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Clinical challenge

Bone grafting was established in the 19th century and has become a common procedure in 

which bone defects are filled with bone grafts or bone graft substitutes. Bone defects that 

require bone grafting are encountered in approximately 10% of trauma and orthopaedic sur-

geries 1. A broad range of different bone grafts or bone graft substitutes have been developed 

during the past fifty years. All these bone grafts or bone graft substitutes have their strengths 

and weaknesses, confronting each surgeon with the difficult task to select the most suitable 

bone graft or bone graft substitute for each trauma and orthopaedic surgical procedure that 

requires bone grafting.

Bone

The human skeleton contains 206 different bones and these bones show great variation in 

shape and function. Bone contains three different cell types; osteoblasts, osteocytes, and 

osteoclasts, which are all involved in the formation, maintenance and remodelling of the 

extracellular bone matrix. This bone matrix is composed of an inorganic and organic phase. 

The inorganic phase is mainly responsible for the stiffness of bone and consists of carbonated 

hydroxyapatite, a calcium phosphate crystal. The organic phase, on the other hand, is mainly 

responsible for the elasticity of bone and consists of more than 95% of collagen type I. This 

organic phase of the bones matrix is made by osteoblasts. Therefore osteoblasts lay down an 

uncalcified matrix of collagen type I fibres and secrete alkaline phosphatase. Alkaline phos-

phatase is an enzyme that facilitates calcium entrapment and thereby mineralization of the 

bone matrix. The osteoblasts that become surrounded by mineralized bone matrix differenti-

ate into osteocytes. These osteocytes can communicate with other osteocytes, osteoblasts 

and/or osteoprogenitor cells on the surface of mineralized bone matrix. Thereby osteocytes 

act as a mechanosensory system that can regulate bone remodelling, e.g. via synthesized 

molecules such as sclerostin 2. Bone remodelling is a continuous process that removes 

and replaces old or damaged bone matrix. Bone matrix can be degradated by osteoclasts. 

Osteoclasts are specialized macrophage-like cells located on the bone surface in so called 

Howship’s lacunae or resorption pits. The outer bone surface is covered by periosteum, a 

membrane that contains progenitor cells that can become osteoblasts. Structurally, bones 

are made out of cortical (or compact) and trabecular (or cancellous) bone. Cortical bone 

forms the dense outside layer, and only contains Haversian canals through which small 

blood vessels and nerve branches run. Trabecular bone forms the interior and is a highly 

porous structure made of thin trabeculae (100-300µm). This trabecular structure transfers 

mechanical loads and can adapt to changes in mechanical loading (Wolff’s law). Cortical 

bone is stronger than trabecular bone. Compressive strength of cortical bone varies between 
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10 Chapter 1

130 and 290MPa, and that of trabecular bone varies between 2 and 38MPa, dependent 

on its porosity. Also the Young’s modulus of cortical bone (ranging from 5-21GPa) is much 

higher than that of trabecular bone (ranging from 0.01–1.57GPa) 3.

Bone development

Bone development can occur through endochondral ossification and intramembranous 

ossification 4. Endochondral ossification is the process through which long bones (e.g. tibia, 

femur and radius) are formed, and also occurs in the growth plate (physis) until adolescence. 

This process begins with mesenchymal stromal cells that become chondrocytes and form 

a cartilage template. This cartilage template forms into the shape of the future bone and 

enlarges through chondrocyte proliferation. Chondrocytes in the centre of the cartilage 

template stop proliferating and then become hypertrophic. Hypertrophic chondrocytes start 

producing enzymes (e.g. alkaline phosphatase) that initiate mineralization of the extracellu-

lar matrix. In addition, they attract blood vessels and osteoclasts through secretion of various 

cytokines including vascular endothelial growth factor (VEGF) and matrix metalloproteinase 

(MMP). The mineralized template is, through the attraction of osteoclasts and osteoblasts, 

remodelled into mature bone.

Intramembranous ossification is the process through which flat bones (e.g. the skull and 

ribs) form. During this process mesenchymal stromal cells start to form a small, dense cluster 

of cells, a nodule. Once this nodule has formed, mesenchymal stromal cells differentiate 

into osteoblasts. Osteoblasts produce osteoid which becomes mineralized and forms the 

immature bone.

Bone regeneration during fracture repair

Fracture repair progresses through consecutive phases of inflammation, repair and remodel-

ling 5. The inflammation phase starts with the formation of a haematoma (a blood clot). 

Within this haematoma, pro-inflammatory and chemoattractive stimuli are released by 

degrading platelets and they start to activate neutrophils, monocytes and macrophages and 

attracting mesenchymal stromal cells. The repair phase follows upon initial stabilization 

of the fracture. Based on the degree of mechanical stability obtained, this will result in 

direct or indirect bone formation. Direct bone formation is only seen when there is absolute 

fracture stability and is capable of restoring fracture gaps that do not exceed 200–500µm. 

Under these conditions, new Haversian canals crossing the fracture gap are established by 

remodelling units known as cutting cones 6. These remodelling units consist of osteoclasts, 

that remove bone matrix, and are accompanied by endothelial cells that form new blood 
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vessels. Subsequently, osteoblasts form new bone that leads to union of the fracture gap. 

Indirect bone formation is seen when the obtained stabilization allows for a limited degree 

of micromotion 7. These micromotions result in the formation of a cartilage template (soft 

callus) within the medullary canal and inter-cortical areas of the fracture gap 6. Within these 

areas, bone is formed through endochondral ossification as the cartilage template mineral-

izes and is then replaced by bone. Simultaneously, the periost and soft tissues that surround 

the cartilage template will create bone through intramembranous ossification (hard callus), 

thereby further contributing to bridging the fracture gap. Finally, during the remodelling 

phase, bone undergoes remodelling to restore its original shape. Overall this process of 

fracture repair is very efficient, but in 10% of all fractures bone regeneration is insufficient 

or impaired, resulting in persistent bone defects or the development of delayed unions, 

malunions or hypertrophic or atrophic non-unions (Figure 1) 8.

Bone grafting

Bone grafting aims to stimulate insufficient or impaired bone regeneration through enhanc-

ing the essential components necessary for bone regeneration. In order to offer all these 

essential components, an ideal bone graft or bone graft substitute should have the following 

properties: (1) the biomaterial is fully biocompatible, meaning that it does not elect any 

detrimental immunogenic response; (2) it has osteoconductive properties, meaning that the 

biomaterial provides a scaffold that supports the apposition of bone and the ingrowth of 

Figure 1: Examples of impaired fracture healing.
Malunion of an antebrachii fracture, black dotted line shows angulation of the radius (A). Hypertrophic non-union of 
a tibia fracture, indicated by the white arrowhead showing extensive callus formation (B). Atrophic non-union of a 
scaphoid fracture indicated by the white arrowhead showing a lack of callus formation (C).
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vascular tissue 8, 9; (3) it has osteoinductive properties, meaning that the biomaterial actively 

recruits osteoprogenitor cells and that it stimulates their differentiation towards active 

osteoblasts that start to form bone 8, 9; and/or (4) it has osteogenic properties, meaning that 

the biomaterial itself contains osteoprogenitor cells or osteoblasts capable of bone regenera-

tion 8. Finally, the biomaterial should provide sufficient mechanical support to allow for an 

optimal biomechanical environment in which bone regeneration can occur.

Bone grafts

A bone graft can be taken from the patients’ own bone (called an autograft) or from donated 

bone (called an allograft). Autologous bone is currently considered the gold standard 10 and 

it can be obtained as cancellous, cortical or vascularised bone grafts.

Cancellous autografts contain a high number of osteogenic cells and high levels of osteo-

inductive growth factors 11. Its trabecular structure offers an osteoconductive scaffold, but 

it does not offer substantial mechanical support. Cancellous autografts can sometimes be 

obtained locally, but more often require a secondary surgical site to be harvested. Harvest-

ing bone from the posterior iliac crest offers more bone than harvesting from the anterior 

iliac crest, but the overall amount of bone that can be harvested is limited. This harvest-

ing procedure is also associated with complications in 30–40% of patients 12, including 

wound infections, nerve and urethral injury, prolonged or severe postoperative pain, and 

an increased length of hospital stay 13. Furthermore harvesting techniques, with a short 

harvest-to-graft time and adequate interim storage, are essential to maintain the osteogenic 

and osteoinductive properties of the bone graft 14.

Cortical autografts provide mechanical support, but they contain less osteogenic cells 

and osteoinductive growth factors than cancellous autografts 15. Due to the dense structure 

of cortical autografts, bone regeneration is preceded by osteoclasts resorption. This osteo-

clast activity is estimated to begin two weeks after grafting, and can reduce the mechanical 

strength by more than 75% 16. This structure also delays revascularisation which can take up 

to two months. Therefore vascularised cortical autografts are often used (e.g. fibula grafts) 

because they are better able to maintain mechanical strength after grafting and offer superior 

osteogenic and osteoinductive properties. However, vascularised cortical autografts require 

a technically more demanding and time consuming harvesting procedure that includes 

microsurgery and remains associated with a relatively high failure rate.

Another method to harvest autologous bone is reamer irrigated aspiration (RIA). During 

this procedure, an inner layer of cortical bone of the femoral canal is reamed and aspirated. 

The captured aspirate consists of bone and bone marrow and contains a higher concentra-

tion of osteoinductive growth factors than cancellous autografts obtained from the iliac 
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crest11. The RIA method is therefore a viable alternative to cancellous autografts, especially 

since this harvesting technique is associated with a lower complication rate 17.

Allografts have also been used for many years 18 and are obtained from cadaver bones. 

Allografts require extensive processing in order to eliminate the risk of disease transmission 

and to reduce immunogenicity 19. Processing steps include freezing or freeze-drying to devi-

talize bone. Allografts maintain their osteoconductive matrix, but this processing negatively 

affects its levels of osteoinductive growth factors and mechanical properties 18. The actual 

risk of disease transmission is nowadays negligible, but issues of immunogenicity remain a 

concern 20. Allogeneic bone can also be processed as demineralized bone matrix (DBM). 

Devitalisation and demineralization results in a gel that only contains the matrix proteins 

(e.g. collagen, glycoproteins and proteoglycans) and growth factors (e.g. bone morphoge-

netic proteins). This DBM does not provide an osteoconductive matrix nor any mechanical 

support, although the presence of growth factors should preserve its osteoinductive proper-

ties. However the osteoinductive properties of DBM are heavily debated as preserved levels 

of growth factors are donor dependent and have been found to be extremely low after 

devitalisation and demineralization processes 21.

Bone graft substitutes

Bone graft substitutes can be made from various biomaterials and a wide range of products 

are available for clinical use in trauma and orthopaedic surgery (Table 1).

