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Abstract 
Background 
Fractures that do not heal properly, also referred to as non-unions, pose a clinical challenge in 
everyday orthopedics. The current gold standard to induce healing of non-unions is to use, 
autologous bone graft harvested from the patient’s iliac crest. The procedure usually works well 
although it is also associated with several disadvantages including donor site morbidity, limited 
amount of bone and, in some patients, insufficient biological activity of the bone graft. Thus there is 
a need for better ways to induce bone formation for the treatment of non-unions. In the present 
project the aim was to study a hyaluronic acid hydrogel with an osteoinductive component, BMP-2, 
and a resorption inhibiting component, pamidronate, when used for bone induction. The hydrogel 
was evaluated versus a control group with the same hydrogel but without the pamidronate 
component.  

Methods and materials 
A unicortical defect was induced in rat femora. The gel or the control was then injected in the defect. 
28 days post-surgery the rats were killed and the healing of the defect was examined with radiology 
and histology. 

Results 
No differences between groups in terms of bone volume or bone mineral density were shown. 
Histological examination showed that the test-gel was significantly less degraded compared to the 
control. 

Conclusion 
The test-gel is not superior to the control in terms of ability to induce bone. Histological differences 
show that the gels do not behave the same way in vivo, further research would be needed to 
determine the relevance of these findings.  
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Populärvetenskaplig sammanfattning på svenska 
Bakgrund 
Benbrott är en vanlig anledning till kontakt med sjukvård bland såväl unga som gamla människor. I de 
allra flesta fallen läker de av sig själva, men ibland är så inte fallet. Dessa fall benämns på fackspråk 
pseudoartroser. Standardbehandlingen för dessa är att ta ben från andra ställen i patientens kropp 
och plantera in där läkningen är störd. Detta är både tidskrävande och kan orsaka ytterligare lidande 
hos patienten, dessutom är det inte säkert att det fungerar ifall patienten har andra sjukdomar, t.ex. 
benskörhet. I den här rapporten utvärderas en ny metod som skulle kunna bidra till att förbättra 
möjligheterna att bota benbrott med läkningsstörning. Genom att i en gel kombinera ett läkemedel 
som har benbyggande (BMP-2) egenskaper, med ett annat som skyddar mot nedbrytning av ben, 
(Pamidronat) är tanken att helt eller delvis kunna ersätta befintliga metoder. Gelen jämförs i denna 
studie med en, tidigare beskriven, likadan gel förutom att kontrollen saknar den 
nebrytningsskyddande komponenten.  

Metod och material 
I lårben hos råtta borrades defekter som fylldes med testgel eller kontrollgel. Efter 28 dagar avlivades 
råttorna och lårbenen undersöktes med avseende på läkning med radiologiska metoder och 
histologi.  

Resultat 
Inga skillnader mellan gelerna vad avser förmåga att bilda ben kunde påvisas. Histologiskt syntes att 
gelen i testgruppen var signifikant mindre nedbruten jämfört med kontrollgruppen. 

Slutsats 
Den testade gelen var inte överlägsen kontrollgelen när det kom till att inducera ben. Histologiskt såg 
man skillnader i hur gelerna betedde sig i kroppen, för att kunna avgöra på vilket sätt detta är 
relevant skulle ytterligare utvärdering behövas.  
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Introduction 
The skeletal system is one of the largest organs in body and performs a multitude of physiological 
functions. [1] It gives basic structure, attachment points for muscles and protection to the internal 
organs.  It also serves as a reserve for e.g. calcium and phosphate, hence playing an important role in 
the general metabolism and, additionally, it forms the physiological niche for the hematopoiesis. 
Bone is one of the few tissues that can heal without scar formation and is also highly adaptive, 
changing properties according to stress and strain.  

Despite the remarkable properties of bone tissue mentioned above, impaired fracture healing is not 
uncommon in the clinical setting, with an average of 5-10% of all fractures resulting in delayed or 
nonunion. [2] However, the numbers varies a lot in between different studies and fracture types.  
The market for bone grafts substitutes, i.e. products aimed at enhancing and facilitating bone 
healing, is continuously growing and reached a value of $1.6 billion in sales in 2008.[3] The number of 
fractures and associated costs is expected to increase by 50% from 2005 to 2025 as the population 
ages. [4]  

Bone tissue 
Bone consists of an intertwined network of 
components of which the most prominent are 
inorganic and organic bone matrix and three 
cell types; osteoblasts, osteocytes and 
osteoclasts. [5] Osteoblasts are located to the 
surface of the bone and synthesize and 
deposit matrix proteins such as proteoglycans, 
glycoproteins and collagen. As osteoblasts are 
increasingly imbedded in newly formed bone 
matrix they will eventually become quiescent 
osteocytes, incorporated in the bone in single-
cell spaces referred to as lacunae. The flat and 
long-living osteocytes are associated with the 
maintenance of the bone matrix communicating via small channels called canaliculi. Osteocyte death 
is followed by bone resorption. 

