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Abstract
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Bone morphogenetic protein-2 (BMP-2) is considered a promising adjuvant for the treatment of
bone regeneration. However, BMP-2 delivery in a conventional collagen scaffold needs a high
dose to achieve an effective outcome. Moreover, such dosage may lead to serious side effects.
The aim of the following thesis was to find clinically acceptable strategies reducing the required
dose of BMP-2 by improving the delivery and optimizing the preclinical testing of the new
approaches. In all the studies hyaluronic acid (HA) hydrogels was used as a carrier for BMP-2.

The HA hydrogel/BMP-2 construct was modified with bioactive matrix components in order
to obtain an effective release of BMP-2 and an enhanced bone formation. The most promising
were two strategies. In the first one, BMP-2, precomplexed with the glycosaminoglycans
dermatan sulfate or heparin prior to loading it into HA hydrogel, protected and prolonged
the delivery of the protein, resulting in twofold larger bone formation in comparison to non-
complexed BMP-2. In the second strategy, the fibronectin fragment integrin-binding domain
(FN) was covalently incorporated into HA hydrogel. The FN remarkably improved the capacity
of the material to support the cells attachment and spreading, providing the formation of twice
as much bone in comparison to non-functionalized HA hydrogel/BMP-2.

Furthermore, the importance of a proper design of the preclinical study for BMP-2 delivery
systems was highlighted. Firstly, proper physicochemical handling of BMP-2 showed the
improvement in further in vivo activity.  The use of glass storage vials and an acidic formulation
buffer was superior to plastic surfaces and physiological pH. Secondly, while regenerative
medicine strategy testing required the use of animal models that matched the research questions
related to clinical translation, two new animal models were developed. The subperiosteal
mandibular and calvarial models in rats were found to be minimally invasive, convenient and
rapid solution for the evaluation of a broad range of approaches including bone augmentation,
replacement and regeneration. Both models are primarily relevant for the initial testing of the
injectable bone engineering constructs.

Those clinically translatable approaches presented here could prove to be a powerful platform
for a wider use of BMP-2 in orthopedic, plastic surgery and regenerative medicine research.
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The scope and the aim of the thesis 
Bone tissue has the capacity for spontaneous repair. This ability decreases in 
a larger bone defect or trauma, which requires a surgical intervention. The 
current gold standard for this procedure is the use of autologous bone graft 
derived from the patient’s iliac crest.  Despite excellent outcomes (1, 2), its 
use is limited by the donor site morbidity and availability (3, 4). Recently, 
the use of tissue engineering systems, in particular the osteoinductive bone 
morphogenetic protein-2 (BMP-2) (5), has been found promising. The in 
vitro studies showed that BMP-2 triggers recruitment, proliferation and dif-
ferentiation of progenitor cells into bone cells (6). BMP-2 is capable of in-
ducing bone formation at extraosseous sites in animals (7).  
    The commercial product of pure recombinant human BMP-2 (8) has been 
approved for clinical use for tibia fractures and spinal fusions. Nevertheless, 
a closer observation showed that the administration of BMP-2 for efficient 
bone repair generates unacceptable side effects that strictly limit its thera-
peutic application. For instance, a clinical trial of alveolar cleft palates in 
children was prematurely ended due to a significant amount of postoperative 
swelling (9, 10). Moreover, patients treated with BMP-2 for posterolateral 
spinal fusion were found to be at an increased risk of developing cancer. 
These issues arise due to the high concentration of the protein required for 
bone formation which, in turn, is due to the result of the poor stability and 
short half-life of the protein in vivo (11). In addition, it has become evident 
that long-term release of BMP-2 increases bone healing efficacy compared 
with short-term delivery at an equal dose (12).   

The main aim of the thesis was to find strategies that        
could reduce the required BMP-2 dose 

        in order to improve its clinical safety and efficacy. 
    To exert the biological effect of BMP-2, it requires combining with a car-
rier for controlled release (13). At present, clinically available delivery sys-
tems are far from ideal because a large dose of BMP-2 is required for the 
desired osteogenic effect. One promising scaffold is the hyaluronic acid 
(HA) hydrogel (14) that has an injectable form, is biodegradable and non-
immunogenic. In this respect, HA hydrogel has been employed as the car-
rier.  

    In this thesis, the following specific questions were formulated and an-
swered across the studies:  
• Can we develop a clinically translatable strategy to improve active 

BMP-2 retention in a hydrogel to significantly reduce its required thera-
peutic dose?  

• Is it possible to use engineering strategies to recapitulate the extracellu-
lar matrix to improve bone formation?  

• Which clinically relevant animal model may reproducibly determine the 
feasibility of injectable tissue engineering constructs for bone formation?  
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1. Introduction 

1.1 The current conventional treatment of bone defects 

 
Fractures related to trauma and osteoporosis, back pain and craniofacial bone 
defects are one of the main causes of chronic pain and physical handicap in 
both developed and developing countries. Bone pathologies affect hundreds 
of millions of people, in particular those over 50 years old of age. Recent 
statistical reports reveal that 5-10% of traumatic fractures in the USA have 
resulted in nonunion (15). It is predicted that, by 2025, the number of annual 
fractures and associated costs will increase by 50% due to the aging of the 
population (16). The socioeconomic consequences of bone pathology are a 
major problem for both the USA and the EU.  Despite the fact that mortality 
from those pathologies is low, they have a significant impact on the affected 
individuals’ health-related quality of life as well as an influence on the costs 
of health care (17). The economic impact involves not only the direct costs 
of intervention and hospitalization, but it is also related to long-term absence 
from work and lower productivity. In the worst cases, a patient will have a 
life long invalidity. In addition, maxillofacial trauma also has serious psy-
chological consequences and causes low self-esteem. The patient’s facial 
deformity may limit their capacity for full economic and social activity (18).  
    A bone has the ability to repair when traumatic, pathological and surgical 
defects are smaller than what has been defined as the critical size defect. 
Those gaps commonly heal through a conservative treatment, such as an 
immobilization by a cast or a splint.  However, there are some types of bone 
disabilities in which the body is not able to trigger tissue repair. It has been 
estimated that 10% of all orthopedic interventions worldwide need bone 
replacement. In those cases, a bone substitution is required. The current gold 
standard is autologous bone (autograft) that is usually taken from the iliac 
crest because this anatomical location is easily accessible (1, 2) (Figure 1.1).  
    Autograft has been used since the beginning of the 20th century.  Nowa-
days its success rate is as high as 80-90% (19). However, the application of 
autografts has several limitations, such as tissue availability and its volume, 
particularly in patients with co-existing metabolic bone diseases, such as 
osteoporosis, or with several defects (4). The harvest method is associated 
with donor site  morbidity, estimated at 10-30%, such as chronic pain, hy-
persensitivity, deep infection, nerve injury and increased operative time (3). 
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Therefore, allograft and xenograft represent an alternative for patients who 
lack sufficient bone on their own for grafting.  

autologous 
bone

alloograft

Ilizarow

GOLD STANDARD

synthethic

allogenic bone

iliac crest

 
Figure 1.1 Different treatment modalities currently in use for fracture and 
bone defect assessment 
 
    Xenograft, the bone coming from a nonhuman species, is rarely used since 
neither its physiological structures nor functions appropriately match that of 
human tissue (20). Allograft can be harvested from the femoral head during 
hip arthroplasty and stored in a bone bank. The merit of using allograft is its 
unlimited supply and easy processing even for the most specific applications. 
Although it resembles the biomechanical stability and elasticity of autolo-
gous bone, it has poor osteoinductive and revascular capacity compared to 
autograft. In addition, allograft involves high risk of rejection and  disease 
transmission from the donor to the host (21).  Consequently, in the last few 
years, a number of synthetic allografts listed in Table 1 have been tested for 
bone repair, including metals, bioceramics, polymers and different combina-
tions of them (22).   
 
Table 1 Different synthethic allografts for bone augmentation needs.  

Allograft type Examples of material 
Metals titanium alloys, stainless steel 

Bioceramics 
hydroxiapatite, tricalcium phosphate, bioactive glass, glass ce-
ramic 

natural 
collagen, alginate, chitosan, fibrin, silk fibroin, 
hyaluronic acid 

Polymers 
synthetic 

poly(methyl methacrylate), polyethylene, 
poly(lactic acid) 

 
    Metals, such as titanium alloys and stainless steel, are widely employed as 
an internal fixation. They have excellent mechanical properties and resis-
tance to a large loading. However, they may undergo corrosion and release 
toxic substances leading to an adverse tissue reaction and hypersensitivity 
(23).  The current trend in the development of materials is that they should 
provide in situ bone regeneration and osteointegration instead of tissue re-
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placement. It is therefore recommended to remove them after the bone is 
healed, in particular in young people. In contrast, bioceramics such as hy-
droxiapatite, tricalcium phosphate and glass ceramics are bioactive materi-
als. Hydroxiapatite has a similar composition to the inorganic bone part. It is 
able to form a stable bond with bone, although its slow degradation often 
results in an incomplete tissue reconstruction.  On the other hand, tricalcium 
phosphate is a bioresorbable substitute. However, its inherent problems with 
the regulation of the shape of the forming bone often leads to mineralization 
of tissue outside the desired area (24).  
    The other groups of allografts are synthetic and natural polymers that can 
be further classified as degradable and not. In general, synthetic polymers 
provide a wider range of properties and a lower risk of an immunogenic 
reaction comparing with those from a natural source (25). Among the syn-
thetic polymers the most commonly used are poly(methyl methacrylate), 
polyethylene and poly(lactic acid) (25). In turn, the most common natural 
polymers are collagen, alginate, chitosan, fibrin, silk fibroin  and hyaluronic 
acid (26). Many polymers can be combined with other materials, which 
makes possible to obtain the desired characteristics for a specific application. 
For example, the matching of a polymer with a ceramic provides a biode-
gradable material with strong mechanical properties.   
    Another option is the use of the Ilizarow apparatus which prevents any 
graft and integration related difficulties. The Ilizarow method is based on 
osteotomy combined with bone distraction (27). Despite its efficacy in in-
fected nonunion and limb length discrepancy, the Ilizarow apparatus has 
important disadvantages, including the long and painful procedure, and re-
current infections of the pin tracks. 
    Recently, doctors and patients have been offered an attractive alternative 
to currently used therapeutic modalities. It is tissue engineering (TE) which 
triggers bone healing via the employment of an osteogenic cell source, an 
osteoconductive biomaterial scaffold and an osteoinductive growth factor  
(GF) (28).  

1.2 Tissue engineering learns from nature 

 
Tissue engineering (TE) is the interdisciplinary field combining the princi-
ples of engineering and life science to develop biological substitutes to re-
pair, maintain or improve tissue function (29). The success of any TE ap-
proach depends on an appropriate interplay among cells, scaffolds and 
growth factors. The first remarkable example of TE was the ‘mouse with the 
human ear’(30). In this approach, cartilage was formed when bovine articu-
lar chondrocytes were seeded on a polymeric scaffold of a human ear form 
and transplanted subcutaneously in a nude mouse. The final product was 
implanted into a child to treat a congenital malformation.  Nowadays TE 
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concepts are applied in the clinic for the skin, the cardiovascular system, the 
cartilage and, of course, the bone.  
    A better understanding of the mechanism of bone healing after an injury 
can accelerate the progress in TE strategies.  Because bone repair is a com-
plex molecular process, it imitates embryonic skeletal development in many 
aspects. Bone healing involves several phases, such as inflammation and 
reparation, finalized by bone remodeling. After each bone fracture, there is a 
hematoma formation which is followed by the activation of inflammatory 
and mesenchymal stem cells (MSCs) proliferation and differentiation into 
chondrocytes and osteoblasts. The reparative phase leads to bone growth via 
intramembranous or endochondral ossification depending on the type of 
injured bone. Eventually after some weeks, a soft callus is converted into 
mineralized woven bone (31). In the further remodeling process, the woven 
bone is replaced by lamellar bone. The entire process of osteogenesis is 
closely associated with angiogenesis which plays a pivotal role in bone tis-
sue repair. At each step bone healing is orchestrated by several hormones, 
cytokines and growth factors (GFs). This signaling system regulates the cells 
while the extracellular matrix (ECM) components support all the processes 
(32).  

cells

growth 
factor(s)

scaffolds

 
Figure 1.2 The treatment based on tissue engineering includes cells, growth 
factors and scaffolds.  
 