Calcium phosphate ceramics are probably the most extensively studied group of bioma-

terials. In 1920, Albee et al reported the use of a calcium phosphate ceramic as a bone graft 

substitute in animal models 26. Calcium phosphate ceramics closely resemble the mineral 

composition of bone. Also calcium sulphate, or plaster of Paris, has been used for more than 

a century. First reports date back to the late 1800s 27, and their interest is based on the fact 

that calcium sulphate is well-tolerated, relatively cheap and undergoes rapid and complete 

resorption 28. The discovery of bone morphogenetic proteins (BMPs) by Urist in 1965 29, led 

to the development of growth factor enhanced absorbable collagen sponges. In the 1970s, 

Hench et al introduced bioactive glass, which was discovered to have excellent bone-

bonding properties 30, 31. Also in the 1970s, porous metals were opted to be an interesting 

bone graft substitute because of their excellent mechanical strength 32. In the early 2000s, 

tantalum was the first porous metal implant introduced in trauma and orthopaedic surgery 
33, 34. Porous titanium 35 and porous magnesium 36 implants are still under development for 

the use of a bone graft substitutes.
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Aim and outline of this thesis

The aim of this thesis was to provide a detailed overview of bone graft substitutes that are 

developed for trauma and orthopaedic surgery, therefore the properties of bone substitute 

materials and the potential of these biomaterials to enhance bone regeneration were studied 

in bone defect models.

The first part of this thesis focusses on calcium-based bone graft substitutes. Chapter 2 

starts with a comprehensive overview of commercially available bone graft substitutes in 

trauma and orthopaedic surgery. This overview is based on a systematic literature search that 

included all 18 calcium-based bone graft substitutes available in the Netherlands (in 2009). 

This chapter describes the structural, mechanical and biological properties of these bone 

substitute materials that include calcium phosphate ceramics, calcium phosphate cements, 

calcium sulphates and bioglass and provides further insight in the current clinical level 

of evidence to use these bone graft substitutes in trauma and orthopaedic-related indica-

tions. In Chapter 3, calcium phosphate cements and their use in trauma and orthopaedic 

-related indications was specifically discussed after a direct comparison of their biological 

properties in cortical bone defects in goat tibiae. In Chapter 4, the potential to enhance 

Table 1. Biomaterials used as bone graft substitute

Material Available products 22-25

Calcium-based materials

Calcium phosphate ceramics Actifuse, Allogran-N, Allogran-R, Apapore, BoneSave, 
Camceram, Cellplex TCP, Cerabone, Cerasorb, 
ChronOS, Conduit TCP, CycLOS, Endobon, ENGIpore, 
Integra Mozaik, Mastergraft, OpteMx, OsSatura 
BCP, OsSatura TCP, Ostim, Pro Osteon 500, Repros, 
SINTIlife, Vitoss

Calcium phosphate cements Alpha-BSM, Beta-BSM, BoneSource, Calcibon, Callos, 
CarriGen, ChronOS Inject, Gamma-BSM, GeneX, 
HydroSet, Nanostim, Norian SRS, Norian Drillable

Calcium sulphate BonePlast, MIIG X3, OsteoSet, ProDense, Stimulan

Bioglass Cortoss

Polymer-based materials

Collagen Colloss, Healos, Infuse, OP-1, RegenOss, Targobone

Metal-based materials

Porous titanium Regenerex

Porous tantalum Trabecular Metal
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bone regeneration of cortical bone defects of two different calcium phosphate ceramics was 

evaluated in rats.

The second part of this thesis focusses on the development of porous titanium implants as 

a new bone graft substitute. In Chapter 5, we designed and evaluated two different porous 

titanium implants and determined their potential to function as a load-bearing osteocon-

ductive scaffold in cortical bone defects in rats. To reinforce porous titanium implants 

with osteoinductive properties we evaluated several strategies including bioactive surface 

coatings and incorporation of bioactive gels. In Chapter 6, the surface of porous titanium 

implants was coated with osteostatin, a short peptide that has osteoinductive properties 37, 

38. In Chapter 7, porous titanium implants were incorporated with gelatin nanosphere gels 

that were designed to release multiple growth factors in a time and dose controlled manner 
39. These gelatin nanosphere gels were loaded with an osteoinductive cytokine (BMP-2 and 

an angiogenic cytokine (fibroblast growth factor 2, FGF-2). In Chapter 8, porous titanium 

implants were incorporated with fibrin gels. These fibrin gels were designed to mimic the 

fracture haematoma and subsequently loaded with BMP-2.

The final part of this thesis focusses on the use of new stem cell-based approaches to 

enhance bone regeneration. Stem cells were used to form a cartilage-like tissue that mimics 

the cartilage template (or soft callus) formed during endochondral ossification. The capac-

ity of this cartilage template to stimulate bone regeneration in atrophic non-unions was 

determined by implantation of this artificial soft callus in an atrophic non-union model in 

rats (Chapter 9).

This thesis ends with the conclusion and general discussion of the work presented (Chap-

ter 10), followed by an English summary Chapter 11 and a Dutch summary Chapter 12.
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Abstract

Autologous bone grafting is currently considered as the gold standard to restore bone defects. 

However, clinical benefit is not guaranteed and there is an associated 8-39% complication 

rate. This has resulted in the development of alternative (synthetic) bone graft substitutes. 

The aim of this systematic literature review was to provide a comprehensive overview of 

literature data of bone graft substitutes registered in the Netherlands for use in trauma and 

orthopaedic surgery. Brand names of selected products were used as search terms in three 

available databases: Embase, PubMed and Cochrane. Manuscripts written in English, Ger-

man or Dutch that reported on structural, biological or biomechanical properties of the pure 

product or on its use in trauma and orthopaedic surgery were included. The primary search 

resulted in 475 manuscripts from PubMed, 653 from Embase and 10 from Cochrane. Of 

these, 218 met the final inclusion criteria. Of each bone substitute material, structural, bio-

logical and biomechanical characteristics as well as their clinical indications in trauma and 

orthopaedic surgery are provided. All included products possess osteoconductive properties 

but differ in resorption time and biomechanical properties. They have been used for a wide 

range of clinical applications; however, the overall level of clinical evidence is low. The 

requirements of an optimal bone graft substitute are related to the size and location of the 

defect. Calcium phosphates have been used for most trauma and orthopaedic surgery surgi-

cal procedures. Calcium sulphates were mainly used to restore bone defects after tumour 

resection surgery but offer minimal structural support. Bioactive glass remains a potential 

alternative; however, its use has only been studied to a limited extent.
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Introduction

The treatment of fractures remains a continuous challenge for trauma and orthopaedic sur-

geons. Although most fractures heal uncomplicated, 5-10% of patients encounter problems 

due to bone defects, impaired fracture healing, or a combination of both 8. Significant bone 

defects or post-traumatic complications such as delayed unions, non-unions or malunions 

may require bone-grafting in order to fill the defect. Bone grafts fill voids, provide support, 

and therefore may enhance the biological repair of the defect. Bone grafting is a common 

surgical procedure, carried out in approximately 10% of all skeletal reconstructive surgery 

cases 40. Worldwide, an estimated 2.2 million grafting procedures are performed each year 
41, 42.

Bone healing differs from any other soft tissue since it heals through the generation of 

new bone rather than by forming fibrotic tissue. Bone repair requires four critical elements: 

(1) osteogenic cells (e.g. osteoblasts or progenitor cells); (2) osteoinductive signals provided 

by growth factors; (3) an osteoconductive matrix; and (4) adequate blood and nutrient sup-

ply 43. Therefore, bone grafts are often described by the terms osteogenicity, osteoinductivity, 

and osteoconductivity. Osteogenicity is the presence of bone forming cells within the graft 
44, 45. Osteoinductivity is the ability of a graft to stimulate or promote bone formation 46. 

Osteoconductivity is the ability of the graft to function as a scaffold for ingrowth of new 

bone and sprouting capillaries 47.

Autologous bone, mostly harvested from the iliac crest, is considered the gold standard 

since it provides a scaffold for bone ingrowth, contains living bone cells that offer osteogen-

esis, and contains growth factors that stimulate osteoinduction 44. However, as the cellular 

elements do not necessarily survive transplantation, the clinical benefit is not guaranteed 
14. In addition, the harvesting of autologous bone lengthens the surgical procedure, and the 

graft amount may be insufficient, or the form inappropriate. Moreover, autograft harvesting 

is associated with an 8-39% risk of complications, including: infection, haematoma, nerve 

and urethral injury, pelvic instability, cosmetic disadvantages, postoperative pain and chronic 

pain at the donor site 12, 13, 48, 49. Furthermore, autografting is normally not recommended for 

elderly or paediatric patients or for patients with malignant or infectious disease. Alternative 

strategies like allo-, and xenotransplantation have major biocompatibility disadvantages 

compared with autografting 50, 51, and as such their use is suboptimal.

Due to complications and limitations associated as reported, alternative bone graft sub-

stitutes were needed. Based upon the above, the perfect bone substitute material is osteo-

conductive, osteoinductive, biocompatible, and bioresorbable. Moreover, it should induce 

minimal or no fibrotic reaction, undergo remodelling and support new bone formation. 

From a mechanical point of view bone substitute materials should have similar strengths to 

that of the bone being replaced. Finally, it should be cost-effective and ought to be available 

in the amount required.
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Technological evolution and better understanding of bone-healing biology resulted in the 

development of numerous alternative bone graft substitutes. Multiple products, containing 

(combinations of) hydroxyapatite, tricalcium phosphate, dicalcium phosphate, calcium 

sulphate (plaster of Paris), or bioactive glass are currently available for use in trauma and 

orthopaedic surgery. However, an evidence-based guideline to assist surgeons in selecting 

the best product for specific clinical indications is not available yet. The aim of the current 

study was to provide a comprehensive overview of literature data of bone graft substitutes 

registered in the Netherlands for use in trauma and orthopaedic surgery. An overview of 

bone substitute materials, their composition, their biological and biomechanical charac-

teristics as well as their clinical indications in trauma and orthopaedic surgery is provided.

Methods

1. Product selection

Products were selected based upon the following criteria: (1) products composed of (combi-

nations of) calcium phosphate, calcium sulphate or bioactive glass; (2) indicated for use in 

trauma and orthopaedic surgery; and (3) available in the Netherlands on October 12, 2009. 

Products were excluded if they could only be used in combination with adjunctive (e.g. 

bone marrow aspirate, growth factors, or antibiotics) or if they were only indicated for use 

in craniomaxillofacial surgery.