Osteoclasts are large, multinucleated cells which have the ability to resorb bone matrix. The 
continuous resorption is followed by the replacement of the missing bone by osteoclasts, following in 
the way of the resorbing osteoclast. This gives rise to a bone turnover implicated to have beneficial 
effect on bone strength both due to the repair of microfractures and the formation of organized 
systems within the tissue known as osteons. The osteon consists of a central canal (Haversian canal) 
containing blood vessels, nerves and connective tissue surrounded by circumferentially organized 
layers of bone called lamellae. 

As stated above, bone matrix consists of both inorganic and organic components; these are evenly 
distributed in regard to dry weight.  Calcium and phosphor are the main part of the inorganic matter 
and form the mineralized, dense part of the bone as hydroxyapatite crystals Ca10(PO4)6(OH)2. 
However, this is an approximation as the crystals contain trace elements of e.g. carbonate, 
magnesium and sodium.[6]  

Figure 1 – Overview of the main components of bone tissue. 
(Junqueira et al, 2005)  
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The organic matter consists of type I collagen, proteoglycans and glycoproteins. There is a strong 
chemical bond between the calcium crystals and the collagen, giving bone its characteristic 
properties as a hard and lightweight composite material. Demineralized bone will make the bone 
flexible as a tendon whereas bone without organic components will essentially be fragile lime.   

There is a distinction between compact 
bone which is denser and harder, and 
spongy bone which is the opposite, 
with a higher surface area.  

There is also a distinction made 
between primary bone (also known as 
immature or woven bone) and 
secondary (mature/lamellar) bone. The 
latter is shown in figure 2 and is 
characterized by the organized 
deposition of collagen in a lamellar 
pattern whereas there is a great state 
of disorganization in primary bone. 

 

 

Bone formation  
During fetal and childhood development bone is formed in two principally different ways. [1] 
Intramembranous ossification where bone is formed within a condensation of cells derived from the 
neural cell crest, this is the case for the flat bones of the skull and face. In most of the rest of the 
skeleton, and in long bones in particular, bone is formed in the process of endochondral ossification. 
The latter process starts with mesenchymal cell condensations that transforms into cartilage, 
thereafter turning into bone. The differences in development imply that even though bone is formed, 
there might be different cellular and chemical pathways to take into account even if the result might 
look the same. 

The processes seen in fetal and childhood development of bone can be viewed as the base for 
fracture healing as it is in many ways the same. Some differences have however been shown, e.g. the 
growth factor BMP-2 has been shown to have no effect on embryonic development yet BMP-2 is 
required for a successful repair response in mice. [7] 
Also fracture healing quickly becomes more complex as external factors, such as bleeding, tissue 
defects, infection, strain and fixation has to be taken into account.[1]  
Depending on the level of fixation in a fracture, different patterns of healing can be identified.[8] Two 
extremes can be defined, Indirect and Direct healing. It should however be mentioned that a given 
fracture under way of healing will, in many cases, display a combination of the two types.  

Indirect healing occurs in non-rigid fractures, and is characterized by a multi-step procedure where 
bleeding from the fracture generates an inflammatory response. The inflammation then recruits 
mesenchymal stem cells (MSCs) which generate a cartilaginous callus that with time undergoes 

Figure 2 – Bone organisation. 
(Junqueira et al, 2005) 
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ossification. This resembles in principle endochondral bone formation and is the “natural” way of 
fracture healing.  

In contrast, direct healing occurs very rarely in nature, or when treating human fractures as it 
requires an exact reduction of the fracture that can hardly be achieved, and a stable fixation.[8] If an 
exact reduction is achieved it has been shown in experimental studies that bone is formed without 
the intermediate step of cartilage and two sub types can be identified and with less callus formation. 
Contact healing, where the gap between fracture ends is less than 0.01 mm, i.e. small enough for the 
remodeling bone cells to simply pass the fracture line and restore the Haversian systems.  In Gap 
healing the distance between the fracture ends is longer, but still less than approx. 0,8-1mm. This 
allows the defect to be filled directly by bone, but not in an oriented way, requiring a second 
remodeling to regain the mechanical strength.  

Non-unions, tissue engineering and the Diamond concept 
The backbone of fracture healing in the clinical setting for the last 150 years has been plaster casts 
and yet today, they continue to provide a safe and cost effective treatment for various types of 
fractures. [9] As premises and techniques improved, the mid 1900s saw the breakthrough of surgical 
fixations as an additional tool in the arsenal to treat fractures. [10]  

Today about 90% of fractures are effectively treated using these methods, however there are still 
patients where fracture healing is delayed or even fail. The term non-union is applied to fractures 
that have not healed in 6-9 months. The overall prevalence of this condition is about 2.5%. [11] Non-
unions represent a considerable clinical problem in terms of suffering and costs.  Finding new and 
improved ways of treating fractures in order to reduce the risk for non-union, as well as finding 
efficient techniques to treat non-unions if already present is therefore an important area for research 
in orthopedic surgery. [12][13]  

In the early 1990s the term tissue engineering was coined to describe the interdisciplinary field that 
sprung out of the effort to combine engineering with the recent progress in biotechnology, such as 
DNA-, stem cell- and cell culture technology, with the aim of finding ways to regenerate human 
tissue.[14] Since then regenerative medicine is a subject of research in just about every type of 
tissue, including bone.  
In 2007, Giannoudis et al described the “Diamond concept” which can be viewed as a state-of-the-art 
model to describe the 4 basic elements of bone tissue engineering.[15] The elements are presented 
below.  