    A bone TE scaffold intends to mimic the ECM, its bioadhesive character, 
proteolytic features and GF binding capacity. As showed in Figure 1.2, the 
TE systems for bone repair are based on:  

1. biomaterials which direct adhesion, proliferation and differentia-
tion of the cells (osteoconduction); 

2. cells which can be reproducibly isolated from a patient or an-
other donor, and cultured in vitro before implanting them into 
the patient; 3. active molecules (GFs, drugs and genes) which stimulate the 
cells’ proliferation and differentiation, or recruit the cells from 
the host (osteoinduction). 
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    Initially, bone TE relied on cell therapy strategies that require cell isola-
tion from either the patient (autogenic) or a donor (allogenic). Next, those 
cells are cultured in vitro in the scaffold which is, in turn, placed in the pa-
tient. This process is complex because of (i) the availability of autologous 
cells is limited and their expansion is time-consuming, (ii) the allogenic cells 
bear the risk of an immunogenic reaction and transmittable diseases while 
their immortalization often causes them to lose their  phenotype. Therefore, 
the identification of another  source of cells, for example the human embry-
onic stem cells, has been much sought after (33).  The stem cells were de-
rived from the inner layer of the embryo blastocyst and they were able to 
differentiate (pluripotency) into several specific phenotypes. However, the 
essential drawback of this strategy is that the use of pluripotent stem cells is 
still ethically controversial. More recently, the studies have shown that adult 
MSCs isolated from adult tissue can have potential therapeutic use (34). 
    The cells can be found in various tissues but those isolated from bone 
marrow were shown to posses the highest potential for differentiation into 
bone lineage (35). Nevertheless, this option still requires optimizing for ade-
quate therapeutic context. Other sources, such as adipose derived MSCs and 
hematopopoietic stem cells, have been shown to differentiate into bone. 
However, it is not certain if they are equal to the cells from bone marrow 
(36). In a body, cell proliferation and differentiation is triggered by GFs. The 
regenerative power of GFs has been found so extensive that their use in the 
carrier allows us to avoid the cells.   

1.3 Growth factors for bone repair 
 
There are several types of growth factors (GFs) that trigger bone healing by 
stimulating bone repair through having a direct effect on bone cells such as 
osteoblasts and osteoclasts. The most important GFs are the superfamily of 
transforming growth factors (TGF-β), including the bone morphogenetic 
proteins (BMPs), then the insulin-like growth factor (IGF), the fibroblast 
growth factor-2 (FGF-2), the vascular endothelial growth factor (VEGF) and 
the palatal derived growth factors (PDGF) (37).  However, each of them has 
fewer or more drawbacks while used for bone fracture repair. TGF-β has 
been tested on an animal model but its effect in bone repair has been limited 
and has led to several side effects (38).  IGF has been able to enhance bone 
only in adult animals but not in young and growing ones (39). FGF-2 has 
been found to stimulate only the early phase of bone healing. It has shown to 
be active only if applied within 24 h after bone injury (40). In addition, 
VEGF and PDGF  are the angiogenic factors and they are known to play an 
important role in bone vascularisation (38). It has been shown, however, that 
VEGF is a mediator of other GFs, such as TGF-β. Finally, there are BMPs 
that, in fact, demonstrated the best potential for use in bone treatment. 
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1.4 ECM interplay with growth factors  
 
The use of growth factors (GFs) in therapeutic applications is generally lim-
ited by a low stability and a short half-life under physiological conditions. 
GFs ability to stimulate cells is closely associated with their local availabil-
ity.  Therefore the development of a carrier that can deliver and release them 
at a desired site is essential. There are a number of biomaterials that have 
been tested as a delivery vehicle; however, the majority does not maintain 
the stability and activity of the released GF. In a body, GFs are sequestered 
and maintained by extracellular matrix (ECM) components. Therefore, ECM 
can be considered as a gold standard scaffold for TE systems (41).  
    Human skeletal tissue ECM is a mixture primarily composed of water, 
collagen and proteoglycans contaning glycosaminoglycan (GAG), covalently 
attached to a core protein via a tetrasacharide linkage region.  The biochemi-
cal and structural feature of ECM is critical for proper tissue function, mor-
phology and integration (42). The main role of ECM is to (i) facilitate cell 
adhesion via cell integrin and (ii) form a reservoir for sequestering and re-
leasing GF (43) (Figure 1.3).  

GF

GF

ECM

GFGF

GFR

integrin

 
 Figure 1.3 An illustration of general cell, extracellular matrix (ECM) and 
growth factor (GF) cross-talk. ECM interacts with cells via integrin (cell 
ligand receptor) binding.  ECM retains GF until they can be used by cells 
and binds via a growth factor receptor (GFR).  
 
    ECM binding triggers specific sets of genes which control signaling path-
ways. In addition, ECM sequesters GFs and maintains them until the cell is 
ready to use them. GAGs are considered the most important in the latter 
process. The major GAGs in bone are heparin/heparin sulfate, chondroitin 
sulfate/dermatan sulfate, keratin sulfate and hyaluronic acid (HA) (44). Sub-
sequent sulfation (except HA that is a non sulfated GAG), epimerization or 
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deacetylation characterize individual GAG chains. GAGs are formed by 
long, unbranched polysaccharides built by repeating disaccharide units with 
negatively charged sulfate groups. The sulfation pattern has been found to 
play a crucial role in ECM interactions with GFs (45). GAGs sequester GF 
via a high affinity, non-covalent binding; to be specific: negatively charged 
sulfate groups of GAG bind positively charged amino groups of GF. In this 
way, the local availability of GF is increased and maintained (46). GFs are 
stored locally in ECM in insoluble/non active form and can be instantly used 
in various signaling pathways followed by an expression of bone related 
genes.  

1.5 Signaling pathways involved in bone repair 
 
A number of polypeptide growth factors (GFs) modulate cell activities in a 
concentration and time dependent fashion. GFs are involved in cellular 
communication: they stimulate or inhibit migration, proliferation and differ-
entiation of various cells. They act locally on (i) the cell of its origin or the 
same phenotype (autocrine), (ii) the cells in their surroundings with different 
phenotype (paracrine) and (iii) the cell located in a remote anatomical site 
(endocrine). After GFs bind to target cell receptors, an intracellular signal is 
sent to the nucleus which triggers a biological effect.  Recent progress in 
microarray technology has provided knowledge of the molecular basis of the 
fracture healing process, including cell-cell regulation and signaling. This 
also confirmed the importance of cell communication in the initiation of 
bone repair (47).  
    The most important signaling systems which drive MSCs differentiation 
into bone cells are the Wnt pathway, the TGF-β signaling, angiogenesis, the 
cell cycle and the cell apoptosis (48).  All those signaling pathways cross-
communicate with each other. 
    Wnt proteins are ligands that belong to the family of membrane-spanning 
frizzled receptors (FZDs). Wnt controls cell growth, differentiation, function 
and death called ‘canonical’ (Figure 1.4) and ‘non-canonical’ Wnt signaling. 
The ‘canonical’ signaling plays a critical role in bone formation and controls 
the expression of osteoblast specific markers (49).  In a ‘non-canonical’ 
pathway, Wnt5a binds FZD, activates kinase C dependent mechanisms or 
induces Rho-or c-Jun N-terminal kinase dependent changes in the actin cy-
toskeleton. Importantly, the lack of the LRP5 gene or the dysfunction of the 
LRP5 receptor has been coupled to osteoporosis (50). In osteoporosis, the 
bone mineral density (BMD) is reduced and bone microarchitecture deterio-
rates, which leads to an increased risk of fractures.  
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Figure 1.4 The schematic view of a ‘canonical’ Wnt signaling pathway. It is 
initiated by the formation of a complex between a Wnt protein, a frizzled 
receptor (Frizzled) and a low-density lipoprotein receptor-related protein 5 
(LRP5) and a LRP6 receptor. This complex inhibits the activity of glycogen 
synthase kinase 3 (GSK3) that prevents degradation of β-catenin (β-cat). 
Consequently, β-cat is translocated into the nucleus and triggers an ostobal-
stic gene expression. In the absence of Wnt, β-cat is phosphorylated mainly 
by GSK3. Dickkopf (Dkk), a sclerostin encoded by the SOST gene, and a 
secreted frizzled-related protein (Sfrp) are secreted Wnt inhibitors; the two 
former molecules bind to LRP5/6, and the latter associates with Wnt. 

1.6 Bone morphogenetic protein-2 (BMP-2) 
 

1.6.1 Historical feature 
The discovery of BMPs was based on a failed experiment that was per-
formed by Marshall Urist in 1965 (51). He studied demineralized rabbit and 
rat bone matrix treated with 0.6 M hydrochloric acid (HCl) or calcium chlo-
ride (CaCl2) to use them as a bone allograft. The samples were implanted at 
subcutaneous sites in rodents, together with non-chemically treated controls. 
Surprisingly, the samples gave ectopic bone formation (51). This excellent 
discovery was published in Science, titled ‘Bone formation by autoinduc-
tion’. Some years later, he described the protein fractions responsible for this 
effect and named them ‘’bone morphogenetic proteins’’ (52). Before the 
production of recombinant proteins was developed, BMPs used to be ob-
tained by their isolation from the bone. It was, however, not easy because 
there is only approximately 1-2 µg of BMPs present in 1 kg of cadaver bone 
(53).  Currently we know at least a dozen different human BMPs divided 
into four subgroups based on their structure (54). Three BMPs, such as 
BMP-2, BMP-4 and BMP-7, are osteoinductive. BMP-2 has been proven to 
be a particularly essential gene involved in osteoportosis and bone metabo-
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lism (55). Nowadays, BMP-2 is considered one of the most promising and 
challenging therapies for bone fracture and defect treatment.  

1.6.2 Physicochemical properties 
The advancement in DNA technology enabled the production of pure human 
recombinant BMP-2 (56). For the majority of the research and all therapeutic 
applications, it is produced in the Chinese Hamster Ovary cells. In the body, 
BMP-2 is expressed mainly by mesenchymal stem cells (MSCs), osteoblasts 
and chondrocytes. It has a dimeric structure which consists of two glycosy-
lated monomers of the molecular weight of 16 kDa. The monomer structure 
resembles a hand where two antiparallel β-strands are fingers and the α-
helical region is the wrist. Two monomers are covalently linked by a disul-
fide bond via the α-helix and the β-sheets of the neighboring molecules. 
Consequently, the protein has 6 isoforms due to 3 different N-terminal se-
quences with different charges (7).  
    BMP-2 contains a heparin binding domain in an  N-terminal region that 
enables interactions with ECM elements (57). The isoelectric point (pI) of 
BMP-2 is 8.2 +/-0.4 which makes it a highly basic protein.  The protein 
solubility in water is strictly limited and is minimal at physiological condi-
tions. The highest solubility can be obtained at an intermediate ionic 
strength. The changes in pH trigger rapid BMP-2 aggregation and reduce its 
bioactivity. Therefore, to maintain BMP-2 bioactivity before implantation, it 
should be reconstituted with carrier proteins (58). 

1.6.3 Biological activity and inhibition 
BMP-2 plays a significant role in bone tissue regeneration, including chemo-
taxis, differentiation and mitosis of progenitor bone cells.  It is present 
through the whole bone healing process with the highest secretion at the 
early phase. BMP-2 is able to induce a de novo bone formation after an ec-
topic implantation with a scaffold (59) (Figure 1.5). BMP-2 is secreted from 
the cell as a propeptide and can only be activated by proproteins convertases. 
Following this, the protein gives signals via serine/threonine kinase receptors 
type I and II.  Three type I receptors have been described to bind to a BMP 
ligand (60).  There are also three type II BMP receptors. A BMP-2 ligand 
can bind to (i) predimerized type I and II receptor or (ii) solitary type I and II 
receptors. In the first case, the signal is transduced via cytoplasmatic Smad 
1, 5 and 8, and the phosphorylation of Smad 1/5/8 induces the expression of 
ostegenic transcription factors Runt-related factor 2 (Runx2) and Osterix 
(Osx). In the second case, the transcription is triggered by the activation of 
the mitogenactivated protein kinases ERK pathway, Smad independent.       BMP-2 is controlled by antagonists such as noggin, Smad6, scerostin and 
Tob. Noggin blocks BMP-2 (also 4 and 7) via binding epitopes for both type 
I and II BMP receptors (61). The aforementioned Smad6 inhibits type I BMP 
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receptors. Tob is another protein that inhibits BMP induced Smad dependent 
transcription in ostoblasts (62).  

1 mm1 mm 1 mm1 mm

1 mm1 mm1 mm1 mm  
Figure 1.5 Two samples of ectopic bones induced by BMP-2 delivered by 
the HA hydrogel and injected at subperiosteal site in rats. After 7 weeks the 
samples were analyzed by micro-CT: overall (left panel) and transversal 
view (right panel). 
 
    The importance of those regulatory systems may be proven by the fact 
that their mutation leads to several disorders. For example, the mutation of 
noggin, which causes autosomal dominant proximal symphalangism is asso-
ciated with ankylosis of hand joints, hand bone fusion and conductive deaf-
ness (63). Furthermore, there is the mutation of sclerostin, sclerostosis: a 
recessive inherited osteosclerotic disorder leading to pathologically in-
creased bone formation (64). Interestingly, it was shown that heterotopic 
ossification is not formed because of the high expression of BMPs, but due 
to the downregulation of BMPs antagonists (65). This indicates how com-
plex BMP activity is, including the negative feedback mechanism.  