2. Literature search

Brand names of all products (see Table 1) were used as search terms in three available online 

databases: Embase, PubMed, and Cochrane. Databases were searched from the earliest date 

available until July 1, 2010. Titles and abstracts were screened by two researchers (JVDS 

and YEM). Only papers that reported on structural, biological or biomechanical properties, 

or on clinical indications in trauma and orthopaedic surgery, and were written in English, 

German, or Dutch, were considered eligible. The full text of all eligible papers retrieved 

from PubMed and Cochrane were read by two researchers (JVDS and YEM), papers found 

in Embase were read by three researchers (JVDS, GHVK, and YEM). All references in the 

selected manuscripts were reviewed in order to ensure that no papers had been missed 

with the chosen search strategy. For final inclusion a manuscript had to report on structural, 

biological or biomechanical properties of the pure product or on their use in trauma and 

orthopaedic surgery. Data regarding study design, species, structural, biological, biome-

chanical, and clinical findings were collected in a database, and are summarized below. 

Manuscripts reporting on clinical indications of bone substitutes for trauma and orthopaedic 

surgery were given a level of evidence as described by Mahid et al 52.
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Table 1. Overview of bone graft substitutes available for clinical use in the Netherlands

Product name Company Origin Chemical composition Form Ceramic/
cement*

Calcium phosphate

Hydroxyapatite

Cerabone® Fame Medical 
Products BV

Bovine HA solid Ceramic

Endobon® Biomet Bovine HA solid Ceramic

Ostim® Heraeus Synthetic 60% HA / 40% H2O paste Cement

Pro Osteon 500® Biomet Coral HA solid Ceramic

Tricalcium phosphate

ChronOSTM Synthes Synthetic α-TCP solid Ceramic

Vitoss® Orthovita Synthetic β-TCP solid Ceramic

Composite

BoneSave® Stryker Synthetic 80% TCP / 20% HA solid Ceramic

BoneSource® Stryker Synthetic TTCP / DCP paste Cement

Calcibon® Biomet Synthetic 62.5% α-TCP / 26.8% DCPA / 
8.9% CaCO3 / 1.8% HA

paste Cement

Camceram® CAM Implants Synthetic 60% HA / 40% β-TCP solid Ceramic

ChronOSTM Inject Synthes Synthetic 73% β-TCP / 21% MCP.H2O / 
5% MHPT

paste Cement

HydroSetTM Stryker Synthetic TTCP / DCP / TSC paste Cement

Norian SRS® Synthes Synthetic α-TCP / CaCO3 / MCP.H2O paste Cement

Calcium sulphate

BonePlast® Biomet Synthetic CaSO4 paste

MIIG® X3 Wright Medical 
Technology

Synthetic CaSO4 paste

OsteoSet® Wright Medical 
Technology

Synthetic CaSO4 pellets

Stimulan® Biocomposites Synthetic CaSO4 pellets/
paste

Bioactive glass

Cortoss® Orthovita Synthetic N.S. paste

*ceramic is defined as an inorganic, non-metallic solid prepared by thermal treatment and subsequent cooling 53; 
cement is defined as a product consisting of a liquid solution which hardens in situ through a chemical reaction.

CaCO3: calcium carbonate, CaSO4: calcium sulphate, DCP: dicalcium phosphate, DCPA: dicalcium phosphate an-
hydrous, MCP.H2O: monocalcium phosphate monohydrate, MHPT: magnesium hydrogen phosphate trihydrate, 
H2O: water, HA: hydroxyapatite, TCP: tricalcium phosphate, TTCP: tetracalcium phosphate, TSC: trisodium citrate, 
N.S.: not specified.
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Results

Eighteen bone graft substitute products were selected. All products were commercially 

available at July 1, 2010 and the costs per unit range between 100 and 750 Euro. The 

initial literature search for product name resulted in 475 manuscripts for Pubmed, 653 for 

Embase and ten for Cochrane. After screening of all titles and abstracts, 195 manuscripts for 

Pubmed, 230 for Embase and one for Cochrane were considered eligible. Exclusion of 159 

duplicates resulted in a total of 267 eligible manuscripts, as shown in Figure 1. After reading 

the full text of all eligible manuscripts 67 papers had were excluded and 18 were added 

based upon the reference list. Finally, 218 articles were found to fulfil all inclusion criteria. 

A detailed overview of the final inclusion per product and subdivision in pre-clinical and 

clinical studies is given in Table 2.

475 653 10

70
26
15
9

160

176
172
17
14
44

0
9
0
0
0

Inadequate field of research
No original manuscript*
Language
No pure product used
Non trauma indication**

230195 1

PubMed

Excluded manuscripts
based onup title/abstract

Embase Cochrane

267

- 67
+ 18

218

Retrieved manuscipts

Eligible per database

Further Selection

Final inclusion

- 159Omitted duplicates

Total eligible manuscripts

Excluded based upon full-text
Additional references

Figure 1: Flow diagram of literature selection process.
Flow diagram of literature selection process. *e.g. reviews, letters, comments, **e.g. dental or craniomaxillofacial 
surgery.
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1. Calcium phosphate

In the eighties, calcium phosphate salts such as tricalcium phosphate (TCP) and hydroxy-

apatite (HA) were introduced for clinical use. Multiple calcium phosphate are available 

with different application forms (e.g. pastes, putties, solid matrices, granules). Based upon 

their chemical composition, calcium phosphates can be separated into hydroxyapatite (HA), 

tricalcium phosphate (TCP) and composite grafts (Table 1). The latter simply indicating a 

combination of two or more calcium phosphates.

1.1. Structural properties

Structural properties are related to production methods. Therefore a further subdivision can 

be made between ceramics and cements. A ceramic is defined as an inorganic, non-metallic 

solid prepared by thermal treatment and subsequent cooling 53, for calcium phosphates 

ceramics thermal treatment is called sintering. The sintering process removes volatile 

chemicals and increases crystal size, resulting in a porous and solid material. Cements, first 

introduced by Brown and Chow 54, consist of a mixture of calcium phosphates which can 

be applied as a paste and harden in situ due to precipitation reactions.

Hydroxyapatites of ceramic origin are Cerabone®, Endobon® and Pro Osteon 500®. 

Ostim® is a hydroxyapatite cement. Hydroxyapatite ceramics have a stoichiometry similar 

to that of bone mineral 45, 55. Cerabone® and Endobon® are of bovine origin and Pro Osteon 

500® is derived from sea coral (genera goniopora). Endobon® has a highly crystalline grain 

size (1.57±0.78µm) with an apparent density of 0.35-1.25g/cm3 56, 57, and has a porosity 

of 60-80% 58, including 18% micropores and a pore size of 390-1,360µm 56. Pore sizes of 

Cerabone® and Pro Osteon 500® stated in the product information were 100-1,500µm and 

280-770µm, respectively. Ostim® is a hydroxyapatite suspension in water, available as a 

paste.

ChronOSTM and Vitoss® consist of tricalcium phosphate and are both ceramic materials. 

Tricalcium phosphate has a stoichiometry similar to that of amorphous bone precursors 55. 

ChronOSTM has a particle size of 1.4-2.8mm 59, and has a porosity of 60-75% 60-62 and a pore 

size of 100-400µm 60, 62.

Included composite grafts of ceramic origin were BoneSave® and Camceram®. BoneSave® 

consists of 80% TCP and 20% HA. Camceram® consist of 60% HA and 40% β-TCP. Bone-

Source®, Calcibon®, ChronOSTM Inject, HydroSetTM and Norian SRS® are calcium phosphate 

cements. The setting reaction of calcium phosphate cements leads to the formation of either 

precipitated hydroxyapatite (PHA) or dicalcium phosphate dihydrate (DCPD). Cements have 

a solid structure characterized by limited porosity and pore size 55. BoneSource®, composed 

of tetracalcium phosphate and dicalcium phosphate anhydrous, has a porosity of 46% 63, 64 

and pore size of 2-50µm 65. Calcibon® consists of α-TCP, and has a porosity of 30-40% 66, 67 

with a pore size of <1µm 67. Calcibon® has a density of 1.84g/cm3 66 whereas Norian SRS® 

has a density of 1.3g/cm3 68.
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1.2. Biological properties

Although highly crystalline TCP and HA derived through thermal treatment do not exist 

naturally, they have been shown to induce a biologic response similar to that of bone 55. 

In general, calcium phosphates are considered to be osteoconductive. However under 

certain conditions calcium phosphates might also possess osteoinductive properties 69, 70. 

Osteoconductive properties were confirmed for most calcium phosphate products (Table 

3), however no data were found for BoneSave®, Camceram® and HydroSetTM. BoneSource® 

implanted in an extraskeletal side was able to induce bone formation, and is therefore 

considered to possess osteoinductive properties 63. Extraskeletal implantation of Calcibon® 
71 and Endobon® 72 did not initiate bone formation.

Biodegradability of HA seems related to its appearance. HA ceramics like Endobon® 

and Pro Osteon 500® are rather inert 73-78, whereas the HA cement Ostim® was shown to be 

biodegradable by osteoclastic activity 79-84. After one year, 70% of the implanted material 

was resorbed in tibia bone of minipigs 84, but a recently published study only found minimal 

resorption of Ostim® after an implantation period of twelve weeks in rabbits femora 85.

Vitoss® elicits no cytotoxic reaction in in vitro cell cultures 86. ChronOSTM and Vitoss® are 

both resorbed over time 59, 87. Resorption of these TCP products is mediated by osteoclastic 

activity and resorption time varies between 6-24 months 55.

BoneSource® and Calcibon® support cell growth of osteoblasts in in vitro cell cultures, 

eliciting no cytotoxic reactions 88-90. Resorption of composite ceramics is unknown; no data 

on biodegradation was found for BoneSave® and Camceram®. All composite cements were 

shown to be biodegradable. In vertebral bodies, 20% of the applied Calcibon® was resolved 

after one year 91. ChronOSTM Inject is almost completely resorbed by osteoclastic activity 

within six months 92. Norian SRS® was biodegraded by osteoclasts 93-96, however one study 

found no resorption of Norian SRS® at twelve weeks after implantation in sheep tibia 97.

1.3. Biomechanical properties

Calcium phosphates generally provide limited biomechanical support, because they are 

brittle and have little tensile strength 141. Tricalcium phosphates are less brittle compared 

with hydroxyapatite; however, their degradation results in subsequent loss of mechanical 

strength over time. An overview of compression strength, Young’s modulus, tensile strength 

and shear strength of each product is given in Table 4. No data was found for BoneSave®, 

Camceram®, ChronOSTM, ChronOSTM Inject, Ostim®, Pro Osteon 500®, and Vitoss®.

Endobon® has an in vitro strength of 1-11MPa with a Young’s modulus of 20-3,100MPa 56. 

In vivo tests showed a 2-20MPa compression strength and a Young’s modulus of 20-1,200MPa 
58, 98. Push-out testing of Endobon® after 26 weeks implantation in femoral metaphyseal bone 

of rabbits showed in an interfacial shear stress of 7MPa 58. Hing et al measured compression 

strength of Endobon® before (in vitro) and after implantation into rabbit femur condyles 
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for five weeks. The in vitro compression strength was 2-9MPa and the in vivo compression 

strength was 6-11MPa, an increase of 195% 73.

