injectable Biomaterials 
A biomaterial is, according to the IUPAC †: ‘A material exploited in contact 
with living tissues, organisms, or microorganisms’. Moreover, an injectable 
biomaterial could be defined as a biomaterial that is deliverable to the place 
of interest (in situ) through a syringe, hence enabling a minimally invasive 
procedure. Injectable biomaterials typically, but not exclusively, consist of 
two precursors of which at least one of them is in the liquid state and the 
other can either be in the solid or the liquid state. Upon mixing the precur-
sors, a paste is formed, which remains injectable for a suitable period of time 
to allow its manipulation, transport, and delivery. In the meantime, a harden-
ing ‘setting’ reaction occurs that converts the paste into a solid. The final 
properties are hence reached in situ, namely in the defect, as the biomaterial 
is able to fill in the volume of interest, which in most cases is irregularly 
shaped. Injectable biomaterials are usually referred to as ‘bone cements’ if 
they are intended to interact mostly with bony tissue, although soft tissue 
applications are also becoming more important, in which case the biomateri-
als are generally referred to as just ‘cements’, or ‘scaffolds’ if also intended 
for tissue regeneration. Injectable bone cements have a long history of clini-
cal use. Ceramic cements were first introduced in 1892 by Dressman 1, who 
used calcium sulphate as filler to repair bone defects, whereas polymeric 
cements were later introduced in 1941 by Kleinschmitt 2 who used acrylic 
cements for closing cranial defects in humans, followed by Sir John Charn-
ley 3, who used them to anchor hip joint prostheses.  

Currently, injectable biomaterials find their application in areas as diverse 
as drug delivery 4-6, tissue engineering 7-9, vascular applications 10, orthope-
dics 3,11, dentistry 12,13, and gene delivery 14,15.  
The design of new injectable biomaterials should consider and be directed 
towards having the following main characteristics: 
1. Ease-of-handling: the pastes should easily be prepared at the operating 

theater by e.g. manually mixing the precursors or loading them into du-
al-syringes equipped with mixing nozzles.  

 
† International Union of Pure and Applied Chemistry 
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2. Minimally invasive: depending on the application, the pastes should be 
deliverable (injectable) through needles or cannulas of a certain size to 
avoid open surgery. 

3. Adaptability to physical defect: the pastes should have an adequate vis-
cosity to occupy the intended space and interdigitate with the usually in-
tricate geometry of the defect before hardening, but with low risk for ex-
travasation. 

4. Appropriate hardening time: the time it takes for the paste to harden 
determines, to a great extent, the clinical procedure. Therefore, it should 
be a compromise between sufficient time for the material to be deliv-
ered, and minimal time for the surgeon to close the defect and for the pa-
tient to be able to move without constraint. 

5. Biocompatibility: the pastes and the final hardened materials should have 
the ability to be delivered and perform with an appropriate host response 
in their specific application 16.  

6. Functionality: is determined by the application and implies that the final 
hardened material should give appropriate mechanical support or act as a 
growth-stimulating template for tissue repair and regeneration. 
 

Injectable biomaterial systems are also described in terms of other proper-
ties that are directly related to their applicability, and are of particular inter-
est to the physicians. Enough radiopacity is a usual requirement of injectable 
biomaterials, since it allows monitoring of the delivery, as well as the final 
positioning of the implant. In the particular case of percutaneous vertebro-
plasty, i.e. minimally invasive stabilization of a spinal fracture using bone 
cement, a main focus of the present thesis, the procedure is monitored 
through fluoroscopy; this method is used to place the needles, visualize the 
delivery of the material, and hence to control any material leakage out of the 
vertebral body. One method for measuring the radiopacity is described in 
ASTM F640 17. Furthermore, the so-called ‘handling properties’ are im-
portant to injectable biomaterials and are described in ASTM F451 18, stand-
ard for acrylic bone cements; these include the doughing time (tdough), the 
setting time (tsetting), and the peak polymerization temperature (Tmax). The 
tdough is specific to acrylic bone cements, and is a qualitative measure to de-
fine when the curing mixture is no longer injectable. The tsetting defines when 
the cement has become hard enough to perform according to its application, 
and can be measured in different ways, according to the type of injectable 
system. Also in systems that harden through exothermic reactions, such as 
free-radical additions it is interesting to know the peak polymerization tem-
perature (Tmax), since normally, an as low as possible Tmax, is desired to avoid 
potential damage to the surrounding tissues 19,20.  
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1.1.1 Injectable Ceramics 
Calcium sulphate was the first material used to repair bone tissue 1 but it was 
not until the first injectable calcium phosphate cement was developed 21,  
that injectable ceramics became an important subfield within biomaterials 
science. Injectable ceramic pastes can be classified into two major subgroups 
according to the main mineral component they are based on: calcium sul-
phates and calcium phosphates, although multiphasic formulations and other 
types of inorganic cements, such as those based on magnesium phosphate 22 
are currently under development. Ceramic cements are sometimes preferred 
for bony applications due to their chemical similarity to the mineral phase of 
bony tissue, especially that of calcium phosphates. Other advantages of ce-
ramic cements may include: high biocompatibility, non-exothermic harden-
ing reaction, resorbability, osteoinductivity, osteoconductivity, and inherent 
antibacterial properties in some cases.  

The hardening of ceramic pastes occurs after a dissolution-precipitation 
process between one or more mineral components in aqueous solution. Two 
classes of calcium phosphate cements can be distinguished according to the 
pH at which the end product is stable. At pH > 4.2 precipitated hydroxyap-
atite (PHA) is more stable, whereas at pH < 4.2 calcium phosphate dihydrate 
(brushite, DCPD) is more stable 23. For example, calcium deficient hydroxy-
apatite (CDHA) cements are formed from α-tricalcium phosphate (α-TCP) in 
aqueous solution, whereas brushite cements are formed from a mixture of β-
tricalcium phosphate (β-TCP) and monocalcium phosphate monohydrate 
(MCPM), also in aqueous solution 24. The occurrence of these reactions is 
subjected to pH, temperature, as well as solubility of the reactants. The hard-
ening of ceramic cements occurs after the formation and growth of crystal-
line nuclei, due to an increase in the specific surface area, and crystal inter-
locking. 

Despite of their widespread use as fillers for various types of bony and 
dental defects, and also as drug delivery vehicles, the use of ceramic cements 
is still limited to non-load-bearing applications due to their low fracture 
toughness. Other concerns regarding the design of ceramic cements include: 
radiopacity, shelf life, injectability, cohesion, and hardening time. Radio-
pacity was given special attention in this thesis, since ceramic bone cements 
may be difficult to distinguish from the bony tissue that surrounds them, 
using X-ray techniques; this is one of the limitations of using ceramic ce-
ments in vertebroplasty. Also, due to the cements degradability, commonly 
used radiopacifiers such as barium sulphate and zirconium dioxide are not 
adequate. The relatively low fracture toughness of ceramic cements further 
limits the use of these radiopacifiers. Injectable and fully degradable radio-
paque ceramics may be of interest not only for vertebroplasty 25 with non-
acrylic materials, but also for dentistry 26, and other novel orthopedic appli-
cations that demand radiocontrast such as tibioplasty 27, proximal humerus 
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augmentation 28, and femoral head treatments 29. Strontium halides, except 
strontium fluoride, are water-soluble and previous investigations have indi-
cated their potential as radiopacifiers 30,31. Therefore, their use as radiocon-
trast agents for resorbable bone cements was herein investigated. 

1.1.2 Injectable Polymers 
Polymers are a versatile alternative to ceramics since they allow almost lim-
itless material design possibilities, all the way from the molecular architec-
ture to the micro- and macrostructure. Synthetic polymers can be made soft 
and rubbery, for soft tissue applications, or hard and tough, for bony applica-
tions. They can also be made to resemble the biopolymers synthesized by 
living organisms, such as some of the components in the extracellular ma-
trix, in order to target specific cells and responses. A general classification of 
injectable polymer systems is shown in Figure 1. 

  
Figure 1. Scheme showing a general classification of injectable polymer systems 

according to their degradability and capacity to absorb biological fluids. 

Two non-gel degradable polymer families that can be made into injectable 
systems include polyesters and polycarbonates. A specific example of poten-
tial spinal application involve the use of the aliphatic polyester poly(ε-
caprolactone) to fabricate anisotropic laminated scaffolds for annulus fibro-
sus tissue engineering 32. On the other hand, gels are a highly biocompatible 
subclass of polymers, consisting of crosslinked networks that are able to 
absorb aqueous fluids and ultimately degrade, making them ideal candidates 
as injectable systems for tissue repair 33. Potential spinal applications include 
scaffolds for spinal cord regeneration 34 and materials for nucleus pulposus 
replacement 35. Current clinical applications of degradable polymers include 
suture materials (Maxon™ and BioSyn™), as well as tacks and screws for 
orthopedic use (Acufex™) 36. Non-degradable polymers are also used in 
commercial products, and are usually preferred for load-bearing applications 
due to their permanent, relatively high strength, and elastic modulus. Current 
clinical applications include ultra high molecular weight polyethylene, used 
in joint prostheses, and acrylic bone cements for prosthesis fixation, and 
vertebroplasty. 
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1.1.2.1 Acrylic Bone Cements 
Polyacrylates are a family of polymers that are prepared from a type of vinyl 
monomer, that is, a monomer containing the vinyl group as sketched in Fig-
ure 2.1.  

 
Figure 2. (1) Polymerization of a generic acrylate monomer to obtain a polyacrylate. 

(2) Free-radical polymerization of MMA to obtain PMMA. The vinyl group is de-
picted in blue. 

Polymerization can take place through different chain-wise mechanisms, 
although injectable systems are usually polymerized by free-radical addi-
tions, in the presence of a chemical (room temperature) activator. One of the 
most well-known polyacrylates, with a long history of use as a biomaterial, 
is poly(methyl methacrylate) (PMMA). PMMA can be prepared from methyl 
methacrylate (MMA) monomer, which contains a methyl group attached to 
the alpha carbon, via free-radical mechanism as sketched in Figure 2.2. 

PMMA was first investigated by Otto Röhm in his thesis ‘polymerization 
products of acrylic acid’ in 1901, and further developed by his company 
Röhm and Haas that patented its application as a plastic material in 1928 37. 
The development of acrylic bone cements based on PMMA followed patents 
by companies Kulzer in 1936, and Degussa and Kulzer in 1943 37. Today, 
injectable acrylic bone cements are widely applied in various clinical proce-
dures, such as, artificial joint fixation, percutaneous vertebroplasty, kypho-
plasty, and dental restoration. Acrylic bone cements for vertebroplasty are 
readily available as a two-component system, comprising a liquid and a 
powder, and their formulation differs between brands, as it can be modified 
to obtain different properties. A basic formulation consist of a) powder, 
which contains prepolymerized acrylic polymer beads, mixed with a radical 
initiator, typically a peroxide, and a radiopacifier, typically an inorganic 
oxide; and b) liquid, which is composed of acrylic monomer, and a chemical 
activator, typically a tertiary amine. A list of commercial formulations used 
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in vertebroplasty and joint fixation, some of which were investigated in this 
thesis, is presented in Table 1. 