1.7 Clinical use of BMP-2 and related issues 
 
The biggest prospective randomize multicentre human trial study with re-
combinant human BMP-2 is called the Tibial Trauma Study Group 
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(BESTT). This study with 450 patients from France, Germany and the UK 
with open tibia fractures showed that the protein is enhancing bone repair 
(66). It revealed a significant reduction of the risk of secondary intervention 
and infection in the patients receiving 1.5 mg/ml BMP-2 with intramedullar 
ynail fixation (standard care) compared with the standard care alone. The 
clinical results were further complemented with a cost analysis, which dem-
onstrated that the cost of a BMP-2 therapy can lead to savings from a health-
economic perspective when compared to conventional surgery (67). Another 
report suggested that BMP-2 applied for a spinal fusion in intravertebral and 
lumbar posterolateral sites showed efficacy superior to autologous bone graft 
(68).  
    The overall review on the use of BMP-2 showed that the protein rendered 
an 80-100% healing rate, even among the patients who had had failed inter-
ventions previously (69).  The therapy with BMP-2 has demonstrated effi-
cacy in difficult to treat nonresponsive vertebral osteomyelitis. The use of 
the protein resolved problems with infections and significantly reduced pain 
and neurological symptoms. Another review concluded that patients treated 
with BMP-2 had shorter operative time, shorter hospital stay and a better  
quality of life due to no donor site pain compared with gold standard care 
(70). The numerous experimental trials of BMP-2, conducted on the patients 
with fresh bone injury, defects and osteointegration of implants at various 
anatomical locations, have shown promising results (71). For example, the 
retrospective case series of 18 patients with segmental bone defects in the 
long bones, where BMP-2 was combined with calcium phosphate (or cal-
cium sufate), showed 84% rate of union without the need of secondary inter-
vention (72).  

Sinus lift

Alveolar ridge augumentation

Spinal fusion

Open tibia fracture

Nonunion

Alveolar ridge augmentation

 
Figure 1.6 BMP-2 has been approved for spinal fusion, open tibia fracture, 
nonunion and it has been used for sinus lift and alveolar ridge augmentation.  
    The anatomical locations where BMP-2 has been most often applied are 
shown in Figure 1.6. BMP-2 was also used in the craniofacial area, includ-



 24 

ing maxillary sinus and alveolar ridge augmentation (73), and also off-label 
trials in the  reconstruction of mandibular segments defects (74).  The pro-
tein has also shown an ability to create new dentin and consequently may be 
considered for root canal surgery and periodontal reconstruction (75).  
    Nevertheless, a closer look at the treated patients showed that the admini-
stration of recommended BMP-2 therapy triggered not only bone healing but 
also several undesired effects including frequent soft tissue inflammation, 
bone resorption or excessive bone formation and bone at undesired site so 
called heterotopic ossification (76).  For instance, a clinical trial of alveolar 
cleft palates in children was prematurely ended due to a significant amount 
of postoperative swelling (9, 10). Moreover, patients treated with BMP-2 for 
posterolateral spinal fusion were found, during the follow-up, to have an 
increased risk of developing cancer (57). These issues arise due to a high 
concentration of the protein required for bone formation which, in turn, is 
the result of poor stability of the protein in vivo.  
    The only BMP-2 product approved in 2002 by the Federal Drug Admini-
stration (FDA) is called INFUSE (Medtronic). It is a collagen sponge carrier 
prepared with 12 mg of recombinant human BMP-2.  This dose is 10-100 
times higher than an endogenous amount of the protein (77). Why? A sys-
temic half-life of BMP-2 is short, and a single dose of an exogenous protein 
is not able to trigger an adequate osteoinductive effect in humans if not ap-
plied in an appropriately high dose with a carrier.  In addition, the currently 
used collagen sponge, derived from a bovine Achilles tendon, is not capable 
of controlling the protein release in vivo.  It was showed that this scaffold 
delivers BMP-2 up to 2 weeks post implantation. The large amount of the 
initial dose such as 60-75% is released within the first week (a phenomenon 
called the initial burst) (78). The target cells, mesenchymal stem cells 
(MSCs), seem to utilize only some of the released amount, while the remain-
ing BMP-2 acts in an uncontrolled manner producing side effects (79). How 
can this be avoided?  BMP-2 needs the employment of a delivery vehicle 
that can control its release, maximize its osteogenic potential and, subse-
quently, reduce the dose, side effects and the costs of the therapy.    

1.8 Strategies for BMP-2 delivery 
In vivo bone formation induced by BMP-2 depends on the protein release 
period, with controlled release yielding enhanced growth (13). Long-term 
delivery of protein increases bone healing efficacy compared with short-term 
delivery at an equal dose (12). The bolus application is undesirable and only 
a long time frame release is beneficial (80). The scaffold for a protein release 
should mimic the native extracellular matrix (ECM). So far, no scaffold can 
control BMP-2 release as good as the native ECM.   
    The ideal scaffold (Figure 1.7) should not only deliver BMP-2, but also 
have the following characteristics (81). 
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 It should: 
• be non-immunogenic; 
• be biocompatible; 
• be biodegradable; 
• in situ be transformed from liquid to solid; 
• present adhesion for cell ligands; 
• contain affinity sites for growth factor (GF) binding; 
• permit the integration of the newly formed bone with native sur-

rounding tissue; 
• fill the defect;  
• match the mechanical properties at the implant site; 
• possess a three dimensional (3D) structure with an adhesive surface 

which facilitates cell migration into the construct; 
• be porous (optimal range size is 100-300 µm diameter) or have an 

appropriate mesh size.    

biodegradable

scaffolds
cell adhesive

biocompatible
non immunogenic

effective in GF 
delivery and release 

 
Figure 1.7 The major features that a carrier for BMP-2 should have. 
 
    If the optimal scaffold is selected, it can be loaded with BMP-2. This can 
be done in two ways: (i) adsorption (for solid materials)/mixing (for hy-
drogels) or (ii) covalent binding. In the first strategy, the release of BMP-2 is 
more or less controlled by numerous non covalent interactions, such as elec-
trostatic or hydrophobic bindings. Depending on the affinity of those interac-
tions, the protein releases via diffusion or with degrading scaffold material, 
or both.  In the second manner, BMP-2 can be covalently attached (82). This 
is, however, not feasible enough, since the chemical bond can affect the bio-
logical activity of the GF. Another option is to first covalently immobilize 
other molecules that subsequently bind BMP-2 (83), but the formation of 
such a scaffold is very complex and greatly prohibits large-scale production. 
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It is also not certain if the GF might act directly in the immobilized form or 
upon release by hydrolytic cleavage. 
    Only some types of biomaterials are capable of keeping and releasing 
BMP-2. For example, different ceramics can bear BMP-2. However, their 
efficacy is enhanced in a combination with polymers (84).  In fact, polymers 
are considered as the most suitable vehicles for BMP-2.   
    The most commonly used synthetic polymers are poly(lactic acid) and 
polyglycolic  acid. Their disadvantage is that their degradation can cause an 
inflammatory response that negatively affects bone healing (85). In contrast, 
natural polymers, such as collagen, alginate, chitosan, fibrin, silk fibroin and 
hyaluronic acid (HA) hydrogel, are non-immunogenic and biocompatible. 
Also, molecular self-assembled peptides have been presented, which form a 
gel in vivo (86). Among the aforementioned biomaterials, the most promis-
ing is the HA hydrogel. In addition, HA hydrogel can be combined with 
other molecules such as fibronectin which are adhesive to cells, or glycosa-
minoglycans (GAGs), which sequester BMP-2 via electrostatic binding. 

1.9 Hyaluronic acid as a promising BMP-2 carrier 
Hyaluronic acid (HA) is a major glycosaminoglycan (GAG) which regulates 
cell behavior, tissue organization and the structural stability of organs. HA is 
an unbranched polymer that contains  D-glucuronic acid and N-acetyl-D-
glucosamine linked by β(1-3) and β(1-4) bonds established unequivocally 
(87). It is a negatively charged molecule of molecular weight range from 5 to 
20 000 kDa that can retain a large amount of water and still maintains highly 
viscous and elastic properties (88). A human body can generate about 5 g of 
HA per day. This process is controlled by a systemic blood clearance by the 
hyaluronan receptor for endocytosis (HARE) on liver endothelial cells 
and by a local endocytosis through a hyaluronan endocytosing receptor 
(LYVE-1) on lymphatic cells.  
    Circulating HA has a half-life of only 2-5 min (89). Therefore, it is diffi-
cult to detect HA fragments in vivo. HA synthesis is controlled by three 
genes: HAS1, HAS2 and HAS3, and an additional gene which encodes 
UDP-glucose dehydrogenase (UGDH) and UDP-glucose pyrophosphorylase 
(UGDPG-Ppase) (90). The lack of the HAS2 gene is lethal. The synthesis of 
HA takes place in the inner face of a plasma membrane, in contrast to other 
GAGs made in the Golgi apparatus. Furthermore, unlike other GAGs, HA 
does not need attachment to a core protein to initiate polymerisation, and 
does not occur in the Golgi apparatus. HA is retained inside the cell or ex-
ported to the extracellular matrix (ECM). The HA chain grows at the reduc-
ing while other GAGs grows by the addition of sugars to the non-reducing 
end (91).  
    CD44 is a principal receptor of HA, and RHAMM is a receptor for hyalu-
ronan mediated motility (92).  CD44 is expressed by bone tissue in marrow 
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cells, osteoclasts and osteocytes and, to a lesser extent, in mature cells, such 
as asteocytes and osteoprogenitor cells.  Endogenous HA plays a structural 
role in articular cartilage, surrounding chondrocytes. 
    Exogenous HA have size-specific characteristics. HA oligosaccharides of 
low relative molecular weight are inflammatory, angiogenic and immuno-
modulatory, whereas high molecular weight HA fragments are non-
inflammatory and non-angiogenic (93). HA is also used as a diagnostic 
marker for the monitoring of the progression of certain diseases.  For in-
stance, it indicates inflammatory conditions, such as rheumatoid arthritis, 
psoriasis and scleroderma, and septic conditions.   
    HA-based products have been extensively used for various medical appli-
cations (Figure 1.8), such as osteoarthritis treatment (94), ocular surgery 
(95), skin fillers (96), drug delivery and tissue regeneration (97).  HA hy-
drogels used for drug delivery and regenerative medicine, such as carrier for 
BMP-2, have been proven superior to other materials due to the small size of 
their particles and injectable form, low toxic metabolic products, the ability 
to control swelling (139). HA hydrogels can mimic in vivo environment and 
exhibit excellent biocompatibility, causing minimal inflammatory responses, 
thrombosis, and tissue damage. They have high permeability for oxygen, 
nutrients, and other water-soluble metabolites (98).  

osteoarthritis

drug delivery

skin filler

regenerative medicine
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Figure 1.8 Hyaluronic acid (HA) in some medical applications. 

1.10 Ethical aspects in animal research 
 
The standard of biological evaluation of new treatment modalities was estab-
lished by International Organization for Standardization (ISO) and includes a 
number of variables that must be tested before a product is considered as 
safe and useful for humans. This process is long (takes 4-10 years) and ex-
pensive (cost 5-300 million dollars). Furthermore, the preclinical research 
always required the use of animal models. In fact only mammals are  the 
closest that duplicate condition of a human patient (99). However, in order to 
reduce the number of animal testing, the first step of any strategy evaluation 
should be employed in an in vitro cellular model (100). Later on, the re-
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searcher is often left with the dilemma of which animal model to use. The 
study must not only follow scientific and ethical considerations, but also 
legal and economic issues. Even the bone-healing research, which is quite a 
narrow field, has a large range of animal models to use (101). Another prob-
lem is that all animal models used for bone tissue engineering (TE) have 
limited clinical relevance (102). No animal model exactly resembles human 
bone anatomy and biology, as well as its immunological responses. Gener-
ally speaking, it has been reported that even the use of chimpanzees, which 
are the human’s closest living relatives, cannot truly substitute for a human. 
Chimpanzees have only 1-2% of difference in nucleotide sequence compared 
to man. However, the difference in protein expression is around 80% , which 
may result in a high phenotypic difference manifested by pathological etiol-
ogy, disease progression, metabolism or the distribution and efficacy of 
drugs (103).  
    There have been several reports that highlighted the low rate of translation 
of preclinical trials (104). A large literature analysis based on highly citied 
animal studies showed that no more than 37% were replicated in human 
trials, and then only 10% of them were approved for human use within the 
approximate time of 7 years (104). This low utility of animals for translation 
is caused by the limitations of animal models and the poor methodological 
quality, and the statistical design of experiments (105). The recent consensus 
is that a preclinical trial in TE should not solely aim at one specific therapeu-
tic goal, but it should also contribute to a more extended understanding of 
the molecular mechanics of regeneration. The two essential issues to always 
consider are: (i) the use of the minimally invasive procedures and (ii) the use 
of an appropriate sample size.  The first point is important because the stress 
factor significantly alters the immune system and may contribute to data bias 
(106). The second point is related to the study design. The number of ani-
mals used must be the minimum sufficient to create adequate statistical 
power to answer the question posed. Animals are also wasted if an experi-
ment requires repetition. Although no universal rules exist for the calculation 
of an appropriate minimal sample size (107), the group size can indeed be 
smaller if data variation is low.  
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2. Materials and methods  

2.1 Source of BMP-2  
Recombinant human BMP-2 was purchased from Pfizer, InductOs® former 
Wyeth Europe Ltd. (BMP-2, only in Paper I abbreviated as BMP-P). In 
Paper I additional source of BMP-2 such as R&D System (BMP-R) was 
used. The proteins were reconstituted according to the manufacturers’ proto-
cols.  