Tricalcium phosphates, ChronOSTM and Vitoss®, were implanted in rabbit tibia and sub-

sequently subjected to torque force. During the study period, torque failure of the grafted 

tibia increased from 1800Nm after two weeks to 3400Nm after 26 weeks, however torque 

failures at both time point did not differ significantly between ChronOSTM and Vitoss® 59.

The composite cements BoneSource®, Calcibon®, HydroSetTM and Norian SRS® have 

been tested in various biomechanical experiments. Norian SRS® has an compression 

strength of 23-55MPa 68, 142, 143, with a tensile strength of 2.1MPa 142, 143, and a shear strength 

of 0.85-1.3MPa 144. In addition, Norian SRS® may also be used to augment cortical screws, 

this results in an increased resistance to torque forces 145. BoneSource® has a compres-

sion strength of 6.3-34MPa 146, 147 with a Young’s modulus of 3.6-4.7MPa 117, 148. Interfacial 

Table 3. Overview of porosity, pore size and biological properties

Product name Porosity
(%)

Pore size
(μm)

Osteo-
genic

Osteoin-
ductive

Osteoconductive Biodegradable

Calcium phosphate

Hydroxyapatite

Cerabone® N.D. (100-1,500) N.D. N.D. Yes81 N.D.

Endobon® 60-8058 390-1,36056 N.D. No 72 Yes58, 72, 75, 77, 78, 98-102 No73-78

Ostim® N.D. N.D. N.D. N.D. Yes79-84, 103-105 Yes79-84

Pro Osteon 500® N.D. (280-770) N.D. N.D. Yes74, 106, 107 No108

Tricalcium phosphate

ChronOSTM 60-7559, 61, 62 100-40059, 62 N.D. N.D. Yes59, 61, 109-111 Yes61, 110, 112

Vitoss® (88-92) (1-1,000) N.D. N.D. Yes59, 113 Yes59

Composite

BoneSave® (50) (300-500) N.D. N.D. N.D. N.D.

BoneSource® 4663, 64 2-5065 N.D. Yes 63 Yes64, 114-122 Yes114, 115, 117, 118, 120

Calcibon® 30-4066, 67 <167 N.D. No 71 Yes67, 71, 91, 123, 124 Yes91, 125, 126

Camceram® N.D. N.D. N.D. N.D. N.D. N.D.

ChronOSTM Inject N.D. N.D. N.D. N.D. Yes92, 96, 127 Yes92, 96, 127

HydroSetTM N.D. N.D. N.D. N.D. N.D. N.D.

Norian SRS® (50) N.D. N.D. N.D. Yes93-97, 128 Yes93-96/No97

Calcium sulphate

Bone Plast® N.D. N.D. N.D. N.D. N.D. N.D.

MIIG® X3 N.D. N.D. N.D. N.D. Yes129-131 Yes129-131

OsteoSet® N.D. N.D. N.D. N.D. Yes132-135/No136, 137 Yes132-138

Stimulan® N.D. N.D. N.D. N.D. N.D. N.D.

Bioactive glass

Cortoss® (1) N.D. N.D. N.D. Yes139 Yes140

Data obtained from the suppliers are given between brackets. N.D.: no data available.

Johan van der Stok - Binnenwerk.indd   26 01-04-15   10:45



Bone graft substitutes in the Netherlands 27

C
ha

pt
er

 2

bonding strength of BoneSource® implanted in dog femora was superior to that of the 

implanted polymethylmethacrylaat (PMMA), which served as a control group 121. Calcibon® 

has a compression strength of 35-55MPa 66, 149, with a Young’s modulus of 2,500-3,000MPa 
66 and a tensile strength of 4.5MPa 150. Of HydroSetTM, compression strength of 14-24MPa 

and Young’s modulus of 125-240MPa 151 and a tensile strengths of 0.11-0.17MPa were 

recorded 152.

1.4. Clinical indications

Each clinical indication requires specific structural, biological and biomechanical properties 

of bone substitute materials. An overview of clinical indications in trauma and orthopaedic 

surgery of each bone graft substitute is given in Table 5.

Hydroxyapatite ceramic Endobon® can be used to fill bone defects of several fracture sites; 

specifically proximal tibia 77, 100, 155-157, distal tibia 100, distal radius 99, 158 and calcaneus 100. It 

provides adequate mechanical stability in open 77, 100, 157 and arthroscopic 156 management of 

tibia plateau fractures. However, in one case refracture of the proximal tibia occurred seven 

years after implantation 155. Huber et al showed treated 24 tibia plateau fractures by using a 

combination of Ostim® and Cerabone® resulting in an average Rasmussen tibia score of 26 

after one year 80. Ostim® may also be used as sole product for the treatment of fractures of 

the tibia 103, calcaneus 103, or radius 103, 159, 160. Bone voids resulting of benign bone tumour 

resections, located in the humerus, tibia, femur, calcaneus, ileum, fibula, and ulna bone 

were successfully grafted with Pro Osteon 500® 161. Besides, Pro Osteon 500® was also used 

for distal radius fractures 162.

Tricalcium phosphates may be used in the upper and lower extremity. Vitoss® is an 

option to treat fractures of the tibia or calcaneus, but was also used in the upper extremity, 

especially in the humerus 163. ChronOSTM was used as bone graft substitute in the posterior 

stabilization and interlaminar fusion of a vertebral fracture type Magerl B2.3 161.

Of the calcium phosphate cements, Norian SRS® have been tested most extensively. In 

the upper extremity, union of fractures of the humerus 164 and distal radius 128, 165-172 has 

been achieved. Norian SRS® is effective in maintaining realignment of fracture parts after 

reduction of displaced or comminuted distal radius fractures. This technique resulted in 

accelerated rehabilitation, and better final outcomes after two years 166, 168, 169. In the lower 

extremities, Norian SRS® can be used to fill metaphyseal bone defects in tibia plateau frac-

tures 173-178. Good to excellent results one year after trauma were shown in 95% of cases 178. 

Nonetheless, loss of reduction occurred in 8-20% of cases and long term results showed a 

20% post-traumatic osteoarthritis rate 177, 178. Adding Norian SRS® to sliding screw fixation 

for unstable trochanteric fractures resulted in modest improvement of fracture healing 179.

Average movement of sliding screw was significantly reduced by augmentation with Norian 

SRS® after six weeks 180. In calcaneal fractures this bone substitute material allows full weight-

bearing four weeks after surgery compared with eight weeks with autologous augmentation 181.
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Another study shows postoperative full weight-bearing as early as three weeks shows in 

standard open reduction with internal fixation in calcaneal fractures 94.

BoneSource® can be used safely when filling of traumatic bone voids is required. Graft 

sites included the humerus (1), radius (3), femur (1), tibia (9), and calcaneus (7) and reduc-

tion was maintained in 83% 119. However, BoneSource® alone does not provide adequate 

fracture stability in distal radius fractures 182. Calcibon® is used for filling of metaphyseal 

cancellous bone defects and is was used to stabilize traumatic Magerl type A thoracolumbar 

fractures 183. Calcibon® augmentation in vertebral bodies improves pain and function and 

enables the treated vertebral body to regain height 184, 185.

Table 4. Overview of biomechanical properties

Product name Compression 
Strength (MPa)

Young’s modulus
(MPa)

Tensile strength
(MPa)

Shear strength 
(MPa)

Calcium phosphate

Hydroxyapatite

Cerabone® (4.2-5.6) N.D. N.D. (1.2-3.4)

Endobon® 1-2056, 58, 73, 98 20-310056, 58, 98 N.D. N.D.

Ostim® N.D. N.D. N.D. N.D.

Pro Osteon 500® N.D. N.D. N.D. N.D.

Tricalcium phosphate

ChronOSTM N.D. N.D. N.D. N.D.

Vitoss® N.D. N.D. N.D. N.D.

Composite

BoneSave® N.D. N.D. N.D. N.D.

BoneSource® 6.3-34146, 147 3.6-4.7117, 148 (2) N.D.

Calcibon® 35-5566, 149 2500-300066 4.590 N.D.

Camceram® N.D. N.D. N.D. N.D.

ChronOSTM Inject N.D. N.D. N.D. N.D.

HydroSetTM 14-24151 125-240151 0.11-0.17152 N.D.

Norian SRS® 23-5568, 142, 143 N.D. 2.1142, 143 0.85-1.3144

Calcium sulphate

Bone Plast® N.D. N.D. N.D. N.D.

MIIG® X3 0.6135 N.D. N.D. N.D.

OsteoSet® 0.6-0.9133, 135 59133 N.D. N.D.

Stimulan® N.D. N.D. N.D. N.D.

Bioactive glass

Cortoss® 91-179153, 154 (6400) (52) 8.4154

Data obtained from the suppliers are given between brackets. N.D.: no data available
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Reports on clinical experience with the use of BoneSave®, Camceram®, ChronOSTM Inject 

and HydroSetTM without adjunctive in trauma and orthopaedic surgery has not been found.

2. Calcium sulphates

Calcium sulphates (CaSO4) or Plaster of Paris have been used as bone void filler since the 

late 1800s 200. Calcium sulphate is produced by heating gypsum, resulting in a dry powder. 

Adding water to this powder results in an exothermic reaction leading to crystallization and 

hardening of the preparation. Four calcium sulphate products are available in the Neth-

erlands: Bone Plast®, MIIG® X3, OsteoSet®, and Stimulan®. MIIG® X3 and OsteoSet® are 

chemically identical; however, MIIG® X3 is available in paste, were as OsteoSet® is available 

in granules or blocks.

2.1. Structural properties

No data on structural properties of calcium sulphate bone substitute materials has been found.

2.2. Biological properties

Calcium sulphates appear to function as a resorbable osteoconductive scaffold that provides 

the structural framework necessary for angiogenesis and osteogenesis while preventing soft 

tissue invasion by acting as a void filler; however, they lack not only osteogenic but also 

osteoinductive properties. Calcium sulphate is considered biocompatible, electing little or 

no macrophagic reaction, and is fully dissolved within 6-12 weeks 201. MIIG® X3 was found 

to be osteoconductive 129-131. The use of OsteoSet® resulted in a 8-35% new bone ingrowth 

in animal experiments 132-135, 201 which was found to be equivalent to autogenous and allo-

genic bone grafts 201. However, in two studies no osteoconductive potential of OsteoSet® 

was noted 136, 137. No data on osteoconductive properties of Bone Plast® and Stimulan® were 

found.