Osteogenic cells, e.g. mesenchymal stem cells and its derivatives have been shown to be recruited 
and activated as a response of fracture, having the intrinsic ability to form bone. The application of 
genetically engineered MSCs and differentiated osteoblasts to enhance fracture healing has been the 
aim of a number of in vitro and in vivo studies.[16] 

Fracture callus and hematoma have also been associated with the expression of a large number of 
growth factors, being part of the healing process as osteoinductors, i.e. elements that stimulate 
surrounding osteogenic cells to form bone. These include e.g. Vascular Endothelial Growth Factor 
(VEGF), Platelet Derived Growth Factor (PDGF), interleukins and various types of Bone Morphogenic 
Proteins (BMP’s). At present there are commercially available products containing either BMP-2 or 
BMP-7 that can be used in clinical practice for enhancement of fracture healing.[17] Under normal 
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conditions these factors are expressed by various types of cells such as MSCs, osteoblasts, platelets 
and fibroblasts and constitute part of the cell signaling and interplay which has great importance for 
the well-orchestrated healing process.  

Osteoconductive scaffolds are 
the third element of the 
“diamond concept”. In nature, 
the scaffold for cellular 
interaction is usually provided 
by hematoma and following 
inflammatory tissue. However, 
in the case of e.g. large tissue 
defects or infection the 
scaffolding might be 
inadequate. There is also a 
desire to find biomaterials that 
have more positive effects on 
bone formation than the 
“regular” scaffold. A number of 
materials such as allograft or 
xenograft of trabecular bone, 
demineralized bone matrix 
(DBM), calcium phosphate and 
hydrogels are currently used and/or evaluated as scaffolds, sometimes enhanced with cells or growth 
factors. [15][18] 

The fourth element Giannoudis et al. stresses is the mechanical environment, a crucial factor for 
stability and the formation of the callus bridge, which, in the end, allows for load bearing of the 
fracture site. The stability aspect is generally attended to via the basic methods aforementioned i.e. 
surgical fixation and is therefore sometimes overlooked when discussing fracture healing in the 
discourse of tissue engineering. The increased knowledge of fracture biology has however had 
impact on fixation techniques as the last decades have seen a shift in focus from perfect anatomical 
reduction towards more focus on preserved biological integrity and intact vessels. This viewpoint is 
sometimes referred to as a “biological perspective”.[15][19] 

Gold standard and new approaches 
The current gold standard for healing non-unions is autologous bone graft.[20] This procedure means 
harvesting bone from the patient (commonly from the iliac crest) in a first operative step, followed 
by placement of the graft at the fracture/non-union site in a second step. The healing rate after 
autologous bone grafting is somewhere in between 87-100%. The procedure can be viewed in terms 
of Giannoudis et al.’s model as an easy way of addressing 3 out of 4 parameters as the graft will 
contain osteogenic cells, growth factors and bone matrix with the additional advantage that the 
autograft, most likely will not produce any immunological reactions. Should the need rise to address 
the issue of mechanical instability, this can in most cases be done conjointly via surgical fixation.  

Figure 3 - The Diamond Concept 
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However, the autograft procedure does have disadvantages. Infections of the harvest site, fistula, 
pain and prolonged operation time all pose non negligible problems during the harvest. Additionally, 
in certain systemic conditions such as bone marrow disease or osteoporosis, the graft might not be 
viable. Thirdly, in the case of large tissue defects there might not be enough graft material. All these 
issues create a need for the optional bone graft substitutes. [21][22] 

Over the last two decades, a number of synthetic allografts have been developed (Table.1), some 
more successful than other. [23][24][25] Advancements in engineering and biotechnology have made 
it possible to combine a scaffold such as hyaluronic acid or calcium phosphate with growth factors 
such as BMP’s in an effort to create a combined approaches solution to allografting.[26][27] 

Table 1 - Examples of scaffolds for bone augmentation. (Kisiel, 2013) 

Allograft type Examples of material           
Bioceramics Hydroxyapatite, Tricalcium phosphate, Bioactive glass, Glass ceramic   

Polymers 
  

Natural: Collagen, Alginate, Chitosan, Fibrin, Silk fibroin, Hyaluronic acid 
Synthetic Polymethyl methacrylate, Polyethylene, Polylactic acid   

The hydrogel and its components 
The hydrogel used and evaluated in this study was developed at the Ångström laboratories at 
Uppsala University by Assoc Prof Dmitri Ossipov. The synthesis as well as chemical properties and to 
some extent in vitro toxicity was described by Yang et al in 2012.[28] The hydrogel is a Hyaluronic 
acid (HA) based gel which has been developed from previous publications from the research 
group.[29][30] The novelty of this gel is  the use of bisphosphonates that are conjugated to the HA. 
By adding bisphosphonate it has been postulated that a fast mineralization of the matrix due to the 
high affinity in between calcium and bisphosphonates will be promoted. The ability of the gel to 
mineralize has been proven in vitro.[28] In our lab (unpublished data), the gel has also been shown to 
release BMP-2 slower than a gel without BP, implying that it might be able to sustain bone formation 
longer than a control gel. Thirdly the gel might have beneficial effects on bone formation as BP’s are 
known to inhibit bone resorption and have been shown to increase fracture callus both when 
administered locally and systemically.[31][32] 