The powder is usually the most heterogeneous component among differ-
ent formulations, allowing coarse control of the properties since it mainly 
contains constituents that will remain relatively unchanged after the setting 
reaction.  

Table 1. Summary of some commercially available acrylic bone cements for verte-
broplasty and joint fixation and their formulations: Osteopal V (Heraeus Medical); 
Simplex P (Stryker); Opacity+(Teknimed); Vertebroplastic (DePuy AcroMed). 
 
Components Osteopal V Simplex P Opacity+ Vertebroplastic 

Powder 
(%) 

Poly(MMA) - 15.0 49.5 56.8 
Poly(MA-co-MMA) 54.6 - - - 
Poly(MMA-co-S) - 73.5 - 14.2 
Zirconium dioxide 45.0 - 45.0 - 
Barium sulphate - 10.0 - 28.6 
Hydroxyapatite - - 5.0 - 
Benzoyl peroxide 0.4 1.5 0.5 0.4 

Liquid 
(%) 

Methyl methacrylate 92.0 97.5 99.0 95.0 
Ethylene dimethacrylate - - - 4.3 
N,N-dimethyl-p-toluidine 2.0 2.5 1.0 0.7 
Other 6.0 - - - 

L/P 
(mL/g) 

 1:2.6 1:2.0 1:2.7 1:2.6 

Figure 3 shows a representative micrograph of a powder component. The 
polymer beads are spherical, with variable diameters (~1-125 µm), and made 
of one or more polymers or copolymers. In addition to PMMA, poly(methyl 
acrylate) (PMA), poly(butyl methacrylate) (PBMA), and polystyrene (PS) 
can also be included in order to attain control of the glass transition tempera-
ture (Tg) and ultimately the mechanical properties of the hardened material 
38. The number average molecular weight (Mn) of the prepolymerized beads, 
usually in the order of 1-8×105 Da 37,39, depends upon their synthesis and 
sterilization approach, and influences the overall molecular weight of the 
cement. This in turn, affects properties such as the Tg, the swelling proper-
ties, the strength, and the working time 37. Another prominent constituent of 
the powder is the radiocontrast agent (radiopacifier) since it allows monitor-
ing the delivery and final location of the implant, which is of vital im-
portance in spinal applications, due to the risk of extravasation in the vicinity 
of e.g. the spinal cord. Commercial cements usually contain between 10-15 
w/w %, if intended for prosthesis fixation, and 30-45 w/w %, if intended for 
spinal applications, radiopacifier in the powder. The most common radiopac-
ifiers are either zirconium dioxide (ZrO2) or barium sulphate (BaSO4) alt-
hough alternative compounds are also possible 40-42. A compromise between 
the desired radiopacity and handling/mechanical properties, is needed, since 
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too much radiopacifier usually lengthens the setting time, and lowers the 
strength. Finally, the powder contains small amounts of benzoyl peroxide, 
which is the radical initiator used in most formulations. 

 
Figure 3. Scanning electron micrograph of Osteopal V powder component showing 

the morphology of its main constituents. 

Most of the liquid component is constituted by MMA monomer, which un-
dergoes bulk polymerization to form the PMMA matrix in which the poly-
mer beads (soluble in the monomer) and the radiopacifier, become embed-
ded upon setting of the cement. The liquid also contains a small amount of 
the tertiary amine N,N-dimethyl-p-toluidine, which decomposes the perox-
ide, via a redox reaction, to generate the radicals necessary to initiate the 
MMA polymerization, according to the mechanism depicted in Figure 4. 
Another parameter that is used to define a cement formulation is the relation 
between the amount of liquid, and the amount of powder that has to be 
mixed in one go, to obtain a material with certain properties; this is usually 
referred to as the liquid-to-powder ratio (L/P). 

Cement formulations may also include additives with various purposes, 
such as: inhibitors, e.g. hydroquinone or mequinol, to improve the shelf life 
of the liquid component; colorants, to distinguish the cement from the bone 
in case of explantation; crosslinking agents, to increase the compressive 
strength; and hydroxyapatite, to enhance biocompatibility and stimulate bone 
ingrowth. In this thesis, fatty acids were added to reduce the elastic modulus 
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of stiff cements and hence obtain cements that complied with the properties 
of cancellous bone. 

 
Figure 4. General initiator/activator reaction to form free radicals that initiate the 

polymerization in acrylic bone cements. 

Fatty acids esterified to glycerol constitute triglycerides, both of which 
are naturally occurring in living organisms. These compounds are chemical-
ly reactive in their unsaturated groups 43, hence competing with the acrylic 
monomer, resulting in lower monomer conversion, and reduced reaction 
rates 44; this causes a reduction in the elastic modulus. In addition, these 
compounds can allocate in the intermolecular spacing, increasing the free 
volume, and facilitate the relative movement of the chains, acting as a plasti-
cizer, also reducing the elastic modulus of the material 45. In this work, these 
properties of fatty acids were taken advantage of, to produce acrylic bone 
cements with a lower elastic modulus. Although a few attempts to use fatty 
acids to modify the properties of bone cements have been reported in the 
literature 45,46, this is a promising approach that has not yet been implement-
ed in the clinics. 

1.1.3 Hybrid Bone Cements 
Besides polymeric and ceramic systems, hybrid bone cements were also 
investigated in this thesis. Hybrid bone cements can be defined as cements 
derived, and exhibiting properties from, both ceramic and polymeric materi-
als. Unlike composites, hybrids contain covalently bound components. Most 
hybrid cements researched to this date are polymer-ceramic systems based 
on PMMA, epoxy, and silica 47,48 and zinc-calcium-silicate polyalkenoate 49.  

Polyhedral oligomeric silsesquioxane (POSS) can be considered as the 
smallest silica particles ranging between 1 and 3 nm 50,51. The generic chem-
ical formula of POSS is (RSiO1.5)n where R can be almost any organic sub-
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stituent and n may vary. If R is a reactive functionality, POSS becomes 
polymerizable. By using this approach, a good compromise between the 
stability and rigidity of inorganic materials, and the organic compatibility of 
the organic materials can be attained. In this work, Methacryl-POSS (Figure 
5) was used as a liquid ceramic precursor, since it can be solubilized and 
crosslinked to other acrylic polymers to form hybrid bone cements, using a 
similar type of initiation mechanism to that of acrylic bone cements. These 
hybrid materials may offer some of the benefits of the polymer component, 
while also incorporating bioactive properties, since silanol groups formed 
upon hydrolysis, may act as nucleation sites for hydroxyapatite 52. 

 
Figure 5. Chemical structure of Methacryl-POSS with n=8. 

1.2 The Spine 
The spine is a complex anatomical structure that consists of 24 articulated 
vertebrae, separated by 23 intervertebral discs, plus 9 fused vertebrae form-
ing the sacrum and the coccyx. The articulated vertebrae are divided accord-
ing to their location into cervical (C1-C7), thoracic (T1-T12), and lumbar 
(L1-L5). In general, the closer to the cranial side, the more flexibility the 
vertebrae provide, whereas, the closer to the caudal side the more structural 
support the vertebrae provide. A single vertebra (Figure 6) consists of a cen-
trum formed by trabecular (cancellous) bone embedded in a thin cortical 
shell, with a superior and an inferior endplate of varying thickness. The ante-
rior part of the vertebra is optimized for bearing compressive loads, whereas, 
the posterior part has several projecting (posterior) elements, for protecting 
the spinal cord and anchoring the muscles that generate motion and distrib-
ute the load. The trabecular bone that forms the main part of the vertebral 
body is highly heterogeneous; its properties vary substantially with site, age, 
and disease 53. Mechanical testing has been used to measure the elastic mod-
ulus of vertebral trabecular bone, which varies from 10 to 900 MPa 54-56. 
Figure 7 illustrates this distribution as estimated from finite element model-
ing 57. This range of values was given especial importance, as it represents 
the target elastic modulus of the low-modulus cements investigated in this 
thesis. 
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Figure 6. Outer anatomy of a lumbar (L3) vertebral body. 

 

 
Figure 7. Distribution of axial elastic modulus within a lumbar (L1) vertebral body. 

(Reprinted from 57 with permission). 

1.2.1 Vertebroplasty 
Vertebral compression fractures (VCF’s) represent a burden to healthcare 
systems worldwide since yearly more than 700,000 VCF’s are reported in 
the US 58 and 500,000 VCF’s in Europe 59, due to primary osteoporosis only. 
VCF’s may also result from secondary osteoporosis, multiple myeloma, 
lymphoma, leukemia, and metastatic cancer 60-64. VCF’s can compromise the 
delicacy of the spinal canal and also cause back pain, which affects the pa-
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tient’s quality of life. Conservative treatments may be the first choice, in-
cluding bed rest, orthotic bracing, physiotherapy, pharmacological therapy, 
and ultimately radiotherapy in the case of metastatic lesions. Although con-
servative therapies might alleviate the pain over time, each of them has its 
own risks and side effects and usually treats only the symptom but does not 
directly resolve the instability problem nor reduces the risk of further frac-
tures 60. However, depending on the medical status, projected life expectan-
cy, drug tolerance, functional capacity, and quality of life expectations, pa-
tients can be eligible for non-invasive interventions, namely vertebroplasty 
or kyphoplasty 60.  

Vertebroplasty consists of percutaneous injection of bone cement into the 
fractured vertebra in order to stabilize it and relieve the pain. Vertebroplasty 
was developed in France by radiologists looking for a non-invasive way to 
treat vertebral pain 65-67. Along the years, vertebroplasty has proven to be a 
safe procedure that can quickly and sustainably relieve the pain in patients 
experiencing vertebral fractures 68-70. However, there still appears to be room 
for improvement after large clinical studies indicated that, shortly upon sur-
gery, 12 to 20% patients that underwent vertebroplasty developed subse-
quent vertebral fractures and that 41 to 67% of these fractures occurred in 
the levels adjacent to the treated one 71-73. As seen in Figure 7 the distribu-
tion of the elastic modulus of cancellous bone within the vertebral body is 
normally in the range of 10 to 900 MPa 54-57, which greatly differs from that 
of acrylic bone cements, ~1700 to 3700 MPa 74,75. Furthermore, the compres-
sive strength of cancellous bone is normally in the range of 0.1 to 15 MPa 55, 
much lower than that of acrylic bone cements, 85 to 114 MPa 74,75. This hy-
pothesis is based on the load shifting, and increased pressure on the adjacent 
endplates, that is reached after vertebral augmentation with a rigid cement 76-

78, which reduces the natural inward bulging of the endplate, as schematized 
in Figure 8. In addition, the natural (normal) load distribution profile within 
an intervertebral disc is higher along the cortical shell than along the cancel-
lous bone core 79. As illustrated in Figure 8, two theoretical scenarios might 
exist: i) Pressure boundary conditions, in which the disc behaves like a bal-
loon, while maintaining the natural stress distribution profile after the treat-
ment; and ii) Displacement boundary conditions, in which the disc com-
presses due to bulging of the endplates, and increased stiffness of the cancel-
lous bone core, which alters the load distribution profile after the treatment. 
In this respect, it has been hypothesized that adjacent vertebral fractures 
might partly be caused by the marked differences in compressive strength 
and elastic modulus of acrylic bone cements, compared to cancellous bone, 
in a displacement boundary condition scenario. 