2.3. Biomechanical properties

Compression strength of OsteoSet® and MIIG® X3 were attained in similar experiments, 

using in vivo samples which were implanted in for 26 weeks in the humerus of dogs. Com-

pression strength of OsteoSet® was 0.6-0.9MPa 133, 135 and of MIIG® X3 0.6MPa 135. Young’s 

modulus of OsteoSet® was 59MPa 133. No data on biomechanical properties of Bone Plast® 

and Stimulan® was found.

2.4. Clinical indications

Calcium sulphate bone substitutes are mainly used to fill bony voids resulting of tumour 

resection surgery. Kelly et al used MIIG® X3 to graft bone defects of the distal tibia, patella, 

calcaneus, ileum, femur, and humerus 129. But MIIG® X3 may also be used to treat both 

proximal 130, 135 and distal tibia fractures 135. Twenty-one tibia plateau fractures were treated 
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with MIIG® X3 and internal fixation, resulting in complete fracture healing and graft resorp-

tion after twelve weeks 130.

OsteoSet® fills defects of the humerus, radius, ulna, femur, tibia, fibula and calcaneus 
138, 194, 196, 197, 202. However, OsteoSet® may not provide sufficient biomechanical support as 

several stress fractures after grafting have been reported 195, 196 and a self-limiting local sterile 

inflammatory reaction occurred in 4-20% of graft sites 196, 203, 204. In one case convulsions as 

complication with elevated calcium was reported after use of OsteoSet® in a lumbar fracture 
205. Also Bone Plast® may be indicated as it has been used in pelvic, humerus, calcaneus and 

femoral bone after aspiration of recurrent aneurysmal bone cysts 193. No data on Stimulan® 

was found.

3. Bioactive glass

Bioactive glasses are hard, solid (non-porous), materials consisting of four components: 

sodium oxide, calcium oxide, silicon dioxide (silicate, the main component) and phos-

phorous 45. By varying the proportions of sodium oxide, calcium oxide and silicon dioxide, 

soluble and non-resorbable bone substitute mateials can be made 206. Cortoss® is the only 

bioactive glass that is available in the Netherlands.

3.1. Structural properties

Bioactive glasses can be manufactured into microspheres, fibers and porous implants. Cor-

toss® is available as a paste, but no data concerning other structural properties of Cortoss®, 

such as porosity and pore size, was found.

3.2. Biological properties

Bone substitute grafts within the group of bioactive glass display osteoconductive and also 

some osteoinductive properties 45. They are bioactive, as they interact with the body 31. 

Bioactivity depends upon the SiO2 content; the bonding between bone and glass is best 

if the bioactive glass contains 45-52% SiO2 31. The strong graft-bone bonding occurs as 

a result of the formation of a silicate rich layer after contact with body fluids. On top of 

this, a layer of hydroxyapatite will form, which directs new bone formation together with 

protein absorption. The extracellular proteins attract macrophages, mesenchymal stromal 

cells, and osteoprogenitor cells. Subsequently, the osteoprogenitor cells proliferate into 

matrix-producing osteoblasts 30, 31. Cortoss® has osteoconductive properties 139, but is not 

resorbed 140. It does not induce cytotoxicity 207, and offers biocompatibility and reduced risk 

of thermal necrosis 208.

3.3. Biomechanical properties

Bioactive glass possesses superior mechanical strength compared with calcium phos-

phates, as a result of a strong graft-bone bonding 45. Cortoss® has a compression strength 
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of 91-179MPa  with a shear strength of 8.4MPa, which is significantly higher than PMMA 

used as bone cement 153, 154. Manufactures information also provides a Young’s modulus of 

6,400MPa and a tensile strength of 52MPa; however this was not confirmed in other studies.

3.4. Clinical indications

The first reports on clinical applications of bioactive glass emerge in the 1980s 209. Since 

then, bioactive glass has been applied for craniofacial reconstructive surgery, dental surgery 

and trauma or orthopaedic surgery. Reports on clinical applications of Cortoss® are few; no 

randomized controlled trials have been conducted. Andreassen et al evaluated the use of 

Cortoss® for screw augmentation in 37 Weber type B ankle fractures. After two years, no 

screw loosening occurred 198. The use of Cortoss® may relieve pain when used in vertebro-

plasty 199, 210. One case report was published in which successful treatment of an unstable 

distal radius fracture was described 140.

Discussion

The repair of large bone defects resulting of trauma or disease remains a major problem in 

trauma and orthopaedic surgery. Treatment options depend upon size and location of the 

defect, but patient characteristics like bone quality, age, and co-morbidities also affect out-

come. The past decade, an increasing number of bone substitute materials became available 

for use in trauma and orthopaedic surgery. This systemic literature review was conducted 

in order to provide a comprehensive overview of characteristics and clinical indications 

of products available in the Netherlands. Eighteen products, varying in composition and 

structure, have been reviewed. These products are widely available worldwide, therefore the 

information provided is relevant for many other countries as well.

Structural, biological and biomechanical properties of bone substitute materials are 

critical in their clinical success. Calcium phosphates may possess osteoinductive properties 

under certain conditions 69, 70. Of the 18 selected products, osteoinductivity was only found 

with the use of BoneSource®. Overall, osteoconductive properties could be confirmed for 

almost all included calcium phosphates, calcium sulphates and for bioactive glass. Unfor-

tunately, major differences in experimental design (e.g. animal models) and absence of a 

standardized scoring system to define quality and quantity of new bone formation troubles 

the direct comparison among included bone substitute materials.

In order to acquire osteoconductive properties, pore size and porosity, and the degra-

dation potential of the bone substitute material are essential. A macroporous structure of 

pores ranging 150-500µm in size is considered optimal for ingrowth of new bone 211, 212. 

In addition, interconnective pores increases new bone ingrowth 211, 213, 214. Microporosity 

(e.g. pores <5µm) is considered important for bioresorbable properties of the material 215. 
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Resorption rates differ substantially between the products, mainly due to their chemical 

composition. On average, sintered HA is rather inert, and hardly shows any resorption even 

after ten years. Tricalcium phosphate and calcium phosphate cement composites, on the 

other hand, are degraded within approximately two years as a result of osteoclastic activity 
55. Calcium sulphates are generally dissolved within 8-12 weeks 216. Resorption of bioactive 

glass is variable, and depends upon the relative amounts of sodium oxide, calcium oxide, 

silicon dioxide, and phosphorous present 45.

Based upon their structure, hydroxyapatite and tricalcium phosphate ceramics have the 

advantage of offering a sufficient macroporous structure to facilitate new bone ingrowth. 

Optimized pore size was confirmed for the products Endobon® and ChronOSTM (Table 3). 

On the other hand, rather quick resorption of calcium sulphate products provides space for 

new bone formation and prevents the early formation of fibrotic tissue; however, resorption 

may be completed before sufficient new bone formation. The same accounts for the biode-

gradable calcium phosphate cements, however their resorption time is slower compared 

with calcium sulphate products and depends mainly on their chemical composition.

Besides optimal biological properties, bone substitutes should offer direct structural sup-

port to surrounding bone and soft tissues. The biomechanical strength is the resultant of a 

complex interplay between the bone and bone substitute material. In an ideal situation a 

bone void is grafted by a bone substitute material that offers biomechanical strength similar 

as the bone being replaced. However, the biomechanical behavior of bone substitute mate-

rials may undergo changes as a resultant of in vivo interactions, e.g. osteointegration, bone 

incorporation, and bioresorption of the substitute materials. The biomechanical properties of 

bone itself, on the other hand, differ according to their structure (cortical or cancellous) and 

function (weight-bearing or non weight-bearing). Grafting a defect with a bone substitute 

material that has a higher initial biomechanical strength than the surrounding bone may 

result in stress-shielding and subsequent bone resorption at the bone-implant interface, or 

may lead to delayed fractures along the bone-implant interface. Using a bone substitute 

material with a lower biomechanical strength than the surrounding bone may lead to 

delayed fractures due to the lack of biomechanical stability. As mentioned above, the differ-

ent products have different resorption rates. Provided that the biodegradation process works 

as designed, each product may ultimately resorb and remodel back into normal bone. If that 

holds true, the long-term strength of the restored bone may be similar for different products.

Human cortical bone has a compression strength of 130-290MPa and a tensile strength 

of 90-190MPa, whereas the compression strength of cancellous bone ranges between 2 and 

38MPa 217. None of the included bone substitute materials offers biomechanical strengths 

similar to cortical bone, although bioactive glass (Cortoss®) has a compression strength 

of 91-197MPa, tensile strength does not reach values comparable to cortical bone 154, 198. 

Calcium phosphates possess compression strengths comparable to cancellous bone, but the 

main drawback of calcium phosphates remains their limited resistance to tensile and shear 
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forces, making it vulnerable to crackling and subsequent material failure. Calcium sulphates 

alone provide minimal structural support and are not suitable in cases were structural sup-

port is required (Table 4).

All included bone graft substitutes are available for use in trauma and orthopaedic surgery 

in the Netherlands and an overview of clinical indications is given in Table 5. No bone graft 

substitute seems to be suitable for grafting weight-bearing bone defects without additive 

support. Calcium phosphates may be used to fill metaphyseal bone defects at various loca-

tions of the lower extremity. The use of Norian SRS® in femur fractures is supported by level 

II evidence (Table 5). Norian SRS®, BoneSource®, Endobon® and Ostim® have also been 

used to fill bony defects of the calcaneus, proximal tibia, distal tibia, or proximal femur, but 

the clinical evidence remains limited to level IV and consists mainly of level V evidence. In 

the lower extremity, calcium sulphate is rarely used. Most likely because it offers minimal 

biomechanical strength. Although bioactive glass offers acceptable biomechanical strength, 

no evidence was found for their use in the lower extremity. Again, in the upper extrem-

ity, calcium phosphates are most frequently used. The use of Norian SRS® in distal radius 

fractures is supported by level II evidence. In addition, hydroxyapatite ceramics may also 

be used in open surgical technique to treat distal radius fractures. Furthermore, bioactive 

glass Cortoss® (Level V) and calcium phosphate Calcibon® (Level II) can be used in vertebral 

fractures as alternative for PMMA. Calcium sulphates are generally used to fill bone defects 

after tumour resection surgery, however their minimal biomechanical support may result in 

secondary fractures.

The data of the current systematic literature review show that vital data concerning struc-

tural, biological, biomechanical behaviour or the use of bone graft substitute for specific 

clinical indications is limited or incomplete. Additional high-quality scientific evidence is 

necessary in order to adequately state the clinical benefit of those products as a bone graft 

substitute. Evidence regarding their clinical use in trauma and orthopaedic surgery comes 

mainly from uncontrolled case series (clinical evidence level V). The absence of a control 

group in this type of research makes it difficult to draw sound conclusions regarding the 

beneficial effects except the avoidance of autograft or allograft-related complications. Three 

products have been tested in randomized controlled trials (RCTs); Calcibon®, BoneSource® 

and Norian SRS®. Although not available for use in the Netherlands, and hence not included 

in this review, a properly designed RCT , and within the literature more well conducted 

RTCs has also been published on the use of α-BSM 218. This shows that RCTs on efficacy of 

bone graft substitutes in trauma and orthopaedic surgery are feasible.