Hyaluronic acid is a linear polysaccharide that occurs naturally in the ECM of many species including 
humans.[33][34] It has gained its popularity as a scaffold due for a number of reasons (Table 2) HA 
can be used in several forms, in our case as a hydrogel. The molecule can be degraded in three 
different ways, hydrolysis, enzymatically or by dissolution. In the case of enzymatic degradation of 
ECM, it is done by a family of enzymes called hyaluronidases which are intracellular, acting 
lysosomally.[35] 

Table 2 - Advantages of HA as a scaffold in Tissue Engineering (modified from Collins et al, 2013) 

• Biodegradability, biocompatibility and bioresorbility 
• Major component of connective tissue with importance for cell differentiation and growth, 

functions that may be transferred to a scaffold 
• Contains functional groups where chemical modifications can be made to change properties 
• Is a part of every step of the wound healing process, as such, it might provide faster healing 
• The innate ability to keep the surrounding environment hydrated facilitates cell infiltration  
• It is bioactive both in full length and in degraded form 
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Bisphosphonates 
Bisphosphonates are a major drug class used for treatment of osteoporosis as well as other disorders 
of calcium metabolism for the last 40 years. They are characterized by two phosphate groups linked 
together by a carbon molecule. This makes them a chemically related to the in nature ubiquitous 
pyrophosphate-family. 
Bisphosphonates are used to inhibit bone resorption by utilizing their affinity to calcium which 
incorporates bisphosphonates in bone tissue. When osteoclasts resorb the bisphosphonate-
contaminated bone, they go into apoptosis due to intracellular toxicity. The toxicity has been linked 
to interactions with the mevalonate pathway and makes the cells unable to maintain a number of 
proliferation related functions, e.g. cell membrane maintenance.[36][37]  

Bone Morphogenic Proteins (BMPs) 
BMP’s, a subset of the TGF-β superfamily, are a group of growth factors known foremost for their 
ability to induce heterotopic bone.[38] They were discovered by Urist in the 1960s and have since 
been the subject of extensive research as a mean to induce bone formation. At present, 2 products 
consisting of collagen sponges loaded with BMP-2 and BMP-7, respectively, are approved for the 
spinal vertebrae fusion, long bone non-union and open fractures. The effectiveness, or perceived 
effectiveness, of the products has also led to an extensive off-label use for various types of 
applications. Recent years have seen a call for limitations in the use as the approved drugs have been 
linked to adverse events such as cancer and inflammatory response at the site of injection.[39] Other 
disadvantages of the drugs are the high costs associated with the production. Nonetheless, with 
correct indications and continued research in improved methods of delivery, the expert opinion is 
still that BMP’s could play an important role in the treatment of skeletal defects.[40] 

Methods 
Peripheral Quantitative Computed Tomography (pQCT) 
Radiologic method that was introduced in the 1970s for measuring, among other parameters, bone 
mineral content (BMC). It is used both for clinical and research applications and has been a standard 
method of evaluation in bone research for the last decades.[41] 

Micro Computed Tomography (µCT) 
µCT is a slightly newer radiologic method than pQCT and can in contrast to the pQCT be used to 
reconstruct acquired radiographs into 3D reconstructions. Micro denotes the resolution which 
normally is measured in microns, in our case 8.67 µm. Through software analysis, more precise 
calculations can be made of a number of parameters of the scanned material.[42]  
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Aims of project 
The aim of the project was to evaluate the bisphosphonate enhanced hyaluronic acid hydrogel (HA-
BP-gel) described in the introduction in in vivo and in vitro settings using an analogue gel lacking the 
BP component as control.   

The initial plan was to do this in 3 different parts: 

1) In vitro cell culture of osteoclasts and cytotoxicity testing. Would the BP component affect 
osteoclasts in the same way as systemic BP treatment in the clinic?  
However, this part was discarded because our collaborators had difficulties delivering 
enough amounts of the gels essential for the in vitro experiments. 

2) In vivo study in skeletal defects in rats, where the gel is injected in the defect in an effort to 
improve the rate of healing. 

a. Radiologic evaluation. Using X-ray micro Computed Tomography (µ-CT) and 
peripheral Quantitative Computed Tomography (pQCT) assessing parameters such as 
bone volume and bone mineral content to uncover potential differences in between 
gel groups and control groups. 

b. Histology. Using various staining protocols for morphological evaluation of the BP-gel 
compared to control groups.  