Additional hypotheses explaining the occurrence of adjacent VCF’s in-
clude the natural course of the disease 80, the maximum filling approach 
76,77,81, and cement leakage towards the intervertebral disc 82,83. In this thesis, 
various low-modulus bone cements were investigated as potential alternative 
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biomaterials to prevent adjacent vertebral fractures in vertebroplasty applica-
tions. 

 
Figure 8. Schematic representation of possible loading scenarios within a spinal 
segment after vertebroplasty with high-modulus cement. The features have been 

exaggerated for illustrational purposes. 
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2 Aims of the Thesis 

The use of injectable biomaterials is currently growing as the demands for 
minimally invasive procedures, and more easily applicable implants become 
higher. However, their clinical availability is still limited due to difficulties 
associated to their design. Moreover, injectable biomaterials that are, today, 
used in clinics, still present issues that need to be resolved. Due to the bur-
den that VCF’s represent to healthcare systems worldwide, developing min-
imally invasive materials-solutions for the spine is in the society’s best inter-
est. Consequently, the primary aim of this thesis was to develop better in-
jectable biomaterials for spinal applications, particularly, bone cements for 
vertebroplasty. In order to accomplish this, it was within the scope of the 
thesis to understand and investigate the major classes of injectable bio-
materials. Therefore, this work intended to deal with various challenges as-
sociated to both ceramic and polymeric injectable biomaterials.  

Resorbable ceramics are widely used as bone fillers but have limited use 
in vertebroplasty, in part, due to the difficulty to distinguish them from bone 
under fluoroscopic guidance. Therefore, a strategy to enhance the radiopaci-
ty of brushite and other resorbable/degradable cements was investigated 
(paper I). This type of bone cement, however, still exhibit low mechanical 
strength, which is a major hindrance to load-bearing applications.  

Load-bearing injectable biomaterials that are currently used in vertebro-
plasty are mostly based on poly(methyl methacrylate), which is stiffer than 
cancellous bone. This difference may result in altered load transfer patterns 
and possibly adjacent vertebral fractures. In this respect, different strategies 
to produce materials that comply with the surrounding tissues (low-modulus 
materials) were also investigated. A first strategy consisted of synthesizing 
polyester and polycarbonate-based polymerizable precursors that could en-
hance the degradability, and reduce the stiffness of acrylic bone cements 
(paper II). A second strategy consisted of developing new hybrid cements 
with properties from both ceramics and polymers, and with tailorable stiff-
ness (paper III). However, introducing new materials into medical practice, 
faces a long investigational pathway, as well as clinical conservatism before 
patients could benefit from them. In consequence, modifying currently exist-
ing PMMA-based cements is a more straightforward approach to reach both 
clinicians and patients in a timely manner. Therefore, two approaches to 
control the stiffness of PMMA-based cements were investigated: firstly, by 
simply altering their current formulation (paper IV), and secondly, by using 
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additives that with minimal modification could help to tailor their mechani-
cal properties (papers V, VI). Finally, when a suitable low-modulus material 
had been produced, its performance was further evaluated in a human verte-
bra ex vivo model (paper VII). 
 

In this context, the specific aims of this thesis were: 
 

• To investigate the feasibility to use strontium halides as degrada-
ble radiocontrast agents in resorbable ceramic bone cements for 
potential use in vertebroplasty. (Paper I) 

• To synthesize injectable degradable oligomers based on tri-
methylene carbonate, D,L-lactide, and ε-caprolactone that could 
potentially enhance the degradability and reduce the stiffness of 
acrylic bone cements for vertebroplasty. (Paper II) 

• To produce and evaluate load-bearing materials with hybrid prop-
erties based on POSS and poly(ethylene glycol) for potential use 
in vertebroplasty. (Paper III) 

• To investigate the direct and interactive effects of common chem-
ical reagents used to formulate PMMA-based bone cements on 
their final properties. (Paper IV) 

• To investigate simple strategies to obtain low-modulus cements 
that could rapidly and cost-effectively benefit the patients. (Pa-
pers V, VI) 

• To determine the properties of potential low-modulus ce-
ments/bone composites in an animal ex vivo model. (Paper VI) 

• To investigate the mechanical performance of potential low-
modulus cements in a human pathological-vertebrae ex vivo mod-
el, and to assess the differences between low and high-modulus 
cements. (Paper VII) 
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3 Materials & Methods 

The seven papers included in this thesis investigate different classes of in-
jectable biomaterials, which are summarized in Table 2. 

Table 2. Summary of the different materials investigated in this thesis. 
 

Material Class Type Setting reaction Paper(s) 
Calcium phosphate 
dihydrate 

Ceramic Resorbable Dissolution-
precipitation 

I 

Oligo(trimethylene 
carbonate) 

Polymer/precursor Degradable - II 

Oligo(D,L-lactide-co-
caprolactone) 

Polymer/precursor Degradable - II 

Poly(POSS-co-
ethylene glycol) 

Hybrid Non-degradable Free-radical 
addition  

III 

Poly(methyl methac-
rylate) 

Polymer Non-degradable Free-radical 
addition 

IV-VII 

3.1 Material Preparation & Synthesis 
In paper I, ceramic (CP, brushite) cements were prepared from a two-
component (liquid-powder) system, in which the liquid component consisted 
of MCPM and disodium dihydrogen pyrophosphate (1 w/w% of the total 
amount of powder in the system) previously dissolved in distilled water, and 
the powder component consisted of β -TCP. Enhanced radiopacity formula-
tions were also prepared in which the powder component contained 10 
w/w% of a strontium halide: strontium fluoride (CP-SrF2), strontium chlo-
ride (CP-SrCl2), strontium bromide (CP-SrBr2), or strontium iodide (CP-
SrI2). The overall powder-to-liquid ratio was kept at 3.3 g/mL and the 
MCPM:β-TCP molar ratio was kept at 1. The materials were prepared by 
simply mixing both liquid and powder phases manually for 30 seconds. 

In paper II, a polymer synthesis approach was used to produce and com-
pare two different degradable precursors that could potentially be used to 
modify the properties of other acrylic cements; these precursors would intro-
duce flexible degradable segments, in order to reduce the elastic modulus, 
and enhance tissue ingrowth upon degradation. In addition, these precursors 
could be used as crosslinkable degradable scaffolds or as liquid drug carri-
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ers. In this context, oligo(trimethylene carbonate) (oTMC) and oligo(D,L-
lactide-co-caprolactone) (o(DLLA-co-CL)) were synthesized via ring-
opening polymerization according to mechanisms sketched in Figure 9.  

 
Figure 9. General synthesis mechanisms of degradable precursors intended as in-
jectable systems. Ring-opening polymerization of (i) oTMC and (iii) o(DLLA-co-
CL) using 1,4-butanediol as coinitiator; acrylation of (ii) oTMC and (iv) o(DLLA-

co-CL) using acryloyl chloride (paper II). 

Commercial polymeric bone cements are usually crosslinked via free-radical 
addition. However, these hydroxyl-endcapped oligomers are not crosslinka-
ble as such, but require functionalization with groups that could be, e.g. free-
radical polymerized. Therefore, hydroxyl-terminated oligomers were further 
functionalized with acrylic end-groups using acryloyl chloride to form fully 
crosslinkable precursors as also sketched in Figure 9. 

In paper III, a new hybrid material was developed based on Methacryl-
POSS cage mixture (n=8, 10, 12) (Hybrid Plastics, Inc., Hattiesburg, MS, 
USA) and polyethylene glycol-diacrylate (PEG-da, 700 Da, Sigma-Aldrich, 
St. Louis, MO, USA). A two-component (liquid-liquid) system was pre-
pared, which could be injected while mixed through a dual-syringe, as 
shown Figure 10. The injectable system was crosslinked at room tempera-
ture via free-radical polymerization initiated by benzoyl peroxide (BPO) and 
N,N-dimethyl-p-toluidine (DMPT), which were separated into each compo-
nent, similarly to PMMA-based bone cements. 
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Figure 10. Photographs of the dual-syringe system employed to mix and inject equal 

volumes of the PEG/POSS precursor mixture (A) and injection into molds (B)  
(paper III). 

In paper IV, the direct and interactive effects of three formulation varia-
bles on the properties of acrylic bone cements were screened using design-
of-experiments (DoE) software. This was done using investigational cements 
with a center-point formulation similar to that of Vertebroplastic (Table 3) 
but prepared and optimized to commonly available laboratory reagents. 

Table 3. Center-point experimental formulation used in paper IV. All the reagents 
were acquired from Sigma-Aldrich. 

Component Reagent Percentage 
Powder (w/w%) 
 

PMMAa 
BPO 

68 
2 

BaSO4 30 
Liquid (v/v%) MMA 94 

DMPT 1 
EGDMA 5 

L/P (mL/g) - 0.7 
 

a PMMA beads had a mean particle size of 95 µm as measured through laser scattering granu-
lometry and a mean average molecular weight of 350 kDa according to the manufacturer. 

 
In papers V-VII, low-modulus (compliant) bone cements were investi-

gated in order to enhance the outcome of percutaneous vertebroplasty proce-
dures and potentially reduce the occurrence of adjacent vertebral fractures. 
All the materials consisted of two-component (liquid-powder) systems and 
were prepared by adding the liquid to the powder and mixing them for 30 
seconds. The commercially available bone cement Osteopal®V was used as a 
base and plasticizing (triglyceride/fatty acid) additives, without further modi-
fication, were added to vary the mechanical properties. In paper V, cements 
with adaptable mechanical properties were simply prepared by replacing 
equal amounts of the liquid component with 2.5, 7.5, and 12w/w% castor oil 
(Sigma-Aldrich, St. Louis, MO, USA) and keeping the liquid-to-powder 
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ratio at 0.38 mL/g. In papers VI-VII, the plasticizing additive castor oil was 
replaced by the more effective 9-cis,12-cis-linoleic acid (≥99%, Sigma-
Aldrich, St. Louis, MO, USA) and amounts ≤1.5 w/w% were tested. To 
maintain a constant liquid-to-powder ratio, the amount of liquid component 
(L) was adjusted to the amount of linoleic acid (mLA) and the amount of 
powder component (P) according to equation (1): 

 
                                  (1) 

3.2 Materials Characterization 
3.2.1 Mechanical Testing 
Due to the importance of the load-bearing capabilities, especially in spinal 
applications, uniaxial compression testing was the most exploited technique 
in this work as it was used in papers I, III-V, to measure the mechanical 
properties of the hardened materials, and in papers VI-VII, to measure the 
biomechanical properties of bone and material together. In papers I, III-V, 
simple compression tests were all performed on an AGS-H, materials testing 
machine (Shimadzu, Kyoto, Japan) and cylindrical specimens (∅=6mm, 
h=12mm) were tested unless otherwise specified.  