A potential weakness of this study could be the used search strategy which forms the 

basis of our conclusions. Included products were searched in multiple databases by using 

product name as search term. By this method we might have missed studies which did not 

specify the product being used. However, the aim of this systematic review was to provide 

an overview of available pre-clinical and clinical evidence for the use of bone substitute 
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materials in clinical practice that may guide surgeons for selecting the best product for a 

particular clinical indication. Therefore manuscripts not specifying the product being used 

could not be included. The data shown in this manuscript also show that materials consisting 

of similar chemical compositions do not necessarily possess the same structural, biological 

and biomechanical properties Differences in production methods (sintered materials versus 

cements), or in micro- and macrostructure also influences the biological and biomechanical 

behavior of the material in situ.

This review focuses on the first and vital step to facilitate new bone formation: the cre-

ation of an osteoconductive scaffold, as this will be the first clinical step in the treatment 

of bone defect. In a majority of cases, an osteoconductive scaffold will provide adequate 

support and will sufficiently facilitate new bone formation by the invasion of nearby bone 

forming cells. Only in cases where the surrounding bone has insufficient osteoinductive 

potential, adjunctive growth stimuli such as bone morphogenetic proteins (BMPs) or bone 

marrow aspirate may be needed in combination with a void filler. The use of growth factors 

has been reviewed elsewhere 219, 220.

Conclusion

The 18 bone graft substitutes available in the Netherlands represent a variety of forms, struc-

ture and chemical composition. Some of them have been investigated thoroughly, for other 

there is limited data available. Determining which bone graft substitute to use for different 

clinical indications is based on many factors including the size and location of the bone 

defect as well as structural, biological and biomechanical properties of the material itself. 

Calcium phosphates have been used for most trauma and orthopaedic surgery procedures 

when a grafting is necessary to restore bone defects. Calcium sulphates were mainly used 

to restore bone defects after tumour resection surgery and do not even offer sufficient bio-

mechanical support to be used. Bioactive glass remains an interesting alternative; however 

its use in trauma and orthopaedic surgery is only reported in a limited number of studies. 

To further improve decision making of bone graft substitutes to treat bone defects, more 

standardized research to explore the full potential of calcium phosphate, calcium sulphate 

and bioactive glass is recommended.
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Abstract

Since the introduction of calcium phosphate cements (CPCs) in 1985, a number of CPCs 

became predominantly commercially available for use in trauma and orthopaedic surgery. 

The aim of this technical note was to provide the relevant knowledge about CPCs that may 

improve the selection of CPCs for bone defects encountered in trauma and orthopaedic 

surgery. This includes a classification based on the chemical composition, and details about 

structural, mechanical and biological properties. Furthermore, the biological performance 

of each CPC was assessed in an animal study. And finally, a systematic literature search was 

conducted to provide a comprehensive overview of currently available clinical literature of 

these CPCs in trauma and orthopaedic surgery.
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Introduction

Half of the population sustains at least one fracture during their lifetime 221, and the majority 

of these fractures heal successfully. Successful fracture healing requires the following five 

elements; (1) osteogenic cells (e.g. osteoblasts), (2) osteoinductive stimuli (e.g. bone mor-

phogenetic proteins); (3) an osteoconductive matrix; (4) adequate blood and nutrient supply, 

and (5) sufficient mechanical support 222. One or more elements can be compromised due 

to the existence of a bone defect. Bone defects are treated with bone grafts in order to avoid 

insufficient fracture healing. Insufficient fracture healing is encountered in 5 to 10% of the 

fractures, resulting in delayed unions, malunions, or non-unions 8.

Most commonly used bone graft material is autologous bone. Autologous bone is usu-

ally harvested from the iliac crest 44. However, harvesting autologous bone lengthens the 

surgical procedure and is associated with complications in 8-39% of patients (e.g. infection, 

nerve and urethral injury, and postoperative or chronic pain) 17. An alternative option is to 

use allogeneic bone. However, allogeneic bone grafting is considered suboptimal since it 

has biocompatibility disadvantages 51. The disadvantages of autologous and allogeneic bone 

grafts have resulted in the development of alternative (synthetic) bone substitute materi-

als. The most interesting group of bone substitute materials is probably calcium phosphate 

(CaP), because CaPs mimic the mineral part of natural bone 55.

CaP-based bone substitutes have been studied for several decades 223 and they can be 

categorized into CaP ceramics and CaP cements (CPC) 55. CaP ceramics are obtained by 

thermal treatment (sintering), generally resulting in solid grafting materials (e.g. blocks or 

granules). CPCs, on the other hand, consist of CaP powder that forms a paste upon mixing 

with a liquid. Mixing is usually done during surgery and the resulting paste becomes solid 

within several minutes through an isothermic chemical setting reaction. During this set-

ting reaction, the CPCs can be moulded by the surgeon into any desired shape in order to 

completely fill the defect.

Since the introduction of CPC in 1985 by Brown and Chow, a number of CPCs have 

become commercially available for trauma and orthopaedic surgery 25. Trauma or ortho-

paedic surgeons are therefore given the opportunity to select a CPC that meets the specific 

demands of each bone defect that requires bone grafting. The aim of this technical note 

was to provide a comprehensive overview of knowledge of commonly used CPCs that may 

improve this selection for bone defects encountered during fracture treatment. The chemical 

composition and structural, mechanical and biological properties of the four predominantly 

used CPC products (Table 1) are discussed. In addition, the biological properties were 

evaluated in a large animal bone defect model. Finally, a systematic literature search was 

conducted in order to provide insight into the available clinical evidence supporting to use 

of these CPC products to graft bone defects encountered during fracture treatment.
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Calcium phosphate cements

CPCs can be classified based upon the setting product of the CPC into apatite-forming and 

brushite-forming CPCs. This classification refers to the degree of crystallinity of the CaP 

formed and has a direct impact on their resorption rate. The resorption of an apatite-forming 

CPCs is very limited and takes many years, whereas the resorption of brushite-forming CPCs 

takes place within several months 55. Commercially available apatite-forming CPCs are 

BoneSource®, Calcibon®, and Norian SRS®, a brushite-forming CPC is ChronOSTM Inject 

(Table 2). CPC products are available in several quantities, ranging from 1.5cc to 30cc (Table 

1), and depending on the CPC product the setting reaction will take five (Calcibon®) or 15 

minutes (Norian SRS®) to be completed once the components are mixed (Table 2).

It is necessary to distinguish CPCs from ceramic CaPs. The ceramic CaPs are acquired 

from heating (sintering) of calcium phosphate powder up to 800-1300°C. This heating 

results in formation of solid porous blocks or granules that can consist of hydroxyapatite 

(HA), tricalcium phosphate (TCP) or a combination HA and TCP (composites). Examples of 

commercially available CaP ceramics are BoneSave®, Camceram®, Cerabone®, ChronOSTM, 

Endobon®, Ostim®, Pro Osteon 500®, and Vitoss® 23.

Table 1. Product specifications

Product Manufacturer Available volumes

BoneSource® Stryker 1.5cc, 3cc, 6cc, 15cc, 30cc

Calcibon® Biomet 4cc, 8cc, 16cc

ChronOSTM Inject DePuy Synthes 2.5cc, 5cc, 10cc

Norian SRS® DePuy Synthes 3cc, 5cc, 10cc

Table 2. Chemical composition and mixing properties

Product Chemical composition Mixing 
time

Final 
setting 

time

Final 
setting

product55

BoneSource® 80% TCP / 20% HA 2-4m 5-10m apatite

Calcibon® 62.5% α-TCP / 26.8% DCPA / 8.9% CaCO3 
/ 1.8% HA

1m 5m apatite

ChronOSTM 
Inject

73% β-TCP / 21% MCP.H2O / 5% MHPT 1m 11m brushite

Norian SRS® α-TCP / CaCO3 / MCP.H2O 1m 15m apatite

CaCO3, calcium carbonate; DCPA, dicalcium phosphate anhydrous; HA, hydroxyapatite; MCP.H2O, monocalcium 
phosphate monohydrate; MHPT, magnesium hydrogen phosphate trihydrate; TCP, tricalcium phosphate.
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1. Structural properties

CPCs are generally described as being osteoconductive 224. Osteoconduction is defined 

as the ability of a graft material to function as a scaffold that allows ingrowth of bone and 

vascular tissues 211. A scaffold that offers an open porous structure with pore dimensions 

of 150-500 µm is considered optimal for bone ingrowth 211. CPCs generally form dense 

structures with limited porosity (Table 3). In vitro µCT measurements indicate that the poros-

ity of ChronOSTM Inject is only 5±1%, and that the porosity of apatite-CPCs does not exceed 

5% (BoneSource® 0.4±0.3%, Calcibon® 0.9±0.5%, Norian SRS® 0.3±0.2%) 225. Furthermore 

the majority of these pores is smaller than 150µm. Average pore size of ChronOSTM Inject 

is 100µm, and 18% of these pores exceed the size of 150µm. Average pore sizes of other 

apatite-CPCs is ~50µm and the fraction that exceeds the size of 150µm is less than 4%.

2. Mechanical properties

Mechanical properties of a bone substitute material should ideally be comparable to the 

bone being replaced, however mechanical properties of bone differ according to their 

structure (cortical or trabecular bone) and function (weight-bearing or non weight-bearing). 

Compression strength of human cortical bone is in the range of 130 to 190MPa, whereas 

trabecular bone has a compression strength of 8 to 38MPa. Apatite-CPCs were found to have 

a compression strength in the range of trabecular bone (Table 3); Calcibon® has the highest 

compression strength (34±7MPa), followed by Norian SRS® (26±7MPa) and BoneSource® 

(14±3MPa). The brushite-CPC ChronOSTM Inject has a compression strength that is much 

lower, it does not exceed values of 1MPa 225.

3. Biological properties

Biological properties of four CPCs were studied in a drill-hole tibia bone defect model 

in goats 124. This model allows for a direct comparison of different CPCs. Three months 

after grafting the drill-hole defects with different CPCs, resorption and bone formation 

were determined using µCT scanning, histology, and fluorochrome labeling. The study was 

approved by the institution’s Animal Ethics Committee (EUR1540).

Table 3. Structural and mechanical properties

Product Porosity (%)225 Compression strength (MPa)225

BoneSource® 0.4 14

Calcibon® 0.9 34

ChronOSTM Inject 4.5 1

Norian SRS® 0.3 26
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3.1. Animal experiment

In five skeletally mature female milk goats, each weighing 50-60kg, a drill-hole bone defect 

model was used in which three holes were created at the diaphysis of the right tibia. Two of 

the holes were grafted with a CPC and one was left empty, serving as a control. All products 

were tested in duplicate and randomized over the proximal, distal and middle holes. After 

three months, the goats were killed and the grafted bone defects were analysed using µCT, 

histology, and fluorochrome labeling.