Medical implications 

The work was done in the department of Orthopedics, Uppsala University under supervision by Prof. 
Sune Larsson and co-supervision by Gry Hulsart Billström, PhD Student.  The study of the HA-BP-gel 
was conducted in the framework of the Bone-unit’s research to find new and improved ways of bone 
healing through the application of tissue engineering solutions. 
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Materials and methods 

Animals 
We used male Sprague Dawley rats (n=21) weighing 400-450 g (Taconic Farms Inc, Denmark).  
The animals were housed in pairs, food and water ad libitum.  Animals were kept and treated 
according to the standard operating procedures of Uppsala University. 
 
The animal study was approved by the local ethical committee (Uppsala University, number 
C334/11).  

Surgical procedures 
Unicortical defects were created as previously described, in a standardized manner(fig.6).[43] The 
animals were weighed and then anaesthetized on mask with 1.0 l/min oxygen, 1-2.5 % isoflurane, 
and 0.8 l/min nitrous oxide. Animals were placed on a 37°C heat pad during surgery. One dosage of 
225 mg/kg antibiotics (Zinacef, GlaxoSmithKline AB, Sweden) was given subcutaneously. Legs were 
shaved and then washed with chlorhexidine (Fresenius Kabi, Uppsala Sweden). A 2.5 cm long incision 
was made through the skin to gain access to the femur. The cortical bone defect was then drilled in 
the anterior cortical bone by a 1.9 mm low 
speed drill (Dormer, France). The defect was 
placed in a distal/anterior position using the 
third trochanter as a landmark, the size about 
6 x 2 mm. Approximately 40 µl of hydrogel 
including BP was injected in the defect in one 
of the legs with the control gel in the other 
leg. For hemorrhage control, Spongostan 
(Johnson & Johnson AB, Sollentuna, Sweden) 
was placed at the proximal and distal ends of 
the defect. The wound was closed with 4-0 
resorbable suture (Polysorb, Tyco Healthcare, 
Gosport, UK) subcutaneously and 
intracutaneously. For analgesia 0.05 mg/kg 
buprenorphine (Temgesic, Sheringer Plough, 
Brussels, Belgium) was administered once 
daily for 2 days subcutaneously.  

Drug treatment 
The animals were randomized into 3 groups 
with 7 animals in each group: (1) HABP-gel, 
(2) HABP gel supplemented with 0.2 µg of BMP-2 (HABP-BMP-low), (3) HABP gel supplemented with 
6µg of BMP-2 (HABP-BMP-high). Each group had a corresponding control group without the BP 
(Table 3). 

Table 3 - Group overview 

BP-groups (left femur) HABP HABP-BMP-low HABP-BMP-high 
Control (right femur) HA HA-BMP-low HA-BMP-high 
 

Figure 4 – Femoral unicortical defect model, (Hulsart-Billström et al, 2012) 
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Outcome 
Free load bearing was allowed. After 30 days, the rats were killed in a CO2 chamber. The femora were 
harvested post-mortem and were preserved in 4% paraformaldehyde (Histolabs Products AB, 
Gothenburg, Sweden). 
Two rats, one from the HABP-BMP-low group and one from the HA-BMP-high group broke their 
bones. The HA-BMP-high rat was replaced, the other, for logistics reasons, was not and because of 
that there were six animals in the HABP-BMP-low group. Broken bones were excluded from analysis. 
The numbers of fractures were 4.5 % which should be compared to the 7 % reported in the paper 
describing the model.[43] 

All femora were scanned using pQCT, after that, the study was split in two cohorts. Three femora of 
each group were used for histology. The rest were stored in 4% paraformaldehyde for µCT analysis 
which could not be performed right away because the µCT-unit hadn’t been acquired at the time. 

Peripheral Quantitative Computed Tomography (pQCT) 
pQCT scans were obtained for each femur (n=21), using an XCT Research SA+bone scanner (Stratec 
Medizintechnik, Pforzheim, Germany) and software v 5.50D (XCT Stratec Console software, Stratec 
Medizintechnik). Eleven scans with a separation of 0.5 mm were conducted to cover the defect from 
the proximal to the distal end. Slices 1 and 11 were located outside the defect to make sure that the 
whole defect was covered and were not included in calculations. Settings were: voxel size: 0.07 mm; 
CTscan speed: 3mm/s; and analysis were performed using the CALCBD algorithm (CortMode 1, 
threshold 1 0.280 g/cm, PeelMode 2). In order to cover the entire section of the bone, a region of 
interest of each scan was set.  

Data were then analyzed by tabularization and thereafter conversion to total bone mineral content 
(BMC; mg) by summing the total BMC of the slices for each specimen.  

Micro Computed Tomography (µCT) - evaluation 
A subgroup of femora of the HA-group and the HA-BMP-low-group (Table 4) were scanned using a 
SkyScan 1176 (Bruker, Kontich, Belgium). The reason for not scanning all bones was that the µCT was 
delivered to the lab several months after the rats were killed and by then histological staining had 
already been performed on the rest of the femora.  