2.2 Scaffold for BMP-2 
Hyaluronic acid (HA) derivatives (HA aldehyde and HA hydrazide) were 
kindly synthesized and provided by colleges (at Polymers Chemistry) or 
purchased from TERMIRA (AuxiGelTM,Sweden). The components were 
dissolved in sterile phosphate buffer saline (PBS, Sigma-Aldrich) at pH 7.4 
to a proper final concentration followed by sterile filtration. The reconsti-
tuted stock solutions of BMP-2 was added to one of HA derivatives. HA 
hydrogel matrix was formed by mixing (30 times back and forth over 15 s) 
all components in two 1-mL sterile Luer-lock syringes (Becton Dickens 
Medical) that were connected via a Luer-lock adapter (Qosina) at room tem-
perature. The gel point was reached after approximately 1 min.   

2.3 In vitro testing  

2.3.1 BMP-2 binding affinity  
To determine the binding affinity and kinetics between BMP-2 and dermatan 
sulfate (DS) and heparin (HP), the interaction was measured using Biacore™ 
X100 and SA sensor chips that are pre-coated with streptavidin (GE Health-
care). After docking the SA sensor chip and priming the instrument with 
running buffer, the chip was preconditioned with three injections of 40 mM 
NaOH/1 M NaCl following the recommendations provided by the Biacore 
X100 software. Biotinylated HP from porcine intestinal mucosa (Sigma-
Aldrich) and biotinylated DS from porcine intestinal mucosa were prepared 
as described elsewhere and dissolved in 10 mM sodium acetate (pH 5.5). DS 
or HP was immobilized by injecting approximately 1 µg/ml of solution  into 
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flow cell 2. Flow cell 1 was used for the reference subtraction of all signals. 
Immobilization levels were kept relatively low, below 20 RU, to minimize 
the possibility that BMP-2 binds to two HP or DS molecules simultaneously. 
In each binding cycle, BMP-2 was injected for 150 s, followed by the moni-
toring of dissociation for 300 s while running buffer was flowing over the 
surface at a flow rate of 30 μl/min. Each association/dissociation step was 
followed by 30 s of regeneration with NaOH/NaCl and a 1-min stabilization 
period before the next binding cycle started. An initial series of 3 buffer in-
jections was performed to equilibrate the system. BMP-2 binding was moni-
tored using a three-fold dilution series. For the kinetic analyses, data were 
globally fit to a 1:1 interaction model to obtain binding parameters. Analysis 
of the binding kinetics was performed using Biacore™ T200 evaluation 
software (GE Healthcare). The apparent equilibrium dissociation constant 
(Kd) was calculated as the ratio of kd/ka.  

2.3.2 Cells   
The mouse myoblast cell line (C2C12), the mouse stromal cell line W20 
clone 17 (W20-17) and the mouse embryonic fibroblast cell line (NIH-3T3) 
were purchased from the American Type Culture Collection (ATCC–LGC 
Standards, Sweden). The cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum 
(Gibco) and 100 U ml-1 penicillin and streptomycin (Gibco) at 37°C in a 5% 
CO2-95% air atmosphere. The medium was changed every second day. The 
cells were detached by the addition of EDTA (Gibco, Invitrogen) and sus-
pended in culture medium and counted using Trypan blue (Gibco, Invitro-
gen) to be used in different assays.   

2.3.3 Alkaline phosphatase activity  

The in vitro bioactivity of BMP-2 was determined by its capacity to stimu-
late the alkaline phosphatase (ALP) activity of the cells (C2C12 or W20-17). 
There is a confirmed correlation between the ALP activity and amount of 
bioactive BMP-2 in this particular cell line (6). The cells were seeded as a 
cell suspension at 5x103 /ml in 96-well plates with culture medium. After 24 
h media was replaced with 100 µl of sample (preparation described in previ-
ous section) supplemented with 100 µl of culture medium. After 48 h the 
cells were washed with PBS (Sigma-Aldrich) and lysed by two freeze-thaw 
cycles (30 min -80°C, 20 min 37°C). ALP activity in this extracted solution 
was determined by calculating the p-nitrophenol (pNP) concentration ob-
tained from 100 µl of substrate (p-nitrophenyl phosphate; Sigma-Aldrich) at 
37°C. After 20 min reaction was stopped with 50 µl of 0.1 M NaOH. The 
absorbance at 405 nm, which corresponds to pNP concentration was deter-
mined using microplate reader (Kinetic Microplate Reader; Molecular De-
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vices). ALP activities were measured in triplicate and the average of three 
values were used to determine the standard deviation in each group. 

2.3.4 Cytotoxicity  
To determine the toxicity of HA hydrogel components Cell-Titer 
96AQueous One Solution Cell Proliferation Assay (MTS, Promega), a tetra-
zolium salt assay was performed. The cells (NIH-3T3 or W20-17) were 
plated in flat-bottomed 96 well plates at 5 x 103 per well in 200 µl culture 
medium overnight. Components were dissolved in culture medium and 
added to the wells at concentrations 100 and 200 µg/ml (n=5) for 48 h.  Then 
MTS substrate was added to the wells.  After 4 h of incubation at 37°C an 
absorbance at 450 nm was measured.  Cell viability was shown in percentage 
(standard deviation from three samples) with controls as cells only consid-
ered as 100%.  
 

2.4 Animal models 
 

2.4.1 Animals handling and anesthesia  
The male Sprague-Dawley rats (Taconic M&B, Lille Skensved, Denmark), 
280-300 g in weight were housed with two rats per cage with 12/12 h 
light/dark cycles. The animals were allowed to acclimatize to the animal 
house (Rudbecklaboratoriet, Uppsala University, Sweden) for 1 week prior 
to surgery, at 45% humidity, 21–22°C, and were given access to food and 
water ad libitum until they were euthanized. All surgical procedures were 
performed in aseptic conditions and adequate measurements were taken to 
minimize pain and discomfort in the animals.  Animals were anesthetised by 
using Isoflurane (4,5% induce; 2.5% maintain; Forene®, Abbott Scandina-
via) starting with 4 l min-1 oxygen and 4 l min-1 isoflurane in an induction 
chamber and then by mask at 1.5 l min-1 oxygen, 1.5 l min-1 air and 3 min-1 

isoflurane.  All animal handling and surgical procedures were approved by 
the Uppsala University committee for experimental animal research ethics 
and conducted according to the Helsinki guideline for the use and care of 
laboratory animals and approved by institutional ethical protocol. 

2.4.2 Ectopic model  
The hydrogel constructs of 200 µl volume (with BMP-2 or not) were in-
jected subcutaneously with a 21 G needle, at a minimal distance of 15 mm 
apart after the lumbar region was shaved and surgically prepared with three 
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washes of alcohol. Immediately after the intervention, animals were adminis-
trated subcutaneously with buprenorphine (Temgesic, Schering-Plough, 0.05 
mg/kg) for pain mitigation. The rats were sacrificed after 7 weeks by CO2 
asphyxiation.  The implants were dissected, extracted and analyzed. 

2.4.3 Subperiosteal mandibular model 

Both hemimandibles of each rat were injected with a volume of ~40 ml hy-
drogel construct. To carry out the mandibular subperiosteal injections, once 
anaesthetized, a 0.5 mm diameter needle (25 G) attached to a 1-ml syringe 
filled with saline (sham experiments), or with the hydrogel, was introduced 
subperiosteally into the rat hemimandibles. The implantation site was at the 
innate mandibular diastema, between the incisors and molars. The oral mu-
cosa and the periosteum were pierced by the needle (~1 mm distal to the 
incisor), and the needle was advanced in a distal direction, with the bevel 
sliding carefully over the mandibular bone in order to avoid scraping the 
bone surface. Then, an approximately 5 mm long subperiosteal tunnel was 
filled with the hydrogel or saline (sham experiments). After needle retrac-
tion, the pinhole was not sutured. Buprenorphine was administered subcuta-
neously as an analgesic (Temgesic, Schering-Plough, 0.05 mg/kg body 
weight). Finally, the animals were euthanized 8 weeks after the hydrogel 
injections, and their heads were harvested, fixed in 4% phosphate-buffered 
formalin and preserved in 70% ethanol for further analysis.  

2.4.4 Subperiosteal calvarial model  

All surgical procedures were carried out under strictly aseptic and antiseptic 
conditions. Rats were anesthetized, shaved and the cranial surface was disin-
fected with iodine solution and alcohol. The periosteum of frontal bone was 
exposed by a midline skin incision of approximately 1 cm long, using a sur-
gical blade. A bland needle (21 G) attached to a 1 ml syringe was inserted 
under the bone periosteum at 45° to the frontal bone surface. The needle was 
shifted for 15 mm towards the face direction. The periosteum was carefully 
elevated by the tip in left and right directions. A volume of 200 µl injectable 
construct or saline was placed into the subperiosteal space. Then, the wound 
was carefully closed by suturing the skin (4-0 suture, EthilonTM, Ethicon) 
and there was no need for suturing the periosteum. Postoperative pain was 
managed through administration of buprenorphine (Temgesic, Schering-
Plough, 0.05 mg/kg body weight) subcutaneously. Animals presented no 
sign of pain, distress or infection.  Rats were allowed to move freely and 
were monitored daily. 
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2.5 Bone evaluation 

2.5.1 Bone volume 

Micro-CT (micro-computhed tomography) analysis was performed using a 
Skyscan 1072 (Kontich) with X-ray Source 100 kV/98 µA. For quantitative 
3D analysis, the specimens were placed vertically onto the sample holder of 
a micro-CT imaging system. Subsequently, a high-resolution scan was re-
corded at a 14.16-μm-voxel resolution. (Magnification 20x; Exposure Time 
3.9 s; 1 mm filter applied). Then, using Nrecon V1.4 (SkyScan), a cone 
beam reconstruction was performed on the projected files. Opaque tissue 
was calculated using CT Analyzer software (Version 1.10.1.0; SkyScan). 
Finally, by using 3D creator software (3D-DOCTOR 4.0, Able Software 
Corp.), 3D-reconstructions of the samples were obtained. Tissue formation 
was assessed by analyzing reconstructed coronal cross-sectional images. In 
addition, bone volume/total volume (BV/TV) of bone was calculated with 
CT-based morphometric analysis.  

2.5.2 Bone morphology  

Bone specimens stored in 70% ethanol were completely decalcified using an 
electrophoresis system (Tissue-Tek Miles scientific, Histolab) with formic 
acid, dehydrated, and embedded in paraffin wax. Serial cross sections were 
cut with a microtome to 5 μm, deparaffinized and stained. Representative 
slides were stained with Hematoxylin and Eosin (H&E, Merck), Masson’s 
trichrome (Merck), Sirius Red (Fluka) as well as Alcian Blue (Sigma-
Aldrich) solution. For collagen observation the cross-sections (five sections 
per bone sample) were stained 0.1% Sirius Red dissolved in a saturated 
aqueous solution of picric acid (Fluka) for 1 h and then observed and photo-
graphed using polarized light microscopy with the slides inclined at 45° to 
the incident light. The amount of organized collagen fibers was quantified by 
measuring the area of green color using imaging software (BioPix AB). For 
Alcian Blue staining, sections were incubated in phosphate buffer (pH 6.0) 
or in presence of ovine testicular hyaluronidase (Sigma-Aldrich). The histo-
logical sections were photographed on a bright field microscope (Eclipse TE 
2000U, Nikon).  