3.2. Surgical procedure

The operation was performed under general anaesthesia induced by an intravenous injec-

tion of 0.3ml medetomidine (1mg/ml) followed by 20ml propofol (10mg/ml) and maintained 

by isoflurane 1.5% through a constant volume ventilator, administered through an endotra-

cheal tube. The goats received prophylactic antibiotics according to the following scheme: 

12.5ml amoxicillin (48mg/ml) at the start of the operation and 7.5ml ampicillin (100mg/ml) 

during the operation; and two and four days after the operation.

Before surgery, the animal was immobilized on its right side and the right limb was 

shaved, washed, and disinfected with povidone-iodine. A longitudinal incision was made 

on the medial surface of the tibia, and the bone was exposed by blunt dissection. Three 

unicortical 2.0mm diameter holes were drilled at low rotational drill speeds and continuous 

cooling with cold physiologic saline, with an interspace of 2.5cm. The 2.0mm diameter 

holes were enlarged to 5.0mm diameter and irrigated and packed with sterile cotton gauze, 

and the calcium phosphate cements were then prepared. Subsequently, the cements were 

injected into the bone defects and allowed to solidify. Any extruding material was removed. 

The soft tissues and skin were closed in separate layers with Vicryl sutures. Post-operative 

analgesia consisted of 0.8ml buprenorphine (300µg/ml) and 1.0ml flunixin (50mg/ml) on 

day one to three after surgery.

3.3. Fluorochrome labeling

The fluorochrome labels were administered intravenously at 14 days (tetracycline hydro-

chloride, 30mg/kg (Sigma)) and four days (calcein, 10mg/kg intravenously (Sigma)) before 

they were killed using an overdose pentobarbital.

3.4. μCT evaluation

The right tibias were taken out and trimmed to a suitable size for µCT scanning. A 9µm 

resolution protocol (75kV energy, 133µA current, 1.0mm Al filter) was used with a SkyScan 

1076 µCT scanner (Bruker micro-CT N.V., Kontich, Belgium). The CT images were recon-

structed using NRecon software version 1.5 (Bruker micro-CT N.V., Kontich, Belgium).

Johan van der Stok - Binnenwerk.indd   42 01-04-15   10:45



Calcium phosphate cements 43

C
ha

pt
er

 3

3.5. Histological evaluation

After µCT scanning, each tibia was trimmed to a size suitable for histological processing. 

Subsequently, all specimens were fixed in paraformaldehyde (4%) overnight, dehydrated 

in a graded series of ethanol, and embedded in methylmethacrylate (MMA). After poly-

merisation, undecalcified thin (6µm) sections were made with a heavy duty microtome in 

a transverse direction through the middle of the defect area. Sections were stained using 

Goldner’s trichrome and evaluated with a light microscope (Olympus BX50). Fluorochrome 

labels were evaluated in unstained sections using an epifluorescence microscope (Axiovert 

200MOT/Carl Zeiss) equipped with a double filter block.

Bone Source®

Calcibon®

Norian SRS®

ChronOSTM Inject

Brushite-CPC

Apatite-CPC Overview Detailed view

µCT Goldner's
Trichrome

S
S

S

S

S
S

S

S B

B

BB

B
B

BB

Figure 1: Filling capability of CPCs in a drill-hole defect.
µCT and corresponding Goldner’s trichrome histological images. S, bone substitute material; B, bone. Bar indicates 
1mm.

Johan van der Stok - Binnenwerk.indd   43 01-04-15   10:45



44 Chapter 3

3.6. Biological properties

The µCT scans acquired at three months after grafting showed that drill-hole defects 

remained adequately filled by apatite-based CPCs (BoneSource®, Calcibon®, and Norian 

SRS®). This indicates limited resorption of apatite-CPCs whereas using ChronOSTM Inject 

resulted in a partially remaining bone defect (Figure 1); the latter is most likely the result 

of fast resorption of this brushite-CPC. Detailed views of defects with CPCs showed that 

it is difficult to distinguish CPC from native bone as the radiographic density is very close 

(BoneSource®, Norian SRS®) or even similar (Calcibon®, ChronOSTM Inject) to native bone. 

These similar radiographic densities obstruct a quantitative analysis from these µCT images 

of newly formed bone and remaining CPC volumes.

Histology confirmed that resorption rate of apatite-CPCs is very limited and that, as a 

result, these CPCs remained largely intact (Figure 2). Calcibon® still covered almost the 

complete defect and hardly any bone ingrowth had appeared within three months. Further-

more little activity of bone formation at the CPC-interface, indicated by the fluorochrome 

labels, was found in defects grafted with Calcibon®. Although BoneSource® also covered the 

majority of the defect, some resorption did take place within the three months follow-up. 

Goldner's
Trichrome

Brushite-CPC

Fluorochrome
labeling

Bone Source®

Calcibon®

Norian SRS®

ChronOSTM Inject

Apatite-CPC

S
S

S

S

B B

B

B

B
B

B
B

S

S

S

Figure 2: CPC integration and 
bone forming activity at the CPC-
interface.
Goldner’s trichrome histological images 
of the CPC-interface and corresponding 
fluorochrome images. S, substitute mate-
rial; B, bone. Red label is tetracycline and 
green label is calcein green. Bar indicates 
1mm.
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The fact that BoneSource® resorbed slowly was also shown by Welch et al 117. In their study, 

subchondral femoral bone defects in goats were grafted with BoneSource®, and 38% of the 

CPC was still present after two years. A similar resorption pattern was also seen for Norian 

SRS®. Apelt et al indicated that approximately 5% of Norian SRS® was resorbed at six months 

after grafting a comparable subchondral bone defect in sheep 96. The minimal appearance of 

fluorochrome labels at CPC-interface of tibia defects grafted with BoneSource® and Norian 

SRS® also indicate little bone forming activity (Figure 2).

Histology of the only brushite-based CPC, ChronOSTM Inject, indicated indeed that most 

of CPC was resorbed within three months. This was also shown by Apelt et al, who found 

that only 20% of ChronOSTM Inject was still present six months after grafting subchondral 

bone defects in sheep 96. In the periphery of the defect, ChronOSTM Inject had resorbed and 

was replaced by new bone. After three months, only some bits of CPC were found within 

the center of the defect (Figure 2). Contrary to the limited bone forming activity found for 

apatite-CPCs, this brushite-CPC seemed to elect a bone formation activity almost throughout 

the complete CPC-interface (Figure 2).

4. Clinical evidence in fracture treatment

A systematic literature search was conducted using the product names of all products (Table 

1) as search terms in PubMed database. PubMed database was searched from the earliest 

date available until October 26, 2012. The following filters were used: species (human), 

languages (Dutch, English, or German), search fields (Text word). Retrieved manuscripts 

were only included when they contained original research on CPC use in trauma and 

orthopaedic-related indications. Manuscripts were excluded when they only contained data 

describing in vitro (e.g. cellular response or cadaver studies) or animal experiments, or when 

the CPC was used in other than trauma and orthopaedic-related indications (e.g.dental or 

craniofacial surgery). All references of included manuscripts were reviewed in order to 

ensure that no relevant papers had been missed.

The systematic literature search resulted in 78 eligible manuscripts. Thirty-three of these 

manuscripts were selected for final inclusion, including one additional reference (Table 4). 

The included manuscripts consisted of ten clinical trials, two case-control studies, 20 case-

series and one case-report. The four CPC have been used to graft bone defects encountered 

in treatment of humerus, radius, femur, tibia, calcaneus, vertebra, and odontoid factures 

(Table 5), as well as bone defect encountered during knee or hip revision surgery and treat-

ment of endochondrale bone cysts.

BoneSource® was subjected to one multicenter prospective randomized trial 119. 

Metaphyseal bone defects of 38 fractures, including femur, tibia, calcaneus, humerus, and 

distal radius fractures were grafted with either BoneSource® or autologous bone. Adequate 

reduction was maintained in 83% of the defects treated with BoneSource® versus 67% of the 

defect treated with autologous bone. Furthermore, reduction and injection of BoneSource® 
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was compared with reduction and fixation with K-wires as a treatment for displaced distal 

radius fractures 182. In their study, all clinical and radiographic parameters were worse after 

26 weeks in the BoneSource® groups, and they concluded that BoneSource® alone does not 

provide sufficient fixation after reduction of displaced radial fractures.

Calcibon® is mostly used for grafting defects resulting of (osteoporotic) vertebral fractures. 

One prospective trial 184, several prospective 91, 123, 185 and retrospective 183 case-series all 

indicate that grafting with Calcibon® gives comparable results to using polymethylmeth-

acrylaat (PMMA).

Norian SRS® is described in more than 20 manuscripts and has been used as a bone graft 

for filling bone voids resulting of fractures of the proximal humerus, distal radius, proximal 

femur, proximal tibia, or calcaneus, as well as in odontoid fractures. Keating et al treated 

49 lateral tibia plateau fractures with internal fixation and Norian SRS®. After one year, 95% 

had good or excellent Rasmussen knee scores but also 20% showed radiological evidence 

of post-traumatic osteoarthritis 178. In a randomized controlled trial including 323 patients, 

percutaneous injection of Norian SRS® after closed reduction of displaced distal radius 

fractures resulted in accelerated rehabilitation and improved clinical outcomes after two 

years compared with reduction only 169. Norian SRS® was used for grafting defects resulting 

from calcaneal fractures and it allowed full weight-bearing as early as three weeks after 

open reduction and internal fixation 94. Furthermore, the use of Norian SRS® has used in 

acetabular cup revision surgery (case-report 226), knee replacement surgery (case-series 227). 

One study that was designed to treat enchondromas with Norian SRS® was stopped because 

three of the four included patients had severe pain after curettage of enchondroma and 

subsequent grafting with Norian SRS® 228.

ChronOSTM Inject is indicated for use in femur, tibia, calcaneus, humerus, and radius 

fractures by the manufacturer, however there were no clinical studies found that describe 

the use of ChronOSTM Inject in this indication (Table 5). ChonOSTM Inject has been used to 

Table 4. Number of publications retrieved during the systematic literature search

Products Inclusion Exclusion Final

PubMed 
Search

In vitro 
experi-
ments

Animal 
experi-
ments

Different 
indication

Other
Additional 
refer-
ences

Apatite-CPC

BoneSource® 23 9 1 11 1 1 1

Calcibon® 5 1 0 0 0 0 4

Norian SRS® 48 9 0 6 6 0 27

Brushite-CPC

ChronOSTM Inject 2 1 0 0 0 0 1
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treat benign bone cysts in children. After treating 24 pediatric patients, ChonOSTM Inject was 

found to be safe and therefore could provide an alternative treatment for benign bone cysts 

in children 189.