In paper I, the mechanical properties ultimate compressive stress (σu) and 
diametral tensile stress (σDTS) were measured for brushite (ceramic) speci-
mens containing different strontium halides. The tests were all performed at 
a crosshead speed of 1 mm/min and the specimens were divided into two 
groups, conditioned at 37°C for 24 hours, either in air or phosphate buffered 
saline (PBS). The σu was defined at the maximum load. The σDTS was meas-
ured on disc-shaped specimens (∅=8mm, h=3.3mm) and calculated from 
the break load (Fmax) according to equation (2): 

                                                (2) 

 
In papers III-V, compression-testing protocols similar to the one pro-

posed by the ASTM F451-08 standard 18 were used and the specimens were 
conditioned for 24 hours at room temperature. In paper III, the elastic mod-
ulus (E), σu, and εu were measured for the PEG/POSS cement specimens that 
were tested at a crosshead speed of 20 mm/min. In papers IV-V, the proper-
ties E, σy, and σu, were measured for investigational acrylic bone cements, 
one of which contained castor oil as a plasticizer; the specimens were tested 
at a crosshead speed of 25.4 mm/min.  

In paper VI, bone cement specimens (∅=10mm, h=20mm) with differ-
ent concentrations of linoleic acid were tested. Two groups of specimens 

L = !1108.6mLA + 384.6P

! DTS =
2Fmax
" !"!h
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were investigated: i) material only and ii) material-bone composites made 
from bovine bone cores, as schematized in Figure 11. The tests were done in 
an Instron E10000 materials testing machine (Instron, Norwood, MA, USA). 
Five preconditioning cycles (0.1-0.5% strain) were first applied, followed by 
compression to failure, under displacement control, at a crosshead speed of 6 
mm/min. The elastic modulus was defined as the slope of the stress-strain 
curve between 0.2-0.4% strain; the σy and εy were defined by the 0.2% crite-
rion; the ultimate stress and strain were defined at the maximum load; finally 
U was defined as the area under the stress-strain curve, up to the ultimate 
strain. 

 
Figure 11. General preparation scheme of augmented bone core specimens. The 

specimens were cut plane with a precision saw before testing (paper VI). 

In paper VII, human vertebral specimens were eccentrically loaded to 
failure to induce a wedge fracture, as schematized in Figure 12, then aug-
mented with acrylic bone cement, and refractured using the same protocol. 
The tests were done in an Instron 3366 materials testing machine. The same 
bone cement as that tested in paper VI was used for the augmentations. The 
loading position was defined as 25% of the anterio-posterior vertebral depth 
(AP) minus the offset, and the end-of-test displacement parameter was de-
fined as 75% of initial averaged vertebral height, as measured prior to em-
bedding, and schematized in Figure 12. 

Prior to fracturing, each specimen was positioned using a custom-build 
compression rig to align the loading position with the uniaxial loading axis 
of the compression machine. The specimens were pre-aligned using adjusta-
ble bold-tip screws and placed into a polyacetal ring filled with dental plaster 
(Suprastone, Kerr, CA, USA), and submerging the specimens 5mm into the 
plaster. Once set, the screws were removed and the specimens turned and 
dipped into semi-cured acrylic cement (WHW Plastics, Hull, UK) to create 
an impression of the superior part of the vertebra; this was later used as a 
superior endcap placed between the loading plate and the specimen. The 
vertebral stiffness was defined as the maximum slope prior to failure where-
as the vertebral strength was defined by the 1% offset criterion. 
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Figure 12. Schematic representation of the compression testing setup used to induce 

wedge fractures and measure the stiffness and strength of intact and augmented 
vertebral bodies (paper VII). 

3.2.2 Further Materials Characterization 
In addition to mechanical testing, and given the variety of injectable bio-
material systems that were investigated in this thesis, a number of different 
techniques were used to characterize them. 

In paper I, the radiopacity was of special interest since the use of stronti-
um halides as degradable radiopacifiers was addressed. For this purpose, 
radiographs were acquired by placing the specimens (∅=10mm, h=1mm) on 
an X-ray film cassette and irradiating them inside an X-ray generator (Fax-
itron Bioptics, Tucson, AZ, USA) at a peak kilovoltage of 72 kVp. The radi-
opacity was quantified with respect to an aluminum standard. Also, X-ray 
diffraction (XRD) was used for phase analysis of the brushite cements con-
taining strontium halides, after 1 and 7 days conditioning in PBS at 37°C. 
Ground samples were analyzed on a D8 Advance diffractometer (Bruker 
Corporation, Billerica, MA, USA). The phase composition and lattice pa-
rameters in the resulting phases were obtained using Rietveld refinement. 

The oligocarbonates and oligoesters synthesized in paper II were charac-
terized using proton nuclear magnetic resonance (1H-NMR) spectroscopy, 
differential scanning calorimetry (DSC), gel permeation chromatography 
(GPC), oscillatory rheometry, and viscometry. The number average molecu-
lar weight (Mn) and the chemical structure of the oligomers were assessed 
via 1H-NMR spectroscopy on a JEOL ECP-400 (JEOL, Tokyo, Japan) with 
deuterated chloroform as the solvent. The polydispersity index (PDi) and 
also the Mn were assessed via GPC on a Viscotek TDA-301 (Malvern In-
struments, Malvern, UK) equipped with a TSK-gel GMHXL column set using 
tetrahydrofuran as the eluent at 35°C and 1 mL/min. The Tg was measured 
using DSC on a DSC Q1000 (TA Instruments, New Castle, DE, USA). The 
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inherent viscosity ([η]) was measured through capillary viscometry on an 
Ubbelohde suspended level dilution viscometer (Schott Instruments, Mainz, 
Germany) at 25°C in chloroform (10 mg/mL). The rheological parameters: 
complex modulus (G*), storage modulus (G’), loss modulus (G’’), and loss 
tangent (δ), and the zero-shear viscosity (η0) were measured at 25 and 37°C 
using a parallel plate AR 2000 rheometer (TA Instruments, New Castle, DE, 
USA), equipped with a titanium geometry (∅=32mm) at a gap of 0.5 mm. 

To assess the bioactivity of the hybrid cements prepared in paper III the 
specimens (∅=6mm, h=2mm) were stored in PBS for 28 days and then 
characterized through scanning electron microscopy (SEM), electron disper-
sive spectroscopy (EDS), and grazing incidence X-ray diffraction (GI-XRD). 
The SEM/EDS analyses of the surface were performed on a LEO 1550 SEM 
(Carl Zeiss, Oberkochen, Germany) after sputter-coating the samples with a 
thin layer of palladium. In addition, parallel-plate oscillatory rheometry was 
used to determine the η0 of the precursor mixture at 37°C using a steel ge-
ometry (∅=40mm) at a gap of 0.5 mm. 

In papers IV-V, parallel-plate oscillatory rheometry was also used to as-
sess the complex viscosity (η*) over time profiles for different investigation-
al formulations. The tests were done at 23°C with a titanium geometry 
(∅=32mm) at a gap of 2.0 mm (paper IV) and 1.5 mm (paper V). In both 
papers, a time-sweep step mode was used at a constant frequency of 5 Hz 
and displacement amplitude of 5×10-4 rad. In paper IV, two descriptive 
kinetic parameters were defined from these profiles: i) the time at the onset 
of curing (tons, defined at η*=250 Pa·s), and ii) the critical cure rate (CCR, 
defined as the slope at the time at the onset of curing).  

In papers III-V, the handling properties tdough, tsetting, and Tmax were corre-
spondingly measured according to ASTM F451-08 18. 

Headspace gas chromatography-mass spectrometry (HS-GC/MS) was 
used in paper VI to analyze the residual monomer release. 

Micro computed tomography (microCT) was used in papers VI-VII to 
assess morphological parameters of interest for the bony tissue used in each 
case. In paper VI, a µCT50 scanner (Scanco Medical AG, Brüttisellen, 
Switzerland) was used to estimate the bone volume fraction (BV/TV) of the 
bovine bone cores prior to augmentation at a resolution of 14.8×14.8×14.8 
µm3. In addition, SEM was also used to examine the cross-sections of the 
augmented bone cores and assess the bone-cement interface. In paper VII, a 
µCT100 scanner (Scanco Medical AG, Brüttisellen, Switzerland) was used 
to estimate the bone mineral density (BMD) and BV/TV at a resolution of 
70.8×70.8×70.8 µm3, as well as the vertebral volume of the human vertebral 
specimens. 
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3.3 In Vitro Biocompatibility 
The biocompatibility of some of the materials investigated in this thesis was 
assessed in vitro via direct contact with the materials or using extracts with 
osteoblastic cell line cultures. 

In paper I, the biocompatibility of brushite cements containing strontium 
halides was assessed using a human osteosarcoma (Saos-2) cell line in direct 
contact with the materials. For these studies, disc-shaped specimens 
(∅=13mm, h=2mm) were first set in air for 2 hours and then stored in PBS 
at 37°C for 24 h before seeding the cells at 50,000 cells/cm2 and culturing 
them for 1, 3, and 5 days. Live/dead stain (Life Technologies, Carlsbad, CA, 
USA) was used to visualize the viable cells after 1 and 5 days. The lactate 
dehydrogenase (LDH) enzyme activity was used to quantify the number of 
cells adhered to the materials. The alkaline phosphatase (ALP) enzyme ac-
tivity was used to measure the osteogenic differentiation. Finally, SEM was 
used to visualize the morphology of the Saos-2 cells in contact with the ma-
terials. 