Table 4 - Groups analyzed with µCT 

 BP Ctrl 
No BMP HABP (N=4) HA (N=4) 
BMP HABP-BMP (N=3)  HA-BMP (N=4) 
 

Femora were placed in a plastic tube and then placed within the animal bed inside the µCT. Scans 
were made using the following protocol: 65 kVp; 385 µA; 1 mm aluminum filter; exposure time 987 
ms; field of view 20x20 mm2; rotation 180°; rotation step 0.30°;frame averaging 10; and an isotropic 
pixel size of 8,67 μm. Reconstruction of cross sections was done using software package NRecon 
(SkyScan, Bruker, Kontich, Belgium) with correction for misalignment, ring artifacts and beam 
hardening (30%).  
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To determine the amount of newly formed bone, two different methods of analysis were applied. 
In the first analytical method an elliptic region of interest (ROI) was placed to include the whole 
cross-section of the bone. The volume of interest (VOI) investigated was composed of a stack of 400 
(3.5 mms in length) consecutive ROIs, centered at the middle of the defect. The images were 
binarized to separate the newly formed bone from the mature bone and the background, using a 
global thresholding procedure. Thresholds were visually determined for all acquired dataset and 
thereafter the average value was applied to all specimens. Bone volume (BV) was then calculated 
using CTAn (SkyScan, Bruker, Kontich, Belgium). 
A second, subsequent, method attempted to distinguish the newly formed bone from the mature 
bone on the basis of its more porous morphology. A standardized protocol was developed in the 
software CTAn. Newly formed bone was then isolated and the BV was calculated. 346 consecutive 
ROI’s (3mm) in the middle of the defect were evaluated. This is a completely new method of 
analyzing bone formation with µCT and hence there was no existing method in the literature to 
validate it against. Validation was therefore made through a visual check of selected newly formed 
bone in the 2D µCT cross-sections (Figure 5) and a comparison to histological slides.  

Three-dimensional reconstructions of the samples were 
obtained using CTvox (SkyScan, Bruker, Kontich, 
Belgium). 

 

 

 
 

Figure 5 - 2D µCT reconstruction showing method #2 analysis. Cross section of femur.  
Blue: Newly formed bone. White: Old bone. The gap in the old bone is the surgical defect. 

Histology 
Three femurs from each group were decalcified using a specially designed system (Sakura Finetek 
Europe, Netherlands). The samples were then dehydrated, embedded in paraffin and sectioned with 
a microtome (Microm HM 355S, Microm International GmbH, Walldorf, Germany) at 6 µm and 
subsequently deparaffinized and stained with standard protocols as accordingly:  
Haematoxylin and eosin (H&E; Histolabs Products AB, Gothenburg, Sweden)  
Safranin O (Saf O; Mayers HTX; Histolabs Products AB, Gothenburg, Sweden, Fast green; Sigma 
Aldrich, Stockholm, Sweden) 
Masson’s trichrome (Bouin’s fixative; Acid fuchsin; Phosphomolybdic acid; Methyl blue, Sigma 
Aldrich, Stockholm, Sweden, Weigert’s HTX; Histolabs Products AB, Göteborg, Sweden) 
Picro Sirius (Direct Red 80; Sigma Aldrich, Stockholm, Sweden, Picric acid; Weigert’s HTX, Histolabs 
Products AB, Göteborg, Sweden) 

For general morphological analysis, all slides were digitalized using a PathScan Enabler IV (Meyer 
instruments, Houston, USA) parameters were set to: 48-bit color; 7200 dpi; mode: unsharpened.  
For in depth and detailed analysis a Leica DMRB (Leica Microsystems AB, Kista, Sweden) optical 
microscope was used.  
Polarized light microscopy, where collagen density and orientation could be evaluated, was 
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conducted on Picro Sirius stained slides using a Leica DMRXE (Leica Microsystems AB, Kista, 
Sweden).[44]  
For histomorphometrical analysis Image J (NIH, Maryland, US) histology software was used.  

During tissue preparation two femora, one HA and one HA-BMP-high were damaged and could not 
be evaluated. 

Statistical evaluation 
Data analysis was done using GraphPad Prism software package (version 5.0c). Values are given as 
mean ± standard deviation (SD). Student’s unpaired t-test was used (p < 0.05) to determine statistical 
significance in between groups of two. Two-way analysis of variance (ANOVA) was used for analysis 
when there were multiple variables. One-way ANOVA with Tukey’s post hoc test was used to 
compare group variation between methods of µCT-analysis. Grubbs’ test for outliers was applied to 
µ-CT-data. The level of significance was set to p<0.05. 
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Results 

pQCT 
Two-way ANOVA showed no statistical differences in Bone Mineral Content (BMC) between BP and 
Control groups. Students unpaired t-test showed statistically significant differences between the 
samples without BMP and the samples containing either low or high concentrations of BMP (p<0.05). 
No difference between the BMP-low and BMP-high groups was shown (Figure 6). 

 

Figure 6 - pQCT-data showing Bone Mineral Content for each of the 6 groups. 
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µCT 

3D-reconstruction 
Samples were reconstructed using the software supplied by the manufacturer. Visual inspection was 
done looking at healing status, ossification and to check for abnormalities. Representative samples 
for each test group is shown below (Figures 7-9). 