2.5.3 Angiogenesis in bone 

Paraffin sections were immunostained with primary antibodies specific for 
rat osteocalcin (OC) (Santa Cruz Biotechnology), rat CD31 (BD) and rat 
alpha-smooth muscle actin α-SMA (Dako) in Paper III and VII. The sec-
tions were placed in a Tris/EDTA solution (pH 9; Dako), incubated at 95° C 
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for 20 min, washed with phosphate buffer saline (PBS) and blocked in a 
12% bovine serum albumin (BSA) solution. Slides were then labeled with 
the primary antibodies, namely OC (1:50), CD31 (1:50), and α-SMA 
(1:100), and diluted in PBS containing 12% BSA. After an overnight incuba-
tion at 4°C, the sections were washed three times for 5 min in PBS and 
blocked for additional 15 min. To visualize the primary antibody, fluo-
rescein isothiocyanate (FITC)-conjugated polyclonal goat F(ab’)2 frag-
ments directed at mouse or rabbit immunoglobulins (Dako) were added to 
the sections. Slides were washed three times for 5 min in PBS. Some sec-
tions of cranial bone (positive control) and some sections not treated with the 
primary antibody (negative control) were used. Finally, the slides were incu-
bated for 5 min in PBS containing 1 µg/ml Hoechst 33342 (Sigma-Aldrich), 
rewashed with PBS, and mounted with Dako mounting solution (Dako). 
Images were taken with a DXM1200F digital camera connected to a Nikon 
Eclipse TE2000-U inverted microscope. The device is equipped with 
Hoechst 33342, FITC-filter sets (Nikon AG, Switzerland; Software: Nikon 
ACT-1 vers. 2.70). Images were processed with Photoshop 7.0 (Adobe Sys-
tems Inc.). 
    Angiogenesis in bone specimens was also detected with a mouse mono-
clonal antibody to rat endothelial cell cytoplasmic antigen (RECA-1; Ab-
cam) using in situ proximity ligation assay (PLA) in Paper II and IV. The 
5 μm thick cross-sections were incubated in antigen retrieval solution (Dako) 
at 98° C for 15 min, washed with phosphate buffer saline (PBS) and incu-
bated in Tris-Buffered Saline (TBS at pH 7.4) for 2 min. The sections were 
incubated overnight with anti-RECA-1 (1:200) at 4°C. The next day, sec-
tions were rinsed in PBS and incubated in a secondary probe ligation and 
amplification, in accordance with manufactures protocol (Duolink II Kit). 
The immuno stained sections were mounted with Vectashield (Vector Labo-
ratory) containing 4',6-diamidino-2-phenylindole (DAPI; 100 ng/ml). The 
sections were observed and photographed using fluorescent microscopy 
(Eclipse TE 2000U, Nikon).  

2.5.4 Statystical analysis  
Experiments were performed in triplicate, and data weas expressed as the 
means ± standard deviation (SD), unless otherwise noted. Statistical analysis 
was performed with PASW Statistics 16.0 (SPSS Inc.). Student t-test was 
used to analyse the statistical differences between groups with consideration 
that p-value less than 0.05 was significant.  
    In order to determine correlation between the new bone volume and the 
dose of BMP-2, we performed non-parametric Spearman correlation coeffi-
cient using PASW Statistics 16.0 (SPSS Inc.) (Paper VII). 
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3. Results and discussion 

 

3.1 The strategy for improving active BMP-2 retention 
in the gel  
 
The administration of enough BMP-2 for an efficient bone repair generates 
unacceptable side effects which severely limit its therapeutic use (see also 
section 1.7). These issues arise from the high concentration of the protein 
required for bone formation which is the result of low stability and short 
half-life of the protein in vivo. Recently, it has been shown that a long-term 
and sustained delivery is the most effective (12).  
    We selected hyaluronic acid (HA) hydrogel as a carrier because of its 
general characteristics which match the features of an ideal scaffold (see also 
section 1.8).  Previous clinical studies demonstrated that HA hydrogel is a 
highly biocompatible and non immunogenic material (10) (see also section 
1.9).  Furthermore, its injectable form allows an in situ administration in a 
minimally invasive surgical procedure.  The simple mixing of BMP-2 with 
HA hydrogel has previously shown effective bone formation in vivo (108). 
Despite of all positive features, HA hydrogel, as all other delivery vehicles, 
has a limited ability for control of the BMP-2 release. Therefore, we in-
tended to investigate if the use of specific conditions or the presence of spe-
cific additional molecules in the gel can enhance BMP-2 activity (Paper I, II 
and III).  
 

3.1.1 Proper handling conditions improve BMP’s stability 
In Paper I, we investigated how handling conditions of BMP-2 influence the 
protein’s in vitro and in vivo activity. We employed BMP-2 from two com-
mercial sources such as clinically approved BMP-P (BMP-2 from Pfizer, 
InductOs® former Wyeth Europe) and commercially available BMP-R 
(BMP-2 from R&D System). Both proteins were produced in genetically 
modified Chinese hamster ovary cells. We tested their activity in two formu-
lation buffers, namely pH 7.4 and 4.5, and two storage vials; Eppendorf 
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tubes and glass tubes. The buffer of pH 4.5 was a formulation buffer recom-
mended for BMP-P. In order to test in vitro activity of the proteins at differ-
ent time points, we employed ALP activity assay using mesenchymal stro-
mal cells (see also section 2.3.2) that quantitatively determines the amount of 
alkaline phophatase (ALP). The production of this enzyme is induced only 
by biologically active BMP-2 (109).   
    As showed in Figure 3.1, we found that both BMPs had the same ALP 
activity at 0 h. Therefore, both had an equal initial concentration. Further-
more, we observed that both were more stable in acidic pH than in physio-
logical pH and less adhesive towards glass than Eppendorf tube. A remark-
able difference was that BMP-P maintained its bioactivity under all condi-
tion and up to 24 h. The greatest difference between the two proteins was 
found at physiological pH where BMP-P showed a significantly higher sta-
bility and lower adhesive properties in Eppendorf tubes in comparison to 
BMP-R.   
 

 
Figure 3.1 The stability of BMP-P and BMP-R was evaluated by an alkaline 
phosphatase (ALP) activity assay after 0 and 24 h of incubation at room 
temperature. The samples were dissolved in a buffer at physiological pH 
(7.4) and at acidic pH (4.5) in (A) glass vials; (B) Eppendorf tubes. ALP 
activity was quantitatively measured at an absorbance 405 nm (*p<0.05; 
error bars indicate standard deviation for n=3). 
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    Our results suggested that there were more hydrophobic residues in   
BMP-R because this protein showed more binding to the hydrophobic sur-
face of Eppendorf tubes than BMP-P. The fact that both BMPs presented the 
lowest adhesivity to hydrophilic glass at acidic pH indicated that both had 
basic amino acid ions that require acidic pH for solubility in an aqueous 
medium. 
    The results from basic studies were reflected in the in vivo study. The 
amounts of 20 µg/ml of both BMPs were loaded into the HA hydrogel and 
tested at a subcutaneous model in rats (see also section 2.4.2).  This HA hy-
drogel, with a unique type of hydrazone linkage between polymers has 
shown a significantly enhanced mechanical property and enzymatic stability 
(Paper II). As illustrated in Figure 3.2, the volume of 200 µl of hydrogel 
construct with 4 µg of BMP-P or BMP-R per sample (n=6) was injected for 
7 weeks. The hydrogel without BMPs was used as negative control and, as 
expected, it did not show any bone formation. We did not find any signs of 
fibrotic tissue or inflammatory cells in ectopic bone formations. Further-
more, with BMP-P we obtained an almost two times larger in size however 
less compact bone formation in comparison to BMP-R.   

Ectopic bone 
induced by BMP-P
Ectopic bone 

induced by BMP-P Oriented collagenOriented collagen

Cell  differentiationCell  recruitment

Ectopic bone 
induced by BMP-R
Ectopic bone 

induced by BMP-R

Injectable hydrogel
with (•)BMP-P or (•)BMP-R

Injectable hydrogel
with (•)BMP-P or (•)BMP-R

Disoriented collagenDisoriented collagen
 

Figure 3.2 A schematic illustration of ectopic bone formation by BMP-P 
and BMP-R in the HA hydrogel carrier. The representative sections of the 
ectopic bone were stained with sirius red and photographed by the polarized 
light microscope. Bar size is 500 µm. The image was the cover page in Jour-
nal of Controlled Release, volume 162, 2012.  
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    In addition, we showed (Figure 3.2) that ectopic bones formed by BMP-P 
had more oriented and thicker collagen fibers (stained green) which more 
resembled native bone than bone samples induced by BMP-R with disorders 
and thinner fibers (stained red). Collagen is the main component of non min-
eralized bone matrix and its structural properties determine the quality of 
new bone (109). The better organized fibers provide better load bearing abil-
ity. It was shown that the new layer of matrix can be more efficiently built 
on pre-existing bone that serves as a scaffold for woven tissue (110).  
    It was previously suggested that small differences in handling conditions 
can have a profound effect on the protein’s bioactivity (111). The changes in 
pH affect the net charge of the protein leading to precipitation and aggrega-
tive behavior. The other study presented that BMP-P stability depends on pH 
and that aggregation occurs already at pH 6.2 (112). Furthermore, it is 
known that excess of acidic or basic ions in the buffer disrupt hydrogen 
bonding between amino acids which, in turn, leads to protein deactivation 
(111). 
   We reported for the first time that there are significant differences in stabil-
ity and bioactivity of both BMPs and one must be careful while working 
with such sensitive molecules. The maintenance of appropriate optimized 
conditions allows a direct comparison of outcomes from different experi-
ments. This is critical while developing scaffold for BMP-2 for further trans-
lation in bone repair.  Our results clearly highlighted that if we find a way to 
improve BMP-2 stability; this will also enhance its bone regeneration poten-
tial.  

3.1.2 BMP-2 activity regulated by other molecules  
The results from Paper I highlighted the importance of proper handling con-
ditions while working with such a sensitive protein as BMP-2, and thus, 
motivated us to go further and investigate whether the presence of some 
molecules can improve the activity of BMP-2 in a hydrogel.   
    In the first attempt, we mixed BMP-2 with angiogenic growth factors 
(GFs) such as vascular endothelial growth factor (VEGF) or platelet-
derived growth factor (PDGF).  Angiogenic GFs play a crucial role in 
bone regeneration and were shown to act in synergy with BMP-2. For in-
stance, VEGF produced by endothelial cells has proven to directly stimulate 
mesenchymal stem cells (MSCs) differentiation to bone linage (113).  In 
turn, PDGF was found to be MSCs mitogen and promoted up regulation of 
VEGF, leading to increased bone vascularization in an animal model (114). 
In addition, animal studies showed a superior effect of combined BMP-2 and 
VEGF application on bone formation and vascularization compared to un-
treated controls (115). Therefore, we intended to test that interaction in our 
system. We injected the volume of 200 µl HA hydrogel containing BMP-2 
physically mixed with VEGF or PDGF, or BMP-2 alone (control) subcuta-
neously into the rats (see also section 2.4.2). After 6 weeks, we found ec-
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topic bone formation at the site where BMP-2 was present. However, in mi-
cro-CT analysis (Figure 3.3) we did not observe any significant differences 
in bone volume between the groups (n=6). With this lack of dissimilarities, 
we drew the following conclusions: (i) the end time of the experiment was 
not enough to see the difference; (ii) there was not a sufficient concentration 
of angiogenic GFs since we used 4 µg of BMP-2 and 0.4 µg of VEGF or 
PDGF per sample or/and (iii) simple mixing could not adequately mimic the 
naturally occurring cascade because GFs interplay in a much more complex 
sequence.  
    In the second attempt angiogenic GFs were replaced by biglycan. Bigly-
can is a small leucin-rich proteoglycan presented in osteoblasts and bone 
surfaces which plays a role in regulating the structure and mechanical func-
tion of bone (116). The biglycan-deficient mouse presented decreased bone 
strength and stiffness and a large number of bone deformations (117). Using 
the rat model, we again injected a volume of 200 µl HA hydrogel with 4 µg 
BMP-2 and 0.4 µg or 4 µg of biglycan, or only 4 µg of BMP-2 (n=6 for all 
groups). After 6 weeks, we found an ectopic bone formation at all sites 
where BMP-2 was present.  Micro-CT analysis (Figure 3.3) showed larger 
bone volume in the groups where BMP-2 was combined with biglycan com-
pared to the group with only BMP-2 (p<0.05).   

**
*

 
Figure 3.3 Micro-CT quantification of bone volume/tissue volume (BV/TV) 
of ectopic bone formed (after 6 weeks) by the HA hydrogel with 4 µg of 
BMP-2 alone or additional molecules such as 0.4 µg or 4 µg (10x) biglycan, 
or 0.4 µg of VEGF, or 0.4 µg of PDGF. Gel means HA hydrogel and 
*p<0.05; error bars indicate standard deviation for n=6. 
 