Due to the bioinertness and hydrophobicity of acrylic bone cements, their 
biocompatibility is better assessed through indirect methods as in papers V-
VI, for example using extracts from the materials. In paper V, a modified 
version of the ISO-10993 standard was used to determine the cytotoxicity of 
extracts from low-modulus bone cements containing the plasticizer castor oil. 
After homogeneously mixing the liquid and the powder components for 30 
seconds in an automatic mixer (Ivoclar Vivadent, Solna, Sweden), these ce-
ment mixtures were injected into the bottom of 50 mL Falcon tubes. After 2.5 
min from the commencement of the mixing, cell culture medium was added 
on top of the curing cement, at a ratio of 200 mg/mL, and extractions were 
carried out at 37°C for 24 h followed by filtration through 0.2 µm filters. MG-
63 human osteoblast-like cells were then cultured in the extracted media for 1 
and 3 days, including one (recovery) group in which the medium was re-
placed by fresh medium after 1 day. The cell viability was measured through 
alamar®Blue (Invitrogen Corporation, Carlsbad, CA, USA) viability assay. 
SEM was used to visualize the morphology of the MG-63 cultured in extracts 
from the materials. 

In paper VI, the cytotoxicity of extracts from low-modulus bone cements 
containing plasticizing agent linoleic acid was assessed using the Saos-2 cell 
line. Figure 13 illustrates a general scheme of the assay. Disc-shaped speci-
mens (∅=13mm, h=2mm) were first set in air for 30 min, and then condi-
tioned at 37°C for 24 h. The specimens were placed in cell culture medium at 
an extraction ratio of 3 cm2/mL and to investigate a time-dependent release of 
toxic components, the individual media were withdrawn after 1, 6, 12, and 24 
h, and replaced by fresh media. Three different dilution ratios (100, 25, and 
10%) and two different incubation times (24 and 72 h) were tested. The cell 
viability was measured using the Alamar®Blue viability assay. 
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Figure 13. Schematic illustration of the cell viability assay used in paper VI. 
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4 Results & Discussions 

4.1 Radiopaque Brushite Cements 
Paper I 
In paper I, radiopaque brushite cements were prepared using strontium hal-
ides as water-soluble radiocontrast agents. Radiopacity analysis showed that 
the radiocontrast of intrinsically radiopaque brushite could be improved by 
introducing up to 10 w/w% of a strontium halide of general formula Sr2+X2 
(X=Cl−, Br−, I−) and that the contrast increased depending on the halide in 
the order Cl−< Br−< I− as seen in Figure 14.  

 
Figure 14. Relative radiopacity of calcium phosphate specimens calculated from 

image analysis with respect to an aluminum standard. The error bars correspond to 
the standard deviation. Commercial acrylic bone cements were included for compar-
ison. Different letters represent statistically significant differences (p<0.05) whereas 
equal letters represent non-statistically significant differences (p>0.05). (★) Simplex 

P was indistinguishable from the background under these particular conditions.  

Non-soluble radiopacifiers cannot be used in calcium phosphate cements due 
to the risk of large radiopacifier particles being released to the surrounding 
tissues upon implant resorption. Moreover, larger amounts of non-soluble 
radiopacifiers are required to achieve sufficient contrast, which can be det-
rimental to the mechanical properties of the calcium phosphate. Incorporat-
ing up to 10 w/w% strontium halides, particularly SrBr2 and SrI2 into 



 37 

brushite cements, can help to achieve similar or higher levels of radiopacity 
to those of commercial acrylic bone cements, which typically include 30-45 
w/w% BaSO4 or ZrO2 in their formulations. 

Even though the statistical analysis showed some significant differences 
among the groups, the mechanical properties of these particular formulations 
were, in general, insufficient for load-bearing applications. Due to the solu-
bility of the halide salts, the solubility of the brushite increased, decreasing 
σu and σDTS after aging the samples at physiological conditions. The σu varied 
from 4.94 ± 0.64 MPa to 6.55 ± 1.16 MPa in the group aged in air, and from 
2.13 ± 0.21 MPa to 5.74 ± 1.14 MPa in the group aged in PBS. On the other 
hand, the σDTS varied from 1.55 ± 0.16 MPa to 3.65 ± 0.30 MPa in the group 
aged in air, and from 1.14 ± 0.18 MPa to 1.88 ± 0.24 MPa in the group aged 
in PBS. 

As seen in Figure 15, Rietveld refinement of the XRD data revealed that 
all the cements were predominantly composed of brushite with fractions of 
unreacted β-TCP and impurity β-calcium pyrophosphate (β-CPP). Moreover, 
the CP-Br2 and CP-SrI2 groups also had substantial amounts of monetite, 
which was larger in the CP-SrI2 group and increased with the aging time at 
physiological conditions. Monetite precipitation might have been favored by 
acidic pH, limited free water, and ionic substitutions 84. In fact, the analyses 
revealed that the lattice parameters were larger for the cements containing 
soluble halides indicating ionic substitution. Calcium (rion=1.00 Å) can be 
substituted by strontium (rion=1.13 Å) and distort the lattice resulting in larg-
er crystals 31. Furthermore, a decrease in crystal size after 7 days aging at 
physiological conditions was an indication of the release of Sr2+, which 
might contribute to stimulating bone cells 85. 

 
Figure 15. Phase composition of calcium phosphate specimens after 1 (left) and 7 

(right) days aging in PBS at 37°C as obtained from Rietveld refinement. The phases 
whose values are not indicated are present in amounts below 1.7 w/w%. 
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In order to assess the potential cytotoxic effect of the halide ions in vitro, a 
Saos-2 cell-model was cultured in direct contact with the materials. In vitro 
assays were consistent and showed no significant differences in cell number 
and ALP activity between the different material groups. Besides, a slight 
increase of both indicators after 5 days in culture was observed. Figure 16 
shows the live/dead staining of Saos-2 cells after 5 days in contact with the 
material indicating similar morphology and amount of cells between the 
different groups. The group containing insoluble SrF2 was excluded from the 
analyses since all the cells were found dead after 1 day in contact with the 
material, due to an increased acidity of the medium. All other groups had 
cells, which exhibited a similar flattened morphology after 5 days in contact 
with the materials.  

 
Figure 16. Representative live/dead stain micrographs showing Saos-2 cells cultured 
for 5 days on the different materials. Live cells appear in green and dead cells appear 

in red. No live cells were found after 1-day culture on the CP-SrF2 group. 

From this study, it can be concluded that 10 w/w% strontium halides 
(Sr2+X2, X=Cl−, Br−, I−) can significantly improve the radiopacity of calcium 
phosphate cements to achieve a contrast similar to that given by commercial 
acrylic bone cements. When this modification is done with SrBr2 or SrI2, 
also biphasic brushite/monetite cements can be obtained. Moreover, calcium 
ions were possibly replaced by strontium upon setting, giving the radiopaque 
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cements the option to release strontium over time. Brushite cements contain-
ing 10 w/w% strontium halides (Sr2+X2, X=Cl−, Br−, I−) were not more cyto-
toxic to Saos-2 cells than brushite alone. Strontium halides have potential as 
water-soluble radiocontrast agents for calcium phosphates and other de-
gradable/resorbable biomaterials. However, their formulation requires opti-
mization to improve their mechanical strength if intended for load-bearing 
applications. 

4.2 Oligomeric Precursors 
Paper II 
In paper II, injectable degradable oligomers were synthesized at yields 
above 80%. The syntheses were two-step processes consisting of ring-
opening polymerization of cyclic monomers to achieve hydroxyl terminated 
linear oligomers, followed by acrylation with acryloyl chloride. The physi-
cochemical properties of the diols are shown in Table 4. The oligocarbonates 
were in general more polydisperse than the oligoesters. The Tg also increased 
with the Mn. However, the oligoesters had much lower Tg due to the higher 
flexibility of the caprolactone segments and the ease of rotation of the ester 
compared to the carbonate group. 1H-NMR spectroscopy also confirmed the 
chemical structure of the oligomers. However, acrylation yields of only 22-
49% and 40-57% were achieved for the o(DLLA-co-CL) and the oTMC, 
respectively. The original aim of this study was to copolymerize these oli-
gomers with the PMMA-based cements that were investigated in papers V-
VII in order to decrease their elastic modulus, however, the relatively low 
degrees of acrylation, prevented these oligomers from being fully crosslink-
able. 

Table 4. Physicochemical properties of the oligomeric diols. 
 
 o(DLLA-co-CL) oTMC 
Feed ratio a 15/50/100 23/50/100 34/50/100 33/100 13/100 8/100 6/100 
Mn (Da) b 1000 1500 2000 500 1000 1500 2000 
DP b 4.4 7.1 9.8 3.0 7.9 12.8 17.7 
Mn (Da) c 1040 1550 2152 847 1783 2434 2934 
PDi c 1.40 1.53 1.53 1.57 2.19 1.93 2.19 
Mn (Da) d 1164 1677 2338 596 998 1345 1680 
[η] (dL/g) e 0.05 0.07 0.08 0.05 0.09 0.11 0.13 
Tg (°C) f -60 -55 -51 -59 -38 -32 -29 
Yield (%) 70.5 47.5 87.3 89.6 87.0 94.8 98.7 
Appearance g Liquid Liquid Liquid Liquid Syrup Syrup Resin 
 
a Initiator/(DLLA/ε-CL or TMC). b Theoretical. c GPC. d Proton NMR. e Capillary viscometry. 
 f DSC. g determined at 25°C. 
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Rheological analyses revealed that the viscosity of o(DLLA-co-CL) and 
oTMC, unlike in their polymer counterparts, are extremely sensitive to 
changes in their molecular weight and temperature at which they are intend-
ed to flow. Figure 17 shows the zero-shear viscosity as a function of the Tg 
at temperatures interesting for injectable implants. The zero-shear viscosity 
rapidly increased with an increase in the Tg, which is related to the Mn as 
described in the literature by e.g. the Flory-Fox equation 86. At very low Mn 
(~500 Da) the Tg’s were similar since there is less possibilities for physical 
entanglements and chain alignment; hence, the Tg becomes less dependent 
on the structure of the repeating unit and more dependent on the chain 
length. However, at higher Mn (>500 Da) the structure of the repeating unit 
becomes important and Tg and η0 increase for the oTMCs, which contain 
more rigid carbonate groups. 

 
Figure 17. Zero-shear viscosity (η0) of the oligomeric diols as a function of the glass 

transition temperature (Tg). 

The endgroups can also influence the viscosity of the oligomers. After acry-
lation, the η0 of the o(DLLA-co-CL) increased possibly due to the bulkiness 
of the acrylate group, however, the opposite occurred for the oTMCs with 
Mn=1500-2000 Da, possibly because of a stronger influence of intramolecu-
lar interactions such as hydrogen bonding between the hydrogen of the hy-
droxyl endgroup and the oxygen of the carbonate group.  

All the materials exhibited Newtonian behavior but the oligocarbonate 
with Mn=2000 Da was the only material that was not injectable through an 
11-gauge needle and hence it was used as a reference. The complex modulus 
(G*), which is a measure of both the elastic and the viscoelastic behavior of 
the material, was determined from oscillatory rheometry. However, it was 
mostly a contribution of the loss modulus (G’’), which is the viscoelastic 
component due to the low molecular weight of the oligomers. In other 
words, these oligomers behave more like a fluid than a solid.  
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From this study, it can be concluded that injectable degradable oligomers 
can be synthesized through a relatively simple two-step process in various 
molecular weights from 500 to 2000 Da with potential application as inject-
able drug reservoirs and as fully degradable injectable scaffolds. However, 
their use as components of load-bearing materials is still limited by the de-
gree of acrylation that can be achieved through the current synthesis ap-
proach.  