 

Figure 7 - Representative transversal and longitudinal reconstructions of HA/HABP-groups. 
Left: HA-group, Right: HABP-group. Density of the bone increases from red to green to blue. 
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Figure 8 - Representative transversal and longitudinal reconstructions of HA-BMP-low/HABP-BMP-low-groups. 
Left: HA-BMP-low, Right: HABP-BMP-low. Density of the bone increases from red to green to blue. 

 

Figure 9 - Representative transversal and longitudinal reconstructions of HA-BMP-high/HABP-BMP-high-groups. 
Left: HA-BMP-high, Right: HABP-BMP-high. Density of the bone increases from red to green to blue. 
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Bone volume 
Quantitatively, two-way ANOVA performed on analysis Method #2 showed no statistical differences 
in bone volume between BP and control groups. Differences between samples with no BMP and 
samples containing BMP was statistically significant (p<0.05).  
One sample in the HABP-group analyzed with Method #2 was suspected to be an outlier and was 
evaluated with Grubbs’ test for outliers. The sample was however not classified as an outlier, hence 
the large standard deviation in that group. Visual examination of that sample concluded that there 
was no methodological error; the sample contained more bone than other samples in that group 
(Figure 10). 

 

Figure 10 - Bone volume expressed as voxels for BP and Control groups for with and without BMP. Method #2 is shown 
to the left. Method #1 is shown to the right for comparison.    
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Histology 
Basic stains 
Representative pictures from each test group and stain is shown below (Figures 9-11).  
H&E stains cytoplasm pink/purple and nuclei blue. 
Safranin O stains cytoplasm bluish green, nuclei black and cartilage orange/red. 
Masson’s trichrome stains collagen blue/purple, nuclei black and muscle/cytoplasm/keratin red. 

 

Figure 11 - Overview of the HA/HABP group, femora cut transversally.  
Top row: BP group, Bottom Row: Control group. Stains from left to right: H&E, Safranin O and Masson's trichrome 
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Figure 12 - Overview of the HA-BMP-low/HABP-BMP-low groups, femora cut transversally.  
Top row: BP group, Bottom Row: Control group. Stains from left to right: H&E, Safranin O and Masson's trichrome 

 

Figure 13 - Overview of the HA-BMP-high/HABP-BMP-high groups, femora cut transversally.  
Top row: BP group, Bottom Row: Control group. Stains from left to right: H&E, Safranin O and Masson's trichrome 
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Gel degradation 
One large visual difference in morphology between the BP and the control groups was that the BP 
group had large amounts of gel remaining in the defect, whereas the gel had been degraded in the 
control group. Histomorphometry was done in order to illustrate these findings. The cross section 
area of the medullary cavity was calculated for a number of representative slides (n=10). As we knew 
from surgery that the whole marrow cavity had been filled with gel, the amount of non-degraded gel 
was then expressed as a quote of the gel area and the area of the medullary cavity. There was a clear 
difference between BP groups and control groups as there was no gel in the controls. No statistical 
difference depending on BMP-concentration was found in the BP group, there was however a trend 
towards more degradation as a result of increased concentration (Figure 12). 

 

Figure 14 - Percentage of remaining hydrogel in marrow cavity in each of the groups. 
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Picro Sirus stain and collagen orientation 
Slides were visually examined. No differences in between groups that were deemed possible to 
analyze histomorphologically were found. Picro Sirius stains collagen red/pink and nuclei 
black/grey/brown in light microscopy. In polarized light larger collagen fibers show as yellow/orange, 
thinner ones are green. Representative samples are shown below (Figure 15). 

 

Figure 15 - Picro Sirius stained slides showing collagen orientation and density. Left column shows slides in polarized 
light. Right column shows the same slides in regular light. Bars = 200 µm 
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Discussion Summary 
• No differences between BP and Control groups in bone mineral content, bone volume, 

morphological healing or collagen distribution were shown. 
• Between the HA-group and the BMP-groups there were significant differences in bone 

mineral content, bone volume and morphological healing. 
• We do have hypotheses as to why the BP-gel didn’t work as intended, however, further 

experiments is required to test them. 

Was, as hypothesized, the BP gel superior to the Control? 
None of the evaluations performed in this study suggested that the BP-gel might be better at forming 
bone than the control group. Quantitatively, in pQCT and µCT, there is no difference between single 
BP groups and their corresponding Control group. The parameter that does stand out is the BMP 
concentration. Qualitatively, the histological slides give a similar impression except for the gel 
remnants in the BP groups. The µCT 3D constructions suggest a difference in morphology in the BMP-
high group. The BP group heals with a “spongier”, rougher look than its corresponding control; 
however, no data suggest that there is more bone in the BP samples. All in all, the BP-gel did not 
show superiority to the control-gel.  
The fact that we still see the gel in histological slides of the BP-groups should be noted, maybe there 
is still some effect in them which would be significantly different at a later time point.  