    Furthermore, we performed an ALP assay with mesenchymal stromal 
cells (see also section 2.4.2). The addition of various concentration of bigly-
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can to BMP-2 did not show any positive effects on cell differentiation. Re-
cently, we have found the explanation for our results (118).   Miguez et al. 
showed that biglycan increased in vitro BMP-2 activity only when it was 
used with enzymes which cleaved GAGs.  Therefore, we observed the en-
hanced in vivo bone formation when biglycan proteoglycan was mixed with 
BMP-2 because the enzymes presented in the body cleave GAGs and allow 
BMP-2 interactions with the core protein 
  Finally, we precomplexed BMP-2 with glucosaminoglycans (GAGs) (see 
also section 1.4) such as dermatan sulfate (DS) or heparin (HP) and showed 
that this strategy significantly prolonged protein stability and ostoinductivity 
both in vitro and in vivo, which we presented in Paper III. 
    The ability of sulfated GAGs to stimulate BMP-2 depends on the size and 
number of their sulfated groups. By selecting HP, we based our decision on 
some previous reports which showed that HP is able to bind BMP-2 and 
protect it from rapid degradation and consequently, to enhance bone forma-
tion in vivo (119).  We based our choice of DS on in vitro evidence (120) 
because, so far, there has been only little information published on an in vivo 
interaction between DS and BMP-2. However, DS has been previously 
shown to improve in vivo activity of other growth factors such as FGF-2.  
    We precomplexed BMP-2 with DS or HP and loaded into the HA hy-
drogel (gel/BMP-2+DS or HP). Firstly, we performed an in vitro cumulative 
release over 30 days as it was calculated by ELISA. The total BMP-2 release 
from the gels where the protein was precomplexed with DS or HP was 79% 
and 75% in comparison to 56% of BMP-2 that was released from the gel 
with BMP-2 only. The latter showed an initial burst release and the release 
reached plateau only after just 7 days and did not change to the end of the 
study. The analyses of the remaining BMP-2 in the hydrogel after 30 days 
showed that there was 15% of the initial BMP-2 retained in constructs with 
BMP-2 premixed with GAGs and only 5% in gel/BMP-2.  Furthermore, by 
using ALP assay and C2C12 cells (mouse myoblast cell line) we determined 
the bioactivity of BMP-2 released from that gels. The result showed the cor-
relation with the outcome obtained in the cumulative release.  
    Analyzing each time point of the BMP-2 release, we observed that there 
was a slightly faster release within the first 24 h from the gel with BMP-2 
premixed with DS in comparison to HP. In order to explain the molecular 
interactions between BMP-2 and DS or HP, we performed a kinetic analysis 
using surface plasmon resonance (SPR) and measured the binding affinity.  
The results showed that BMP-2 yielded approximately 10 times higher affin-
ity of the binding to HP compared to the binding to DS. We also showed that 
a BMP-2+DS complex had a 3 times faster dissociation constant (Kd; see 
also section 2.3.1) than BMP-2+HP complex. Although the SPR analysis 
demonstrated that DS binds to BMP-2 with a slightly lower affinity than the 
binding of HP to BMP-2, a further in vivo evaluation revealed that both 
binding pairs are physiologically relevant.   
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    We tested in vivo efficacy of the constructs by subcutaneous injections in 
rats for 6 weeks. The ectopic bone formation we obtained was analyzed by 
micro-CT showing that bone formation was equally improved by the pres-
ence of DS or HP with the volume two folds larger than in the bone induced 
by not complexed BMP-2. Furthermore, the ectopic bone was observed us-
ing various histological techniques. In transversal sections (Figure 3.4), we 
observed that all ectopic bone formations had a form of oval rings of bone 
concentrated on the edges and an empty space in the central part of the 
specimen. A remarkable difference was that the ectopic bones formed in 
place of gel/BMP-2+DS or HP had thicker bone area which penetrated 
deeper in the middle of the specimen in contrast to the bones induced by 
gel/BMP-2 only.  
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Figure 3.4 Six weeks postimplantation, ectopic bone samples were formed 
in the place of the HA hyderogel with BMP-2 alone or precomplexed with 
dermatan sulfate (DS) or heparin (HP). The representative cross sections 
were stained with Masson’s trichrome and immunostained with rat osteocal-
cin (rtOS). Nuclei were stained with DAPI. 
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    A higher magnification showed that the trabecular bone structure was 
dense in the ectopic bone from groups where BMP-2 was precomplexed. 
The advantage of a more organized trabecular network in bone is apparent 
since spontaneous fractures in osteoporosis occurred due to weak continuity 
and connectivity of bone trabeculae which disrupt force transmission (121). 
We did not observe any remaining gels or fibrotic tissue in ectopic bone 
samples. 
    Next, we detected osteocalcin which is an early marker of bone formation, 
at the sites where bone tissue was observed. As another indication of the 
quality of ectopic bone we performed a scanning electron microscopy (SEM) 
analysis. We observed that the collagen fibers in the groups with gel/BMP-
2+DS or HP were more interconnected. Furthermore, the ionic mapping 
analysis revealed that the ectopic bones formed by BMP-2 precomplexed 
with GAGs were more mineralized (for the image see Figure 6 in Peper III). 
Finally we addressed the presence of angiogenesis within the ectopic bones 
since vascularization is critical for bone formation (122). In all groups the 
marrow space of the bone was rich in blood vessels with CD31 positive en-
dothelial cells surrounded by α-smooth muscle actin (α-SMA) positive 
myocytes (for the image see Figure 7 in Paper III).  
    The evaluation of ectopic bone engineered by the HA hydrogel/BMP-2 
with or without GAGs suggested that the bone formation mechanism by 
those constructs has much in common with the long bone healing after frac-
ture.  The callus starts forming on the hematoma edges and remodels subse-
quently into fully functional bone (123). The possible process that occurred 
during the ectopic bone induction by our construct is that the progenitor cells 
adhere to the gel releasing BMP-2 and differentiate into bone cells. These 
cells migrate towards the centre of the scaffold and produce a matrix of col-
lagen and non-collagenous proteins such as osteocalcin, which further min-
eralize. Thus, it is combined with simultaneous angiogenesis. Our results 
suggest that the process of bone formation was more effective when active 
BMP-2 was available during a longer time. The significantly larger bone 
induced with BMP-2 premixed with DS or HP corroborates our outcomes 
from the in vitro release study and SPR.   
    In the previous study, we reported that the stability of BMP-2 is dependent 
on the formulation buffer and the storage vial (124). A greater stability was 
achieved in acidic pH and with a glass vial in comparison to physiological 
pH and a plastic vial (Paper I). Another study showed that BMP-2 stability 
in the solution can be improved of at least two folds at 22 h incubation time 
in the presence of HP (125). HP was shown to retain BMP-2 in the solution 
by enhancing stability and decreasing cell internalization (125). The results 
in this study suggested that DS, like HP, binds to BMP-2 and protects it from 
rapid degradation (Figure 3.5). Higher affinity meant that the protein can 
remain bound for a longer time, exceeding the duration of GAG-protecting 
interactions in the ECM (126). However, in this study we proved again a 
well known statement that in vitro conditions can not recapitulate an in vivo 
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setting. Although BMP-2 interaction with DS are slightly weaker than those 
of BMP-2 with HP they are equally favorable in vivo. BMP-2 complexed 
with DS or HP decreases its passive diffusion and retains its activity in the 
gel. In an in vivo situation, when BMP-2 is released from the hydrogel, the 
complexes allow the redistribution of BMP-2 and increases the availability 
at a distance far from the site of delivery (Figure 3.5). 
 

Figure 3.5 A schematic illustration of the BMP-2 release. Dermatan sulfate 
(DS); heparin (HP). 
 
    Our findings highlight that molecular interactions occurring between 
BMP-2 and dermatan sulfate (DS) are as important as those between BMP-2 
and heparin (HP).  Furthermore, we showed that modulating the protection 
and delivery of the protein significantly enhanced bone formation. This 
strategy may also lead to reduced doses of BMP-2 and, consequently, de-
creased risks of side effects and the costs of the therapy.   

3.2 Recapitulation of the ECM in a scaffold 
 
We previously enhanced BMP-2 osteoinductive activity by using proper 
handling conditions (Paper I,) and precomplexing with dermatan sulfate 
(DS) or heparin (HP) (Paper III,).  Furthermore, in Paper IV, we intended to 
examine whether we could improve bone formation by imitating the ECM of 
bone in the HA hydrogel that was used as a scaffold.  
    We incorporated a fibronectin fragment into HA hydrogel in order to im-
prove its cell adhesive properties. The fibronectin fragment (FN) was a ge-
netically engineered stabilized variant of a fibronectin sequence FN III9-10 
(FN III9*-10, where leucine1408 is substituted by proline) (127). This frag-
ment previously showed to better enhance the osteogenic differentiation of 
mesenchymal stem cells (MSCs) and bone regeneration, even compared to 
full-length fibronectin (128, 129). The ability of the fibronectin fragments to 
potentiate osteoblastic differentiation is principally due to its specificity to 
ligant the integrin α5β1 (128, 129). We covalently conjugated an FN frag-
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ment with an HA derivative by Michael addition (the method for the mild 
formation of C-C bonds). The covalent linkage of FN allowed us to pre-
serve its initial structure and biological activity and to prevent their rapid 
clearance from the material by diffusion (130). We prepared a HA hydrogel 
with FN (HA-FN hydrogel) that was further tested in vitro and in vivo in 
comparison to a HA hydrogel not linked to integrin (HA hydrogel) (Figure 
3.7, left panel).  
    Firstly, we tested the ability of HA-FN for cell attachment and spreading 
using mesenchymal stromal cells (W20-17 cell line). We observed that the 
cells attached and spread more rapidly in the HA hydrogel functionalized 
with an FN fragment in comparison to HA hyderogel. After 48 h of incuba-
tion, cells seeded on the HA-FN hydrogel were covering its surface with a 
network of branches while the cells on the HA hydrogel presented a station-
ary fibroblastic morphology (Figure 3.6). Furthermore, in a quantitative 
analysis of  the cells that adhered to the hydrogels, by a crystal violet assay, 
we found that 79% of the cells attached to the HA-FN hydrogel and 56% of 
the cells attached on the surface of the control HA hydrogel at 4 h of cultur-
ing. 

48h

24h

0h

HA-FN hydrogel                 HA hydrogel                      control

 
Figure 3.6 The attachment and spreading of mesenchymal stromal cells over 
the surface of a HA hydrogel linked to a fibronectin fragment (HA-FN hy-
drogel) and HA hydrogel alone (HA hydrogel). Bright-field photomicro-
graphs after 0 h, 24 h and 48 h of cell culturing. As a control, the cells were 
plated on a standard cell-culture plate. Scale bars, 50 µm. 
 
    Furthermore, we loaded HA-FN and HA hydrogel with BMP-2 and tested 
in vivo bone formation in an ectopic rat model. As shown in Figure 3.7 
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(right panel), we injected the construct at a subcutaneous site in rats (see also 
section 2.4.2). Both hydrogels without BMP-2 were used as controls. After 7 
weeks, we obtained ectopic bone formation from all injections, except for 
those without BMP-2. The micro-CT analysis showed that the bone formed 
in place of HA-FN hydrogel was twice as larger in comparison to ectopic 
bone created by a HA hydrogel with the same amount of BMP-2 as 4 µg per 
sample (p<0.05). The morphological observation revealed that the bone 
formed by the HA-FN hydrogel had a more dense distribution of trabecular-
like structures which grew further towards the middle of the core of the sam-
ples, while, in the HA group, the remodeling process was limited to the 
edges. In the HA-FN hydrogel group, the bone formations had more organ-
ized and thicker collagen compared to HA hydrogel group. Finally, we de-
termined angiogenesis in ectopic bones in an in situ proximity-ligation assay 
(PLA; see also section 2.5.3). In both groups, we showed a similar pattern in 
the expression of the rat endothelial cell antibody-1 (RECA-1) (for the im-
ages see Figure 6 and 7 in Paper IV).   
    Although HA interacts with numerous cell surface receptors including 
CD44 and RHAMM, which regulate growth factors (GFs) signaling, HA 
cannot bind cell receptor responsible of adhesion, namely-integrins. In the 
previous studies, the most commonly used adhesive fragment was the argin-
ine-glycine-aspartic acid (RGD) sequence. 
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Figure 3.7 An illustration of enhanced bone formation with the HA hydrogel 
covalently linked to a fibronectin fragment FN III9*-10 (FN).  
 
    A similar domain is presented in a natural ECM protein, such as fi-
bronectin (FN). However RGD is a synthetically synthesized domain while 
many tissue morphogenetic processes required natural integrins (131). For 
example, the recombinant expressed domains of FN, FN III7-10, were found 
to enhance osteointegration of implants in bone defects and to improve osto-
balstic differentiation of mesenchymal stem cells (MSCs), when compared 
to surfaces functionalized with the linear RGD peptide (132). The increased 
bone formation observed in HA-FN hydrogels is attributed to a better cell 
recruitment/adhesion, enhanced assimilation of MSCs within the hydrogel, 
as well as due to a potential synergistic osteoinductive signalling between 
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the integrin α5β1 and a BMP-2 receptor. This work provides evidence that 
the modification of HA hydrogel with an engineered specific integrin ligand 
can efficiently enhance the osteogenic potential of recombinant human 
BMP-2. This approach can be relevant in clinical bone repair. 