4.3 Hybrid Bone Cements 
Paper III 
In paper III, injectable hybrid bone cements were prepared from liquid mix-
tures of PEG-diacrylate and Methacryl-POSS. Compression testing revealed 
that the E and σu of the homopolymers increased when both materials were 
copolymerized as seen in Figure 18. The PEG homopolymer had εu  (32.7 ± 
6.0 %), E (28 ± 0.4 MPa), and σu (12 ± 4 MPa), whereas the POSS homopol-
ymer had εu  (9.0 ± 1.6 %), E (254 ± 19 MPa), and σu (18 ± 2 MPa). Howev-
er, when copolymerized, POSS can act both as a crosslinker and nanofiller to 
the more flexible PEG chains giving materials with improved properties. For 
instance, the hybrid 50PEG50POSS had εu  (20.0 ± 3.2 %), E (456 ± 7 MPa), 
and σu (76 ± 18 MPa), which are interesting properties for load-bearing ap-
plications. The results show that by combining two materials with poor me-
chanical properties, namely POSS and low-molecular weight polyethylene 
glycol, load-bearing materials can be obtained.  

 
Figure 18. Representative stress-strain curves (left) and mechanical properties E and 
σu of different PEG/POSS mixtures (right). The error bars correspond to the standard 

deviation. 

Rheology measurements showed that the η0 at 37°C of the mixtures in-
creased from 0.05 to 1.22 Pa·s and increased with the amount of POSS, 
however, all mixtures were injectable. Additional tests indicated that increas-
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ing the amount of PEG generally increased the peak polymerization tem-
perature, which varied from 26.9°C for 0PEG100POSS to 62.3°C for 
75PEG25POSS. Even though the use of a dual-syringe eliminates the need 
for a working time, the setting times were all below 2 minutes, which might 
be a limitation in the clinics.  

As shown in Figure 19, the bioactivity tests revealed that spherical plate-
let-like crystal agglomerates grew on the surface of all the specimens con-
taining PEG but not on the surface of the POSS homopolymer or on PMMA. 
All the hybrids containing both PEG and POSS exhibited crystal growth and 
a similar surface coverage after aging in PBS for 28 days; on the contrary, 
none of the control specimens stored in water exhibited crystal growth. GI-
XRD analysis of 25PEG75POSS also showed an intense peak corresponding 
to hydroxyapatite. This represents an advantageous characteristic since the 
material can potentially have bone-bonding properties 52. Even though the 
PEG homopolymer also exhibited crystal growth, the crystal layers were 
much denser on the hybrids, indicating that hybridization enhances the bio-
activity. Silanol (Si-OH) groups, which can act as nucleation sites for hy-
droxyapatite 52, might form upon hydrolysis of the -Si-O-Si- moieties in the 
POSS molecules. Furthermore, the presence of PEG increases the hydro-
philicity of the surface, allowing the water to more easily penetrate it. 

 
Figure 19. Micrographs showing representative surfaces of hybrid bone cements and 

PMMA after 28 days in PBS.  

From this study, it can be concluded that PEG/POSS-based hybrids are a 
promising alternative as injectable biomaterials for bony applications. De-
pending on the PEG/POSS ratio, these hybrids can reach mechanical proper-
ties that are similar to those of cancellous bone. In addition, these hybrids 
exhibited bioactive potential, meaning that a calcium phosphate layer is like-
ly to grow on their surface, improving their biocompatibility and bone-
bonding properties. However, these specific formulations were limited by a 
short setting time, which currently hinders their applicability in clinics. This 
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and their in vitro/in vivo biocompatibility are now a matter of investigation 
for further studies. 

4.4 Acrylic Bone Cements 
Paper IV 
In paper IV, the direct and interactive effects of three formulation variables 
on the properties of investigational acrylic bone cements were screened us-
ing a DoE software. Figure 20 shows the predictive screening responses 
(material properties) to changes in [BPO], [EGDMA], and L/P. 

 

 
Figure 20. Predictive plots showing significant direct and interactive responses to 

changes in [BPO], [EGDMA], and L/P. (Paper IV) 

Three formulation variables were purposely chosen in this study given 
their known strong influence on both the mechanical properties and the cur-
ing kinetics of the cements. Crosslinkers such as EGDMA, although not 
usually included in formulations intended for vertebroplasty, can be used to 
obtain stiffer networks that shrink to a smaller extent 87 and to reduce the 
brittleness associated with the use of non-soluble radiopacifiers 88. Further-
more, the number of initiating radicals, which depends on the concentration 



 44 

of BPO, is one of the main factors controlling the speed of the setting reac-
tion. Ultimately, the L/P determines the availability of the monomer, which 
is related to the heat that is generated by the setting reaction 89. 

No significant effects were detected on properties E and tons, however, the 
results showed that there were significant direct and interactive effects of the 
formulations variables on other properties: i) σu increased significantly with 
[EGDMA]; ii) tdough decreased significantly with [EGDMA] and [BPO] with 
a significant interactive effect; iii) tsetting decreased significantly with [EGD-
MA] and [BPO] with an insignificant interactive effect; iv) Tmax increased 
significantly with [EGDMA] and L/P with an insignificant interactive effect; 
v) CCR increased significantly with [EGDMA] and [BPO] with a significant 
interactive effect. When an interactive effect is significant, the property in 
question will vary to a greater or lesser degree, with small changes in the 
first parameter, depending on the value of the second parameter. For exam-
ple, Figure 20 shows that at low concentrations of EGDMA, the tdough varies 
greatly with the concentration of BPO whereas the opposite is true for the 
CCR. On the other hand, at high concentrations of EGDMA, the tdough is not 
greatly affected by the concentration of BPO whereas the opposite is true for 
the CCR. This particular interactive effect can be explained in terms of the 
reaction kinetics. Typically, free-radical polymerizations consist of a rapid 
increase in molecular weight followed by auto-acceleration (gel effect), 
which limits chain mobility. At higher [BPO] the auto-acceleration occurs 
earlier due to a higher number of available free radicals that increase the 
overall speed of the reaction regardless of the number of EGDMA available; 
however, at low [BPO] the auto-acceleration will depend more on the chain 
mobility, which at higher [EGDMA] becomes more restricted due to the 
crosslinking. These contour maps (Figure 20) can be useful when designing 
new acrylic formulations to optimize their handling. 

From this study, it can be concluded that crosslinkers, i.e. EGDMA, may 
be used to control the ultimate strength and the handling properties of acrylic 
bone cements and should be treated as a system together with the radical 
initiator, i.e. BPO. The complexity of acrylic bone cements and the numer-
ous variables affecting the setting reaction makes it extremely challenging to 
accurately predict their properties. For this reason, DoE can be a used in the 
development of new cement formulations in order to detect potential interac-
tive effects and to understand the interactions between the many variables 
acting on the final properties. 

Paper V 
In paper V, the first low-modulus bone cements were prepared by using a 
triglyceride, castor oil, as a plasticizer. The results of the compression tests 
(Figure 21) revealed a decrease of σy from 88 to 15 MPa and E from 1500 to 
446 MPa by replacing the liquid monomer with up to 12 w/w% castor oil. 
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Also, as shown in Figure 21, the viscosity profiles were altered by the plasti-
cizer, which increased the working time of the material. While the unmodi-
fied commercial cement (OPV) exhibited a rapid viscosity increase, reaching 
viscosities >3500 Pa·s in 3.2 min, the lowest modulus cement (OPV12.0) 
remained below 200 Pa·s for at least 6 min until viscosities >3500 Pa·s were 
reached. Interestingly, this change in the viscosity profiles did not greatly 
affect the tsetting of the materials, which remained between 15 and 20 min; 
however, the tdough, which was 5.8 and 5.4 min for OPV and OPV2.5, respec-
tively, could not be measured for OPV7.5 and OPV12.0 since the plasticizer 
prevented the formation of the fibers used as a qualitative tdough indicator 
according to ASTM F451-08 18. Furthermore, the Tmax decreased significant-
ly from 41.3 to 25.6°C with the addition of castor oil. 

 
Figure 21. Mechanical properties, elastic modulus and yield strength (left) and vis-

cosity profiles (right) for castor oil-modified bone cements for vertebroplasty. 

Despite of the positive effects of the triglyceride plasticizer on the me-
chanical and handling properties of a commercial acrylic bone cement, the in 
vitro viability tests on MG-63 cells, cultivated in extracts from the materials, 
showed a general decrease in the number of viable cells with an increase in 
the castor oil content. To assess potential time and dissolution effects of the 
plasticizer, an additional set of cements was tested, in which the castor oil 
was not pre-dissolved in the liquid component but added 15 s after (a) the 
commencement of the mixture. Since the number of cells cultivated in ex-
tracts from the OPV12.0 group was significantly lower than OPV12.0(a), it 
was hypothesized that the number of viable cells was mostly affected by 
unreacted components due to interference of the additive with the polymeri-
zation rather than the additive having a cytotoxic effect itself. Because of 
this, and due to the relatively high amounts of additive required to achieve 
an elastic modulus below 500 MPa, castor oil was replaced by the more ef-
fective fatty acid, linoleic acid, in subsequent investigations. 
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Paper VI 
In paper VI, low-modulus bone cements were obtained by introducing small 
amounts (≤1.5 w/w%) of linoleic acid, and were tested, also, as an augmen-
tation material in cancellous bovine bone. Representative stress-strain curves 
for cement-only and composite specimens augmented with OP, OP-0.75, and 
OP-1.50 are shown in Figure 22.  

 
Figure 22. Representative stress-strain curves for A) cement-only and B) cement-

bone composite group. The embedded pictures (not to scale) illustrate one specimen 
prior to testing as well as the typical failure modes for the different groups after 

testing. 

The results showed that E and σu decreased linearly as the concentration 
of linoleic acid increased up to 1.50 w/w% in both cement-only and compo-
site groups, as shown in Figure 23. The material OP-1.50 had an average 
elastic modulus of 872 ± 92 MPa, and an average ultimate stress of 17.1 ± 
1.1MPa, which approaches the range of values reported in the literature for 
healthy cancellous bone (upper range of: E=10-900 MPa; σu=0.1-15 MPa) 54-

57. Figure 22 also illustrates that the failure mode of the cement-only group 
depended on the amount of linoleic acid. The unmodified material OP exhib-
ited plastic deformation past σy with characteristic bulging whereas the mate-
rial OP-1.50 exhibited partial elastic recovery. In fact, compression testing of 
the material OP-1.50 beyond 5% strain showed that these specimens would 
stay intact even after extreme deformation i.e. engineering strains of up to 
40-50%, which is a unique and potentially useful characteristic. On the other 
hand, the cement-bone composites all failed in a more brittle manner apart 
from some of the specimens with the lowest BV/TV, which exhibited re-
markable load-bearing capacity beyond the ultimate load, similarly to the 
cement-only group. Furthermore, the composites exhibited particularly high 
elastic moduli compared to previous reports 56,90, which was attributed to 
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higher BV/TV in bovine cancellous bone compared to human, and the ideal-
ized vertebroplasty conditions used for the augmentations. 