Did we use appropriate methods to test the samples? 
Starting with the surgical model, it was published and validated in previously published work.[43] 
However, as an important potential application of the hydrogel is that of non-union’s, the model 
might have been insufficient. A uni-cortical defect might not be considered a fracture, and even less a 
nonunion. There are other models which might have yielded another result. For example, in the 
Safranin O-stain, which stains cartilage red, we hardly saw any cartilage at all. Figure 16 shows our 
28-day post fracture stains compared to a 21-day post fracture control rat from another study.[45] 

The time could have an impact on our lack 
of cartilage but considering how little some 
of our defects had healed, our surgical 
model most likely does not produce the 
same cartilage response as an unstable 
fracture. Though, one could argue that our 
model mimics a fracture that has been 
stabilized surgically and therefore actually 
is more similar to the clinic than an 
unstable fracture model.  

 
Figure 16 - Comparison of A) Safranin O stain from a rat 21-days post fracture from another study (control group) and B) 
our unicortical model. Cartilage stained red. (Strobach et al, 2008) 
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The pQCT does have inherent weaknesses such as measuring the entire cross section of the femur, 
rather than just the defect. This will mean that in the pQCT data there are large amounts of bone 
mineral that are outside the region of interest. However, this will be the case in all samples, which 
can be argued makes the method valid. Also, the method is accepted in the scientific community.  

µCT-data is specific to the defect. However here we have confounders, e.g. the standardized protocol 
could, with more time, have been even more optimized. During visual validation we did see some 
cross sections were the protocol could have been more optimized.  Also, we only measured 3 mm 
longitudinally of the defect to calculate the bone volume even though the defect was actually made 6 
mm during surgery. This was made because in histology,  we could see an increased healing at the 
proximal and distal ends of the defects. This might have meant there would have been problems 
standardizing the measurements, should we include the ends of the defect.  

It should also be noted that the size of the study groups was rather small; a number of at least 6 
samples in each group would have been preferred. 

Could we have used other methods to test the bones? 
We could have done a mechanical 3-point bending test, which is a way to evaluate potential 
differences in ability to bear load. This parameter could be argued to be superior to bone volume or 
bone mineralization as bearing load is the actual purpose of the bone, and this would be a direct way 
of measuring it. However, with the unicortical model used in the present study, a large part of the 
cortical circumference is still intact, and the strength of this intact part of the bone will probably 
overshadow at least minor differences in the mechanical contribution provided by bone formed in 
and around the defect.  

Why didn’t the BP-group show superiority to the control group? 
This is an interesting question as other studies have showed that BPs enhance bone formation both 
when given systemically and given locally. One potential reason for this might be that in our study, 
the bisphosphonate is conjugated to the hyaluronic acid. HA is known to be metabolized by 
macrophages by internalization and lysosomal degradation.[35] Internalizing and degrading our HA 
would also mean internalizing the cytotoxic BP which might kill off the macrophages, thus seriously 
hampering to body’s ability to remodel the gel.  As no cytotoxicity studies of the gel have been 
performed on macrophage derived cell lines, this hypothesis cannot be backed by in vitro data.   
To further evaluate this hypothesis we could both consider in vitro cytotoxicity testing on 
macrophage cell lines or immunohistochemistry, where antibodies are used to stain for specific 
markers, e.g. macrophage markers, to see if there are differences in the number of macrophages in 
the tissue of the different groups. 
This hypothesis is confirmed by the fact that there was a significant difference in gel degradation 
between BP and control groups. 

Another potential reason for not seeing any superiority of the BP-gel could be a flawed study design. 
Maybe we would have seen differences at another time point than 4 weeks after the surgery. With 
the µCT up and running parallel with the study, we could have scanned the rats while still alive and 
followed bone development in the defects.  
We could also have chosen to use more animals to have several end points in the study which would 
have allowed for histological evaluation at every end point as well. 
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Speaking against this hypothesis is the fact that the HA-only gel showed almost full healing and most 
likely would after another 7 days from the endpoint (35 days in total). 

A third reason for not getting any effect of the gel might be that we didn’t get enough Ca2+ in contact 
with the gel. In vitro studies were performed with the gel in PBS-buffer with Ca2+ for seven days. 
Maybe these were not the same conditions which we had in vivo, thus not resulting in increased 
spontaneous mineralization of the gel.[28] 

A fourth way the gel could have effect on the bone is by the regular BP mechanism of action, i.e. 
binding to hydroxyapatite and killing off osteoclasts as they try to remodulate the bone. Before doing 
the experiment we assumed this would be the case, yet microscopic evaluation of our histological 
slides could not conclude that there were any differences in osteoclast between the two gels. 
However, we could proceed with immunohistochemistry for osteoclasts. By doing that, we could 
maybe show whether the BP is active in terms of osteoclast cytotoxicity or not.  

Did the BP or BMP also act systemically, thus masking potential differences in between groups? 
The answer to this would most likely be no. BMP has a very short half-life and it is actually perceived 
as a clinical problem to get it stable enough to use locally, this is also one of the reasons the BP-
approach was tried.  Investigations in BMP systemic effects have not yielded any results.[46] 

BP is known to have systemic effects in humans, which is utilized in the clinic as BP-medication for 
osteoporosis can be taken per os. However, in our case the BP is bound to the HA rendering it 
immobile. Also BP has a high affinity to the calcium in bone mineral, should the BP become free from 
the HA, it would most likely bind calcium in the vicinity.   
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