3.3 The clinically relevant animal model for injectables 
evaluation  
 
In order to evaluate the carrier system for improved BMP-2 translation, the 
use of animals is absolutely necessary during the evaluation of safety, bio-
compatibility and immuno-system responses. In vitro studies and other alter-
native strategies including the computer modeling and the use of cadavers 
can reduce the number of animals required, although it cannot replace them 
completely (133). However, there is no ideal preclinical model that allows 
the evaluation of all bone tissue engineering (TE) constructs. Therefore, in 
Papers V, VI and VII we intended to investigate which clinically relevant 
animal model may reproducibly determine the feasibility of injectable bone 
TE constructs. 
    Larger animal models such as rabbit and sheep are usually needed prior to 
any clinical trial. Therefore, in Paper V we showed a pilot study with a rab-
bit model. In order to observe what results the therapy gives in weak bones, 
we used osteoporotic (OVX) rabbits in comparison to animals with a normal 
skeleton. The construct with BMP-2 at a dose corresponding to human ther-
apy was injected into the bone marrow of a femur through the condylus lat-
eralis. The injection directly into the bone marrow cavity was assumed to be 
relevant for further therapy of OVX patients with the need to increase bone 
mass in some areas which are at a particular risk of fracture such as the 
spine, the hip and the wrist (134). After 5 weeks we evaluated the results by 
radiology and histology. Due to small sample size and a high standard devia-
tion we were not able to state if the result was significant. In order to follow 
the study, we would require more groups and animals that surpassed our 
financial abilities. Consequently our experience demonstrated that although 
the larger animals represent a system that is closer to the human one, their 
employment would require surgical skills and higher expenses. What is 
more, they are not convenient for a standard laboratory.   
    In turn, we decided to use small animals (see also section 1.10). Such 
animals, in particulary rats, are suitable and economically efficient. In fact, 
rats are also currently the most common animals used for musculoskeletal 
research (applied in 45% of animal research) (135).  After selecting a spe-
cies, we started search for a model design. A number of ‘bone’ studies used 
a defect model, particularly the calvarial defect. However, the reports re-
vealed that this intervention is invasive and the defect size is an issue since it 
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heals spontaneously if it is not large enough (136). On the other hands a 
critical-size defect at other sites such as in the tibia is relevant to the clinical 
situation of a fracture, but it can be associated with a high failure rate, and 
the use of a heavy fixation device (137). In addition, the defect model re-
quires a long surgery; the resulting wound is associated with stress and post-
operative pain which has to be treated with painkillers for several days.  All 
those factors influence the response of immune-system and highly affect 
bone healing (138). Furthermore, the clinical application of bone inducing 
material is not limited to repairing a defect. For instance, one of the main 
clinical needs is a spinal fusion where no defects need to be repaired. 

The top of a blunt needle 
is inserted with an angle 
of 45° in the periosteal
space of the cranial 
bone.

The needle is pushed 
forward with an angle of 
15-20° on the bone 
surface towards the face 
plane.

After reaching 1 cm, the 
tip is moved to the left 
and to the right, in order 
to make a space for an 
injectable construct. 

The construct is injected 
at a volume of 200 µl, 
forming a small bump. 

 
Figure 3.8 The key surgical steps of the subperiosteal cranial model in rats 
(Paper VII). The procedure can be visually controlled.  
 
    We found defect models very complex and inconvenient for larger testing.  
Consequently, we selected a simple and commonly reported model, the ec-
topic model. This model enabled us to rapidly screen the evaluation of the 
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constructs.  It reduced the number of animals used as several samples were 
placed subcutaneously in one individual. However, a significant disadvan-
tage of the ectopic model was that the formation of bone occurs in an ex-
traosseous site that could not be directly translated into a clinical situation.  
    As we could not find a model that could fulfill all our requirements, we 
designed our own models directed particularly for initial screening of in-
jectables. We presented: 

• a mandiblea periosteal model in rats in Paper VI;  
• a calvarial periosteal model in rats in Paper VII (Figure 3.8). 

    The mandible subperiostel model was based on a previously established 
model described by Stevens et al. where the new bone was triggered by an 
osteoinductive material placed under the periosteum of the tibia in rabbits 
(139). In fact the subperiosteal space is very relevant for direct studies of the 
influence of a treatment with mesenchymal stem cells (MSCs), fibroblasts 
and other precursor cells, since the periosteum is a source of progenitor cells. 
It is known that lifting the periosteum up from the underlying bone produces 
a physical stimulus of tension that triggers the differentiation of progenitors 
into osteoblasts, ultimately resulting in bone formation between the perio-
steum and the bone (140).  
    We showed that the mandible subperiostel model was minimally invasive 
and bone augmentation was achieved upon a subperiosteal injection of hy-
drogel as a carrier of BMP-2 in rats. The surgical intervention (see also 
section 2.4.3) from the anesthesia induction to the skin wound closure lasted 
up to 15 min. The procedure was bloodless and the creation of large inci-
sions, flaps, sutures and graft exposure was avoided. The periosteum was 
only punctured once and no sutures were required. No rupture of the 
periosteum or other perioperative complactions were observed. The injection 
into the subperiosteal space allows maintaining of the construct in situ and 
prevents its leaking into the surrounding soft tissues.  
    One disadvantage of the mandibular subperiostel injection was its techni-
cal difficulty. The anatomical location of the mandible in rats is not easy 
accessible and required stomatological/surgical skills. In fact, this model is 
primarily relevant for the alveolar bone augmentation.  Furthermore, the new 
bone formation obtained in this model can vary if the animal chews more at 
one site (used as control) than at the other. Those conditions cannot be con-
trolled.  
    Therefore more recently we modified this model and described the cal-
varial subperiosteal model in Paper VII (Figure 3.8). This region is easily 
accessible and the injection can be visually controlled, which offers a prom-
ising solution, even to an investigator with little experience in surgery (see 
also section 2.4.4). Furthermore, the length of this operation does not exceed 
15 min, and benefits from the injection into subperisoteal space which serves 
as an in vivo bioreactor. The cranial location has the advantage of preventing 
variability (due to different weight-bearing), self-injuries or injuries by other 
rat housed in the same cage (101).   
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    In both of the aftermentioned studies (Paper VI and VII) the postoperative 
recovery was uneventful: the animals resumed normal ambulation without 
any signs of pain.  The results were evaluated qualitatively using micro-CT. 
In addition, we characterized the morphology of new bone tissue formed, 
using conventional histology and immunolabeling for bone and blood ves-
sels markers.  
    Our approach was minimally invasive, which remarkably decreased the 
risk of postoperative infection, experimental failure, and morbid-
ity/mortality. Thus, in regards to the ethical and cost-effective issues, this 
factor is important to consider, since, even with minimally invasive animal 
models for bone tissue engineering, the morbidity/mortality variable is 
around 5% to 10% (141).  Using both subperiosteal models, we found a clear 
correlation between the dose of BMP-2 delivered and the amount of new 
bone formed (Spearman correlation p<0.001). This correlation demonstrated 
the reproducibility of the model and its potential to evaluate the efficacy 
level of a treatment. Our search for a clinically relevant clinical model was 
summarized in Figure 3.9. 
 

Preclinical model for screnning of injectables

Large animals                                Small animal model, ex rats       

•Expensive
•Space consuming
•Deviation between animals
•Close anatomy and
physiology to human

Not for initial material testing

•Cheap
•Space effective
•Tolerant to surgery
•Suitable 

Ideal for initial material testing

Subperiosteal model        Ectopic model           Defect model

•Invasive
•May require fixative device
•For opertor with surgical skills

• Does not  resemble 
the clinical situation

• Non invasive
•Techniqually easy

Our m
odel

 
Figure 3.9 The search for an ideal preclinical model for initial testing of 
injectables.  
 
    However, like other animal models used for bone regeneration, this model 
has some inherent disadvantages (see also chapter 4). First of all, rats have 
quite distinctive bone anatomy because they do not have the Haversian sys-
tem (133). Consequently, their bone metabolism is also different from a hu-
man’s. Another limitation is that this new model is not based on a defect, 
while many clinical applications for bone regeneration tend to repair one. 
Nevertheless, this model is certainly more clinically relevant than the ectopic 
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bone model, since the formation of bone occurs in an orthotopic site. In addi-
tion, based on a single injection, this model is hardly invasive and most 
likely more reproducible compared to implantation models (142). Moreover, 
in contrast to the defect models in the rat, especially the calvarial superio-
steal model is much faster and easier to perform and probably more repro-
ducible.  Consequently, with the use of this model, large initial screenings of 
carrier systems for BMP-2 could be performed to identify the scaffold that 
would efficiently retain the protein and require a smaller dose of BMP-2. 
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4. Limitations of the thesis 

This thesis has some limitations. The main is the small number of animals 
used for in vivo evaluation of different strategies.  However, studies with a 
small sample size can be quick to conduct with regards to obtaining of ethi-
cal and institutional approval and financial possibilities. In fact, no universal 
rules exist for the calculation of an appropriate minimal sample size (107). 
The group size can be smaller if data variation is low (143). The lower stan-
dard deviation (SD), the smaller the study can be. Furthermore, the size of 
the study depends on the magnitude of the research question and the vari-
ability in the subjects being measured (144). We believe that it is ethically 
preferred to test a new research hypothesis in a small number of animals 
first.  We employed the rats as a model since the laboratory rats have been 
found to be very a homogenous population.  Consequently, we used 6 sam-
ples per group and the simple ectopic rat model in Paper I, II, III and IV. 
This avoids spending too many resources, including animals, financial costs 
and time, on not effective strategies.  If the result is positive, the study can 
be extended or followed in a more complex small animal model and/or a 
large animal model., We are aware that the strategies highlighted in the the-
sis require further investigation prior to final judgment of their clinical util-
ity.  
    In the thesis we intended to mention about the strategies that did not show 
positive results but can be useful for research community (see also section 
3.1.2).  
    In addition, while presenting the new animal model in Paper VII we em-
ployed only 3 samples. While we used the construct tested previously, we 
focused mainly on the method.  However we obtained the result showing 
low standard deviation (SD) and dose dependent correlation (Spearman cor-
relation).  
    An obvious strength of the thesis is the complete evaluation of each strat-
egy for bone repair including a physicochemical material characterization; 
an in vitro cytotoxicity study; a proliferation, differentiation and adhesion 
assay and a quantitative and qualitative characterization of in vivo bone for-
mation. Furthermore, the submitted studies (except two which has been 
submitted at the same time as this book) have been accepted for publication 
to the peer- reviewed high impact factor journals with additional honors such 
as the highlights from editor and the cover page (Paper I). 
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5. Conclusions  

The main aim of the thesis was to reduce the dose of BMP-2 which would 
improve safety of its clinical use.  By using HA hydrogels as a carrier for 
BMP-2, (i) we investigated the different strategies that could improve the 
efficacy of BMP-2 release and enhanced bone formation; (ii) we intended to 
optimize the preclinical testing of new approaches. The conclusions are as 
follows:  
(i). We found two promising strategies in which HA hydrogel/BMP-2 con-
struct was modified with bioactive matrix components: 

• BMP-2 precomplexed with glycosaminoglycans (GAGs) such as 
dermatan sulfate (DS) or heparin (HP), prior to loading it into 
HA hydrogel protected and prolonged in vitro release of the pro-
tein; and although BMP-2 affinity to HP was slightly higher than 
for BMP-2 to DS, both induced twice the volume of bone com-
pared with BMP-2 delivered uncomplexed to GAGs. 

• The fibronectin fragment integrin-binding domain (FN III9*-10) 
was covalently incorporated into HA hydrogel. FN III9*-10 re-
markably improved the capacity of the material to support mes-
enchymal stromal cell attachment and spreading providing the 
formation of twice as much bone in comparison to non function-
alized HA hydrogel/BMP-2. 

(ii). We showed that a proper design of the preclinical studies for BMP-2 
delivery systems is crucial.  

• The proper physicochemical handling of BMP-2 improved fur-
ther in vivo activity.  The use of glass storage vials and an acidic 
formulation buffer was superior to plastic surfaces and physio-
logical pH solvent. 