 
Figure 23. Mechanical properties A) Elastic modulus, and B) Ultimate stress and 

their linear correlation with the concentration of linoleic acid. The grey area repre-
sents the range of values reported in the literature for human cancellous bone. 

Another interesting result was that according to a significance test of the 
Pearson’s correlation coefficient, a significant positive correlation (p<0.05) 
was found between BV/TV and the following properties: E, σy, σu, and U for 
the subgroup augmented with the material OP-1.50. In addition, a positive 
correlation was also found between BV/TV and E for the subgroup aug-
mented with the material OP-0.75. Unlike in previous studies 91-94, except 
Williams et al. 95, that used bovine cement-bone composite models, in this 
study a correlation between E and BV/TV was found for the low-modulus 
materials OP-0.75 and OP-1.50. Furthermore, a correlation was found for all 
other properties (except εy and εu) only for the low-modulus material OP-
1.50. The significance of these correlations was attributed to an increased 
relative contribution of the bone, to the mechanical properties of the 
composites, as the elastic modulus of the cement approaches that of the 
bone, as shown in Figure 23. 

The exact mechanisms by which linoleic acid reduces the modulus of the 
cement and the molecular structure of the modified material are still to be 
confirmed; however, it was hypothesized that linoleic acid might be able to 
graft to the growing chains and form stable radicals that could retard the 
polymerization and diminish the molecular weight 44. This is accompanied 
by a reduction in monomer conversion as seen from the additional unreacted 
monomer that was released during the first 6 hours (Figure 24). Further-
more, it is recognized that such unreacted monomer may contribute to the 
lower elastic modulus of the modified materials since methyl methacrylate 
itself can act as a plasticizer 96. 
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Figure 24. Cumulative methyl methacrylate release from OP and OP-1.50 during the 

first 24 hours. 

As seen in Figure 25, the cell viability tests revealed that the number of via-
ble cells decreased with an increase in the linoleic acid content in the materi-
al. Also, cells proliferated over time when incubated with extracts from the 
unmodified material OP, and extracts from the low-modulus material OP-
0.75 (except the 24 h extracts), indicating low release of cytotoxic compo-
nents. On the contrary, cells did not proliferate with time when incubated 
with non-diluted extracts from the low-modulus material OP-1.50. This was 
attributed, mostly, to the burst release of unreacted monomer, which occurs 
during the first 6 hours of incubation, as seen in Figure 24.  

 
Figure 25. Viability of Saos-2 cultivated in 1, 6, 12, and 24 h extracts from OP, OP-
0.75, and OP-1.50 for 1 and 3 days. A) Undiluted extracts (100% extract); B) 4-fold 
diluted extracts (25% extract). Letters, indicate differences between cement formula-
tions at each preparation extract time; numbers, identify differences between prepa-
ration extract times within the same cement formulation; symbol (§), indicates dif-

ferences between samples and control (p<0.05). 

However, diluting 4 times (25% extract) was enough to reduce the cytotoxi-
city of the extracts from the low-modulus material OP-1.50 to levels that 
were similar to those of the unmodified material OP. Dilution was done to 
account for fluid transport within the vertebral body, which is known to oc-
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cur due to physiological processes 97. After dilution of the extracts, all the 
cells proliferated over time, as seen in Figure 25. 

From this study, it was realized that modifying bone cements with small 
amounts of linoleic acid, is a simple strategy to produce low-modulus ce-
ments that can readily be used for investigational purposes. Currently, this 
strategy is the object of further investigation for future clinical use. It was 
also concluded that augmenting cancellous bone with the low-modulus mate-
rial OP-1.50, increased the contribution of the bone to the mechanical prop-
erties of the cement-bone composites. Even though, this low-modulus ce-
ment exhibited a burst release of unreacted monomer, during the first 6 
hours, the cytotoxicity of its extracts was overcome after diluting it 4 times. 
For these reasons, OP-1.50 was chosen for the human ex vivo investigations 
carried out in paper VII. 

Paper VII 
In paper VII, the low-modulus cement OP-1.50 was used to augment patho-
logical human vertebrae, and was compared to high-modulus OP. This com-
parison was possible since the vertebrae were properly distributed among 
groups without significant differences in strength (p=0.759) and stiffness 
(p=0.524). The results of the initial microCT analyses also revealed that both 
types of pathological vertebrae had marked morphological differences, espe-
cially in their BV/TV. The average BV/TV was 0.27 ± 0.05 and 0.18 ± 0.04, 
for the metastatic and the osteoporotic vertebrae, respectively. However, the 
average BMD did not differ significantly and was 135.52 ± 23.04 and 134.52 
± 39.95 mg HA/cm3, for the metastatic and the osteoporotic vertebrae, re-
spectively. This allowed distinguishing between the two pathological groups 
in terms of their BV/TV. Only two out of 24 metastatic vertebrae used in this 
study had confined lytic lesions, while most metastatic vertebrae, exhibited 
more osteophytes, and highly mineralized areas than the osteoporotic ones. 
These differences also resulted in higher average initial strength, and stiff-
ness, of the metastatic compared to the osteoporotic vertebrae. 

The different stages of this study are shown in Figure 26. The failure pre-
diction and morphological parameter estimations were done on the initial 
scans. Later, wedge fractures were induced on intact pathological vertebrae 
to simulate a non-prophylactic augmentation, unlike previous studies with 
low-modulus cements 78,98; and to measure the initial strength and stiffness 
of the specimens. The results (Figure 27) showed that the metastatic verte-
brae were initially on average 100 ± 95% stronger (p<0.001) and 73 ± 65% 
stiffer (p<0.001) than the osteoporotic vertebrae. After augmentation and 
refracture, metastatic vertebrae had similar average strength, regardless of 
the type of cement, whereas osteoporotic vertebrae augmented with OP 
were, on average, 95 ± 64 % (p<0.001) stronger, and 55 ± 43 % stiffer 
(p<0.001) than those augmented with OP-1.50. As shown in Figure 26, the 
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low-modulus material OP-1.50 increased the strength of both metastatic and 
osteoporotic vertebrae (p=0.045) and restored the stiffness of osteoporotic 
vertebrae (p=0.678).  

 
Figure 26. Representative 3D volume renderings of an osteoporotic T9 in its sagittal 

plane after each experimental stage. 

The high-modulus cement OP increased the strength (p=0.014) and stiffness 
(p=0.029) of the osteoporotic, but not of the metastatic vertebrae. In fact, the 
initial stiffness of the metastatic vertebrae was not restored to initial levels 
regardless of the type of cement (p=0.014, Figure 27).  

 
Figure 27. Average vertebral A) strength, and B) stiffness for metastatic and osteo-
porotic vertebrae augmented with standard and low-modulus cement. The error bars 

correspond to the standard deviation. 
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In agreement with a previous study 99, these results indicate that the cement 
contribution to strength and stiffness, increases with a decrease in the bone 
volume fraction. 

From this study, it was concluded that the influence of the cement proper-
ties, on the strength and stiffness of single vertebrae, depends upon the initial 
morphological characteristics, i.e. BV/TV of the vertebra in question. This 
study also demonstrated that using a low-modulus cement (E=872 ± 92 MPa, 
and σu=17.1 ± 1.1MPa), is biomechanically safe, in terms of restoring the 
initial properties of a fractured vertebral body and, in comparison to standard 
cement, gives a closer restoration of strength and stiffness to those prior to 
vertebral fracture. 
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5 Concluding Remarks and Future Challenges 

The work presented in this thesis concentrated on investigating different 
injectable biomaterials, and developing strategies to overcome some of the 
current issues associated to the same. Special attention was given to load-
bearing injectable biomaterials for vertebroplasty.  

Paper I focused on investigating strontium halides as degradable radio-
contrast agents to be used in brushite or other resorbable/degradable bone 
cements. Due to the compositional similarity between calcium phosphates 
and bony tissue, it is difficult to discern them using X-rays techniques. This 
particular issue needs to be solved if ceramic cements are expected to com-
pete with acrylic bone cements used in vertebroplasty. Here it was shown 
that strontium halides have potential as water-soluble radiocontrast agents 
and could be used in resorbable calcium phosphate formulations and other 
types of degradable/resorbable biomaterials. However, the low mechanical 
strength of these formulations is still a major limitation for load-bearing 
applications. 

Despite of the indisputable success of vertebroplasty in orthopedic sur-
gery, new biomaterials to diminish its associated risks continue to be devel-
oped. Even though the occurrence of adjacent vertebral fractures, shortly 
after vertebroplasty, may not entirely be owed to the use of high-modulus 
cements, there is evidence that it does contribute. Therefore, different strate-
gies to achieve better control of the properties, and to produce low-modulus 
cements were investigated. In paper II, a synthesis approach was used to 
produce injectable low molecular weight precursors that could safely be 
degraded in vivo by hydrolysis or enzymatic processes. These oligomeric 
precursors were polycarbonate and polyester-based. Although initially in-
tended to copolymerize with methyl methacrylate, to enhance degradability 
and biocompatibility, and to lower the stiffness of acrylic bone cements, 
their use remained a challenge due to the low degree of functionalization that 
could be achieved. This prevented their crosslinking into the acrylic matrix. 
Another exciting alternative that exhibited properties of both ceramic and 
polymeric materials was explored in paper III. Here, efforts were put into 
preparing hybrid cements based on POSS and poly(ethylene glycol), both of 
which were functionalized with crosslinkable methacrylic and acrylic 
groups, respectively. These hybrids showed some potential to be used in 
vertebroplasty since they had tailorable mechanical properties that could be 
made similar to those of cancellous bone, and also exhibited bioactive prop-
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erties. However, at their current state, these specific formulations are limited 
by their short setting time, which represents a major concern in vertebroplas-
ty. 