• We highlighted that it is crucial to use animal models which 
match the research questions and are related to clinical transla-
tion. We showed that a subperiosteal calvariae rat model and a 
subperiosteal mandiblae rat model are minimally invasive, con-
venient and rapid for the evaluation of a broad range of research 
questions concerning bone augmentation, replacement and re-
generation. Both models are primarily relevant for the initial test-
ing of injecteble bone engineering constructs.   
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6. Future directions 

Despite the fact that the clinical translation of BMP-2 has been very limited, 
it is believed to resolve many issues of bone regenerative medicine. The only 
concern is the safe delivery that could be improved by an effective dose re-
duction. The strategies we tested, in particular the use of GAGs (in Paper 
VI) and fibronectin (in Paper VII) in the construct, showed promising results 
for the BMP-2 dose reduction. However, recently we tested also a totally 
novel strategy (data not published). We covalently incorporated inorganic 
ions, such as calcium (Ca) or strontium (Sr), into the HA hydrogel. Then, 
using the subperiosteal calvarial model in rats, we preliminarily tested 
whether Sr or Ca may show osteoinductive properties. Two different concen-
trations of Sr and Ca ions within the gel were tested. HA hydrogels with 1 
µg or 30 µg of BMP-2 and without BMP-2 (n=3 per group) were used as 
controls. It is known that the metal ions play a beneficial role in the bone 
regeneration process (145). Ca, the main component of the mineralized bone 
matrix, triggers proliferation of mesenchymal stem cells (MSCs) and mature 
bone cells, and regulates various bone signalling pathways (146). On the 
other hand, Sr, a divalent cation in the same periodic groups as Ca, was 
found to reduce in vitro osteoclast activity and bone resorption - an effect 
that was observed with Ca.   
    In addition, in vitro studies showed that Sr activates osteoblastic bone 
formation, possibly by interacting with the cells’ calcium sensoring receptor. 
Recently, it has been reported that strontium renalate, a systemic therapy 
with Sr, is beneficial for osteoporotic postmenopausal women (147). How-
ever, the long term outcome of this approach has not yet been defined. Inter-
estingly, animal studies demonstrated that Ca in diet played a role in the 
efficacy of Sr distribution administrated orally. When female osteoporotic 
rats received oral strontium renalate combined with a low-Ca diet, they had a 
greater bone Sr-content in comparison to the animals on a balanced Ca-diet 
after 9 weeks (148). Therefore, some biomaterials for in vivo bone repair 
were incorporated with Sr, mainly silicon-based glasses and phosphate based 
cements. An additional advantage of using Sr in orthopedic and dental mate-
rials is its antimicrobial property (149).  
    We performed perhaps the first (pilot) study of an in vivo evaluation of the 
HA hydrogel with incorporated Sr or Ca. The results of bone ingrowth after 
6 weeks were evaluated using micro-CT.  As presented in Figure 6.1, the 
greatest amount of bone was formed with 30 µg of BMP-2 loaded into the 
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gel. There was only a slight bone ingrowth with the HA hydrogel with lower 
calcium (gel/Ca) content and increased bone formation with larger Ca 
(gel/Ca2x), compared to the HA hyderogel with 1 µg BMP-2. No bone for-
mation was found with the HA hydrogel with Sr (gel/Sr and gel/Se2x).  
 

***

*
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V 
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Figure 6.1 New bone formation. Micro-CT quantification of bone ingrowth 
(bone volume/tissue volume; BV/TV). Mean ± SD for n=3. Comparisons 
between gel groups and the control group were made by independent t-test. 
Gel means HA hydrogel; *p<0.005, *** p<0.001. 
 
    Those outcomes showed that Ca incorporated in the gel has slight osteoin-
ductive properties. A further study is required to determine (i) which concen-
tration of Ca in the gel is the most beneficial; (ii) how the bone formation 
would be improved through an addition of a small dose of BMP-2. Could we 
also incorporate other ions into the hydrogel, including lithium, which has 
been suggested to play a role in bone repair? 
    Another solution for in vivo BMP-2 delivery is a gene-mediated approach, 
in which the target is the cell that further releases the protein (150). The gene 
therapy provides the transfer of genetic information to the cells that subse-
quently produce the protein. The transfection can be done in vitro, where the 
gene is transduced in cultured cells and, subsequently, implanted at the site 
of regeneration. The other option is an ex vivo transfection, where the cell 
undergoes a genetic manipulation in vitro and then is reintroduced in the 
host. The latter avoids an inflammatory reaction and the toxicity of viral 
particle as seen in the first strategy. However, it consists of two invasive 
procedures, thus raising the risk of contamination. Both concepts involve 
viral vectors, such as adenovirus and retrovirus, and non-viral vectors. How-
ever, the viral systems increase the risk of leukemia and are not patient-
friendly. Although the use of naked DNA is characterized by low toxicity, 
helps to avoid unwanted immunological reactions (151) and is inexpensive, 
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the transfection efficacy is often not sufficient enough to induce a therapeu-
tic effect. 
    The future challenge would be to combine gene therapy with biomaterials. 
It has been demonstrated that naked DNA can be loaded into cationic poly-
mers or lipid formulations, enabling the protection of DNA from rapid clear-
ance in the tissue, degradation, and enhancing the chance of internalization 
(152).  The cationic polymers may efficiently bear a DNA plasmid to deliver 
a gene to target cells (153). There they may also release multiple signaling 
molecules for an improved recapitulation of steps at proper time intervals as 
it is during normal tissue healing. Currently, it is still difficult to target the 
appropriate gene at the desired location in the right cell (154). Also, the du-
ration of the delivery is difficult to control. The greatest challenge would be 
the synchronization of the release of multiple growth factors. 

 
Figure 6.2 Fluorescence microscopy images of a colorectal carcinoma cell 
line (HCT 116) showing green fluorescent protein (GFP) production by cells 
after incubation with different complexes in 36 h. Bar size is 100 µm.       
(A) 10μg/0.5μg HA-guanidinium/GFP plasmid; (B) 5μg/0.5μg polyethylen-
imine/GFP plasmid and (C) 0.5 μg GFP plasmid alone.  
 
    An alternative solution for BMP-2 delivery may be found in gene therapy. 
In Paper VIII (not incuded in the thesis), we investigated whether the HA 
hydrogel with a derivative functionalized with guanidinium (HA-
guanidinium conjugate) can deliver a non-viral gene/siRNA to the cells.  
    The advantage of the use of HA hydrogel is that HA can be internalized 
into the cell via the CD44 receptor (see also section 1.9). In addition, we 
modified HA derivatives in a manner that we preserved the overall negative 
charge to prevent a potential immune response. Our in vitro cytotoxicity 
study on HA-guanidinium conjugate with dermal fibroblast showed that the 
material presents no toxicity to cells. Furthermore, we synthesized the non-
viral gene/siRNA delivery vector that binds to DNA by ionic interactions.  
This vector was complexed with HA-guanidinium conjugate.  The transfec-
tion study performed with CD44 positive colorectal carcinoma cells (HCT-
116) showed that the cells were transfected with HA-guanidinium/DNA and 
cationic polymer PEI/DNA complex, as detected by inverted fluorescence 
microscopy (Figure 6.2).  
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    We did not study this strategy in vivo; however, this vector can be enabled 
by an ubiquitous enzyme, Hase, which cleaves the big HA polymer chains to 
be internalized in endocytosis by CD44 positive cells. This construct with a 
BMP-2 gene could be delivered to a particular surgical location. The trans-
fection could enable the cells to further regulate the duration and pattern of 
BMP-2 expression. This strategy may also enable the release of multiple 
GFs, which we were not able to obtain by mixing them physically with the 
scaffold components (see also section 3.1.2).   
    Last but not least, the key question is: What criteria should be used to 
determine whether a certain strategy is valuable for translation into humans? 
It is the fact that the most of the currently reported preclinical studies on 
BMP-2 for bone repair have not addressed clinical problems sufficiently. 
Consequently, the research must continue, but the crucial aspect is not the 
number of studies but their quality, which can be achieved by collaborative 
work between engineers, chemists, biologist and medical doctors.    
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8. Svensk sammanfattning 

Ben som skadas har förmågan att läka spontant. Denna förmåga minskar vid 
större bendefekter eller trauman. Då krävs ofta kirurgisk behandling som 
innebär att ben transplanteras till bendefekten för att fylla ut den och under-
lätta läkningen. Vanligtvis görs en autolog bentransplantation  från patien-
tens egen höftbenskam. Resultaten är goda men tillgången på ben begränsad, 
och det finns risker för tagställesmorbiditet.  
    Nyligen har det visats lovande resultat för benläkning och bennybildning 
inom områden som i fackkretsar kallas ″vävnadsregenering″ eller 
″regenerative medicine″. Detta kombinerar kemi, cellbiologi, materialveten-
skap och medicin för att ta fram material som kan stimuliera kroppen till att 
reparera sig själv. Ett sådant exempel är bone morphogenic protein-2 (BMP-
2). BMP-2 är en osteoinduktiv tillväktfaktor som stimulerar rekrytering, 
proliferation och differentiering av mesenkymala stamceller till benceller. 
BMP-2 har förmågan att inducera extraosseös benbildning i djurmodeller.  
    En  kommersiell produkt med rekombinant humant BMP-2 har godkänts 
för klinisk användning vid tibiafrakturer och ryggkirurgi. Ett problem i kli-
nisk användning är dock att oacceptabla biverkningar uppstår vid de doser 
som behövs för bäst effekt på benläkningen. Till exempel fick en studie med 
BMP-2-behandling av alveolär gomspalt hos barn avslutas i förtid på grund 
av för mycket postoperativ svullnad. Andra studier har visat att  patienter 
med posteriolateral ryggradsfusion som behandlats med BMP-2 kan ha en 
ökad risk att utveckla cancer. Det beror på dålig stabilitet och kort halve-
ringstid av BMP-2 i kroppen. Nu vet man att en långdragen frisättning av 
BMP-2 ökar benläkningseffekten jämfört med en snabb administrering av 
samma dos.  
     Huvudsyftet med min avhandling var att utvekla strategier som kan mins-
ka den nödvändiga BMP-2 dosen och förbättra dess kliniska säkerhet och 
effektivitiet. För att förbättra den osteoinduktiva effekten krävs det en bärare 
för kontrollerad frisättning av BMP-2 in vivo. Den befintliga produkt som 
används som kollagenbärare  är långt ifrån idealisk. Den  kräver en hög dos 
av BMP-2 för den önskade osteogena effekten. Det mest  lovande materialet 
för att bära BMP-2 är en hyaluronsyra-gel som har en injicerbar form, är 
biologiskt nedbrytningsbart och icke-immunogent. Hyaluronsyra är en po-
lymer som består av tusentals ihopkopplade sockermolekyler och finns i 
olika vävnader i kroppen. Vi har därför användt hyaluronsyra-gel som bärare 
för BMP-2.  
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     I denna avhandling formulerades tre specifika frågor: 
• Kan vi utveckla en kliniskt överförbar strategi för att förbättra aktiv 

BMP-2-retention i en hyaluronsyra-gel som kan minska den terapeu-
tiska dosen? 

• Är det möjligt att efterlikna extracellulär matrix och på så vis för-
bättra benbildningen? 

• Vilka kliniskt relevanta djurmodeller kan användas för att testa inji-
cerbara BMP-2-beredningar för benbildning? 

     En hyaluronsyragel med BMP-2 modifierades med bioaktiva komponen-
ter från extracellulär matrix för att erhålla en effektiv frisättning av BMP-2 
och förbättra benbildningen. Två strategier visade sig mest lovande. I den 
första (Paper III) blandades BMP-2 i förväg med glukosaminoglykaner som 
dermatansulfat eller heparin innan tillsats av hyaluronsyra. Det skyddade och 
förlängde leveransen av BMP-2, vilket resulterade i dubbelt så stor benbild-
ning i jämförelse med BMP-2 som inte hade blandats med dessa komponen-
ter.  
    I den andra strategin (Paper IV) var ett fibronektinfragment kovalent bun-
det till hyaluronsyra. Fibronektinfragmentet förbättrade materialets kapacitet 
för bindning och spridning av cellerna. Då hyaluronsyra-med fibronectin-
fragment användes som bärare för BMP-2 resulterade det i bildning av dub-
belt så mycket ben i jämförelse med materialet som inte hade bundits till 
fibronektinfragment. 
     Vidare sökte vi efter lämpliga tekniker för preklinisk testning av leve-
ranssystem för BMP-2. Först visade vi (Paper I) att korrekt hantering av 
BMP-2 in vitro kan förbättra aktiviteten in vivo. Användningen av glasflas-
kor och en sur pH var bättre än plastflaskor och fysiologisk pH. För det 
andra utvecklade vi två nya djurmodeller för testning av våra material efter-
som alla material måste testas kliniskt på djur. Vi utvecklade två modeller 
där testsubstansen injicerades subperiostalt  på underkäken (Paper VI)  re-
spektive craniet  (Paper VII) på råttor.  Metoden var minimalinvasiv, behän-
dig och snabb samt kunde fungera för testning av ett brett spektrum av ve-
tenskapliga frågor, bland annat rörande uppbyggnad, omsättning och förny-
else av ben. Båda modellerna är i första hand relevanta för utprovning av de 
injicerbara testsubstanserna för benläkning. De kliniskt relevanta metoder 
som vi presenterar här kan visa sig vara en utgångspunkt för en bredare an-
vändning av BMP-2 inom ortopedisk, plastikkirurgisk och rekonstruktiv 
kirurgi. 
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