Another more straightforward approach consisted in investigating simpler 
ways to modify the currently existing bone cements to produce low-modulus 
materials. In paper IV, interactive effects between two variables on different 
properties were assessed for the first time. It was put in evidence that using 
DoE can help materials scientist to understand the behavior of complex sys-
tems, such as acrylic bone cements, by collecting a set of representative em-
pirical data points. However, the elastic modulus was not found to be signif-
icantly affected by any of the formulation parameters that were investigated. 
In paper V, castor oil was used as a plasticizer to reduce the modulus of 
commercially available acrylic bone cements. Despite of the positive effects 
of castor oil on the handling and rheological properties of acrylic bone ce-
ments it was later replaced by linoleic acid. This decision was based on the 
relatively high amounts of plasticizer that were required to achieve mechani-
cal properties within the range of cancellous bone, and the negative cell re-
sponse to extracts from these materials.  In paper VI, it was found that using 
much smaller amounts of linoleic acid, the modulus of the cements could be 
reduced to reach that of cancellous bone. Interestingly, it was also evidenced 
that when looking at the cement/bone as a sole composite material, low-
modulus cements increase the contribution of bone fraction to the mechani-
cal properties of the composite, which resulted in a significant positive cor-
relation between BV/TV and the elastic modulus. Since linoleic acid-
modified bone cements seemed a promising alternative to currently available 
high-modulus cements, they were further investigated using a human ex vivo 
model. In paper VII, it was shown that the influence of the cement proper-
ties on the strength and stiffness of a single vertebra depend upon the initial 
BV/TV, and that at low BV/TV the initial mechanical properties of the ce-
ment become more relevant. Furthermore, it was shown that vertebroplasty 
with low-modulus cements is a safe procedure in terms of its biomechanical 
outcome.  

To conclude, it is important to recognize that developing materials that 
can be delivered through a syringe is overall a major challenge, since, as-
sembly of the final implant is intended to proceed in vivo, where the condi-
tions are relatively harsh, difficult to control, and sometimes unpredictable. 
The clinical procedure (injection) is a time-dependent process, and in conse-
quence, the implant precursors need to be optimized to flow and to react 
accordingly to produce an implant with the desired properties. Also, the phy-
sician needs to be able to easily handle the material/injection system, where-
as any risk or discomfort associated to the patient needs to be minimized. 
Needless to mention that there are numerous variables acting separately or 
interactively over the entire process, from the manufacturing and storage of 
the precursors, to the final hardening of the material in vivo, which makes 
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the reproducibility a major issue. In addition, the precursors are normally 
delivered in a partially unreacted state, which may represent a hazard to the 
surrounding tissues, sometimes even long after the implant has reached its 
final properties. Furthermore, one of the dogmas of good laboratory practice 
is to control the conditions at which the experiments are performed to assure 
that the material that is being synthesized is reproducible, or that the proper-
ty that is being measured only depends on the variable(s) of interest. This is 
a good approach for prefabricated implants whose processing is less depend-
ent on the delivery method, and which could, in principle, be tested for 
quality and reproducibility beforehand. However, a precisely controlled en-
vironment does not necessarily represent the actual conditions to which an 
injectable biomaterial is exposed. Extrapolating these actual conditions to 
the laboratory is also a major task. Therefore, when dealing with injectable 
biomaterials, important differences between the materials developed in the 
laboratory and those finally implanted are likely to be expected. Consequent-
ly, developing close-to-in-vivo testing techniques remains a challenge for 
future research in the field. 
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6 Svensk Sammanfattning 

Användningen av injicerbara biomaterial ökar dag för dag, allt eftersom 
kraven på minimalt invasiva procedurer och mer lätthanterliga implantat blir 
större. Att utveckla material som kan levereras via en spruta är en stor utma-
ning eftersom härdningsförloppet av implantatet är tänkt att starta i sprutan 
och fortsätta in vivo där förhållandena är tuffa, svårkontrollerade, och ibland 
oförutsägbara. Injiceringen av materialet är en tidsberoende process, och 
materialet måste därför optimeras för att flyta och reagera på ett sådant sätt 
att läkarens hantering förenklas, patientens risker och obehag minskas, och 
det härdade implantatet uppnår önskade egenskaper. Det finns ett antal vari-
abler som agerar var för sig eller interaktivt under hela processen, från till-
verkning och lagring av materialets komponenter till den slutgiltiga härd-
ningen av materialet, vilket gör reproducerbarhet till en viktig fråga. Dessu-
tom levereras vissa komponenter i ett delvis oreagerat tillstånd under injekt-
ionen, vilket kan utgöra en risk för omgivande vävnader, ibland även långt 
efter det att implantatet har nått sina slutgiltiga egenskaper. 

Det huvudsakliga syftet med denna avhandling var att utveckla bättre in-
jicerbara biomaterial för ryggradsapplikationer, och särskilt bencement för 
s.k. vertebroplastik, en minimalt invasiv procedur som kan användas för att 
behandla kotkompressioner. Kotkompressioner (på engelska Vertebral Com-
pression Fractures, eller VCFs) utgör en börda för hälso- och sjukvårdssy-
stemen i hela världen - mer än 700.000 VCF:s redovisas i USA och 500.000 
VCF:s i Europa årligen, endast på grund av primär osteoporos. VCF:s kan 
också orsakas av sekundär osteoporos, multipelt myelom, lymfom, leukemi 
och metastaserande cancer. VCF:s kan äventyra funktionen hos ryggrads-
kanalen och ryggmärgen och även orsaka ryggsmärtor, vilket minskar pati-
entens livskvalitet. Vertebroplastik består av perkutan injektion av bence-
ment i den skadade ryggkotan för att stabilisera frakturen och lindra smärtan. 
Metoden utvecklades i Frankrike av radiologer som letade efter en icke inva-
siv metod för behandling av ryggradssmärta orsakad av tumörer. Med åren 
har vertebroplastik visat sig vara en säker procedur som på ett snabbt och 
tillförlitligt sätt kan lindra smärtan hos patienter med kotfrakturer. Det verkar 
dock fortfarande finnas utrymme för förbättringar, då omfattande kliniska 
studier har visat att strax efter kirurgi så ådrar sig 12-20 % av patienterna 
nya frakturer och 41-67 % av dessa frakturer uppstår i kotor direkt angrän-
sande till den behandlade kotan. Det spongiösa benet i kotkroppen har en 
elasticitetsmodul som normalt ligger i intervallet ca 10-900 MPa, vilket i hög 
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grad skiljer sig från den hos akryliskt bencement, ca 1700-3700 MPa. Vidare 
ligger hållfastheten i tryck hos spongiöst ben normalt inom området 0,1-15 
MPa, vilket också är mycket lägre än akryliskt bencement som normalt har 
en hållfasthet på 85-114 MPa. Det har därför antagits att intilliggande kot-
frakturer delvis kan orsakas av de stora skillnaderna i hållfasthet och elastici-
tetsmodul mellan akryliskt bencement och porös benvävnad. Detta anta-
gande baseras huvudsakligen på belastningsförändringen och det ökade 
trycket på de intilliggande ändplattorna vid vertebroplastik med idag vanlig-
en förekommande cement, vilket minskar den naturliga inåtbuktningen av 
ändplattan, visat schematiskt i Figur 28. För att försöka lösa detta problem 
har nya material för vertebroplastik undersökts i denna avhandling. 

 
Figur 28. Schematisk avbildning av lastfördelning innan och efter behandling av 

ryggkota med idag vanligen förekommande cement. 

Resorberbara keramiska bencement har begränsad användning i vertebro-
plastik och andra benrelaterade applikationer, delvis på grund av svårigheten 
att särskilja dem från ben med hjälp av röntgenteknik. Särskilt i ryggappli-
kationer är detta en viktig fråga att lösa om keramiska cement ska kunna 
ersätta akryliskt bencement. I papper I undersöktes därför brushitcement 
med förbättrad radiopacitet. Här visades att strontiumhalider har potential 
som vattenlösliga kontrastmedel, och skulle kunna användas i resorberbara 
kalciumfosfatformuleringar och andra typer av nedbrytbara/resorberbara 
biomaterial, som exempelvis brushitcement. Emellertid är deras låga meka-
niska hållfasthet ytterligare en begränsning för lastbärande applikationer 
såsom vertebroplastik.  

I papper II undersöktes en syntesstrategi för framställning av injicerbara 
tvärbundna oligomerer, nedbrytbara in vivo genom hydrolys eller enzyma-
tiska processer. Dessa var ursprungligen avsedda att sampolymeriseras med 
metylmetakrylat för att förbättra vissa egenskaper såsom nedbrytbarhet, bio-
kompatibilitet och styvhet hos akryliska bencement. Tyvärr förblev deras 
användning en utmaning på grund av den låga graden av uppnådd funktion-
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alisering, vilket hindrade deras införlivande i akrylmatrisen. Därför under-
söktes ett alternativt material som skulle kunna kombinera egenskaper hos 
både keramer och polymerer i papper III, som fokuserade på att utveckla 
hybridcement baserade på kiselnanopartiklar och poly(etylenglykol), båda 
med funktionella metakrylgrupper för tvärbindning. Vissa av dessa hybrider 
fanns ha mekaniska egenskaper som liknade de hos porös benvävnad och 
uppvisade även bioaktiva egenskaper. I sitt nuvarande format begränsas 
dock dessa specifika formuleringar av deras alltför korta härdningstider. 

Att introducera ett helt nytt material till klinik är beroende av regulato-
riska processer som kan vara både komplicerade och tidskrävande. Att istäl-
let modifiera befintliga bencement är en enklare metod för att snabbare nå 
både kliniker och patienter. För att få mer kunskap om utformningen av 
bencement och möjligheterna hos vanligt ingående komponenter, undersök-
tes interaktiva effekter av två variabler för första gången i papper IV. Det 
visades att användning av Experimentell Design (DoE) kan vara till stor 
hjälp för materialforskare för att förstå beteendet hos komplexa system, 
såsom akryliska bencement, genom att samla in en uppsättning representa-
tiva empiriska data punkter. 

Som tidigare nämnts skulle mindre styva bencement kunna minska ande-
len nya frakturer efter vertebroplastik. Två strategier för att producera låg-
modulcement undersöktes därför i papper V-VI, genom tillsats av olika 
mängder och typer av fettsyror. I papper VI visades att när man tittar på 
benet och cementet som ett enda kompositmaterial, så ökade benets bidrag 
till de mekaniska egenskaperna hos kompositen när lågmodulcement använ-
des. I papper VII, fann vi också att effekten av cementets egenskaper på 
styrka och styvhet i en specifik kota beror på den initiala andelen ben (på 
engelska Bone Volume/Total Volume, eller BV/TV), samt att vid låga 
BV/TV beror de mekaniska egenskaperna hos kompositen än mer på cemen-
tets egenskaper. Dessutom visades att det är en väsentlig skillnad mellan 
lågmodulcement och det vanligen använda högmodulcementet och att verte-
broplastik med lågmodulcement är en säker procedur vad gäller biomeka-
niskt utfall. Dessa cement har därför stor potential för framtida behandling 
av kotfrakturer, särskilt i patienter med låg BV/TV, orsakad av exempelvis 
osteoporos.  
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