Discussion

Commercially available CPCs have different mechanical, structural and biological proper-

ties. Mechanical, structural and biological properties are mainly explained by their chemical 

composition. Based on chemical composition, CPCs can be classified into apatite-forming 

and brushite-forming CPCs. This classification may prove helpful in selection of CPCs for 

bone defects at specific fracture sites. In general, apatite-forming CPCs offer more mechani-

cal strength and have a low resorption rate. Brushite-forming CPCs, on the other hand, offer 

only limited mechanical strength and have a high resorption rate.

Bone graft substitutes should offer mechanical support to surrounding bone and soft tis-

sues in order to facilitate fracture healing. Apatite-forming CPCs have compression strengths 

in the range of trabecular bone (Table 3), and may therefore be most suitable to graft defects 

of metaphyseal bone defect. Brushite-forming CPCs only offer minimal mechanical strength, 

and they should therefore only be used in situations in which sufficient mechanical stability 

can already be acquired using fixation hardware. Overall, CPCs do not possess sufficient 

mechanical strength to be used in cortical or weight-bearing bone defect.

Table 5. Clinical evidence for CPC use in fracture surgery

Products Fracture
Pr

ox
im

al
 H

um
er

us

D
is

ta
l R

ad
iu

s

Pr
ox

im
al

 F
em

ur

Pr
ox

im
al

 T
ib

ia

C
al

ca
ne

al

Ve
rt

eb
ra

l

O
do

nt
oi

d

Apatite-CPC

BoneSource® IV119 IV 119, 182 IV 119 IV 119 IV 119 N.D. N.D.

Calcibon® N.D. x N.D. x x II 91, 183-185 N.D.

Norian SRS® V 164, 229 II 128, 165-172, 

230-232
II 179, 180, 

190, 233
V174-177 V 94, 181, 234 N.D. VI 235

Brushite-CPC

ChronOSTM Inject x x x x x N.D. N.D.

I–VI, the highest clinical level of evidence according to Mahid et al 52 supporting the use for specific indication; x, 
indicated by manufacturer only; N.D., no data available.
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µCT data indicates that CPCs form a rather dense structure with only a limited amount of 

pores that may allow bone and vessel ingrowth. The working mechanism in which CPCs can 

support bone formation is therefore more likely based on gradual resorption of the CPC and 

subsequent bone formation. Resorption of CPCs is an active process mediated by osteoclasts 
55. The resorption rate is an interplay of chemical composition, structure and volume of 

the CPC and the availability and activity of osteoclasts. Resorption of CPC should be fol-

lowed by bone formation until complete regeneration of the bone defects has occurred. The 

regenerative potential of the surrounding bone should therefore be taken into account, and 

when rapid bone formation can be expected, fast resorbing brushite-forming CPCs, such as 

ChronOSTM Inject, may be preferred over apatite-forming CPCs.

CPCs are mostly studied as a bone graft substitute in metaphyseal bone defects (Table 5). 

Grafted metaphyseal bone defects include fractures of the femur, tibia, calcaneus, humerus, 

radius, and vertebra. The majority of the studies included in the systematic literature search 

consist of case-series. Case-series can provide relevant knowledge about the specific indica-

tion in which a CPC can be used or the relative safety, however they are not the preferred 

level of evidence to draw well-founded conclusions on the clinical benefits of using CPCs. 

Furthermore, the average number of clinical studies performed with each CPC product is 

surprisingly low, especially for BoneSource®, ChronOSTM Inject and Calcibon® (Table 4). 

More clinical studies, preferably randomized controlled trials, are therefore desired and can 

contribute to better understanding of the potential indications and benefits of different CPC 

products.

Limitations

There are limitations to this work. Firstly, the selection of CPC products was based upon 

their availability for use in trauma and orthopaedic surgery in the Netherlands. The included 

products are widely available and used worldwide, which supports a wide relevance of this 

paper. On the other side, several other CPC products such as Norian Drillable®, HydroSet®, 

alpha-BSM® and Callos® were not included. Furthermore, biological properties were studied 

in a tibia drill-hole defect model. This model has the advantage over other models that it 

allows for evaluation of multiple CPCs within one animal. This makes direct comparison 

of the studied CPCs more relevant. On the other hand, this bone defect model might be 

clinically less relevant, since CPC products are predominantly used to graft metaphyseal 

bone defects. Therefore, whether metaphyseal bone defects can successfully be grafted with 

the studied CPC cannot be directly translated from their performance in this model. The 

biological properties as described here provide important clues that can help to determine 

which product is most suitable for each type of bone defect encountered during clinical 

practice. Missing publications which did not explicitly specify the product name cannot be 
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considered a limitation, since this systematic search was conducted to provide insight into 

the available clinical evidence of the commercially available CPC products, helping trauma 

and orthopaedic surgeons to select the most suitable product. Mentioning the product name 

was therefore essential for this study.
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Abstract

In the present study, two open porous calcium phosphate ceramics, β-tricalcium phosphate 

(β-TCP), and hydroxyapatite (HA) were compared in a critical-sized cortical defect in rats. 

Previous comparisons of these two ceramics showed significantly greater osteoinductive 

potential of β-TCP upon intramuscular implantation and a better performance in a spinal 

fusion model in dogs. Results of the current study also showed significantly more bone for-

mation in defects grafted with β-TCP compared to HA; however, both the ceramics were not 

capable of increasing bone formation to such extend that it bridges the defect. Furthermore, 

a more pronounced degradation of β-TCP was observed as compared to HA. Progression 

of inflammation and initiation of new bone formation were assessed for both materials at 

multiple time points by histological and fluorochrome-based analyses. Until twelve days 

post-implantation, a strong inflammatory response in absence of new bone formation was 

observed in both ceramics, without obvious differences between the two materials. Four 

weeks post-implantation, signs of new bone formation were found in both β-TCP and HA. At 

six weeks, inflammation had subsided in both ceramics while bone deposition continued. 

In conclusion, the two ceramics differed in the amount of bone formed after eight weeks of 

implantation, whereas no differences were found in the duration of the inflammatory phase 

after implantation or initiation of new bone formation.
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Introduction

Autologous bone is currently the gold standard for grafting bone defects. However, the lim-

ited availability and post-operative complications associated with the harvesting procedure 

site have necessitated the search for bone graft substitutes 236. Bone substitute materials 

such as calcium phosphate (CaP) ceramics, have been used in a widespread of trauma and 

orthopaedic-related indications 45, 53, 237. The interest in CaP ceramics can be attributed to 

their chemical resemblance with bone mineral and their osteoconductivity 53. However, 

unless additionally endowed with an osteoinductive stimulus, the general performance of 

CaP ceramics remains inferior to autologous bone.

Osteoinductivity is the ability of a material to induce differentiation of progenitor cells into 

the osteogenic lineage to form active osteoblasts 238. Differentiation into active osteoblasts 

is induced through secretion of osteoinductive factors such as bone morphogenetic proteins 

(BMPs). Addition of osteoinductive factors was therefore thought to be essential to enhance 

the performance of CaP ceramics. More recently, it was found that some open porous CaP 

ceramics could induce bone formation in the absence of any osteoinductive factors, making 

these CaP ceramics potentially suitable as off-the-shelf alternatives to autologous bone 69, 

239-241.

The osteoinductive performance of open porous CaP ceramics, however, varies strongly 

and is influenced by chemical composition and structure (e.g. macroporosity, microporosity, 

surface concavities, surface area and roughness), as recently reviewed 242. Four different CaP 

ceramics were developed and tested in vivo by our group 243. Open porous CaP ceramic 

particles (1-2mm) tested were: β-tricalcium phosphate (β-TCP) ceramic with a specific 

surface area of 1.2m2∕g, phase-pure hydroxyapatite (HA) ceramic with specific surface area 

of 0.1m2∕g and two biphasic ceramics both consisting of HA and β-TCP in a weight ratio 

80:20, but sintered at different temperatures to vary microstructural properties and specific 

surface area (1m2/g versus 0.2m2/g). Twelve weeks after implantation in canine paraspinal 

muscles (1mL of ceramic particles) and spinal fusion regions (5mL of ceramic particles), the 

largest difference was found between β-TCP and HA. β-TCP gave five times more bone in 

both paraspinal muscles (0 versus 20% area of available pore space covered with bone) and 

spinal fusion regions (5 versus 25% area of available pore space covered with bone).

Implantation at ectopic sites (e.g. intramuscular or subcutaneous) is an established 

method to screen materials osteoinductive properties since seminal work by Urist in the 

1960s 29. However, extrapolating this data to clinically relevant bone defects requires evalu-

ation in clinically more relevant models. As bone is not naturally present at the site of bone 

formation in spinal fusion models, this model cannot be considered fully orthotopic and 

it remains to be further elucidated whether the osteoinductive performance of β-TCP is 

relevant in critical-sized orthotopic bone defects. Furthermore, the osteoinductive perfor-

mance of β-TCP may be the effect of faster degradation and release of microparticles altering 
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the intrinsic inflammatory phase reaction prior to bone formation 244-246. Others have shown 

that bone formation benefits from a mild contained inflammatory reaction, and strong 

inflammatory reactions can make the environment hostile, and hamper bone formation 247.

The aim of the current study was to determine whether the osteoinductive performance 

of β-TCP is relevant to bone formation in a critical-sized cortical bone defect in rats, com-

pared to the less osteoinductive HA. Furthermore, we aimed to determine the duration of 

the inflammatory response within this bone defect model after implantation of β-TCP and 

HA, to assess whether the duration of the inflammatory response could be related to bone 

formation.

Materials and methods

1. Synthesis and characterization of HA and β-TCP ceramics

In this study two CaP ceramics were investigated: HA and β-TCP. The HA ceramic was pre-

pared from HA powder (Merck) using the dual phase mixing method 247 consisting of three 

steps. First, HA slurry was prepared by mixing 2/3 wt% of calcined HA powder with 1/3 

wt% water containing deflocculant (dolpix CE 64, Germany) and binder (carboxylmethyl 

cellulose, Pomosin BC, The Netherlands). Then, two immiscible phases were mixed: water-

based HA slurry and polymethylmethacrylate (PMMA) resin with a volume ratio of 1:1. 

The PMMA resin consisted of PMMA powder, methylmethacrylate (MMA) monomer and 

naphthalene (<10% v/v %) as an additional fugitive pore maker. Finally, the mixture was 

polymerized, dried and pyrolized and sintered at 1250°C for 8h. The β-TCP ceramic was 

fabricated by the H2O2 method as described previously 248 using β-TCP powder purchased 

from Plasma Biotal (Derbyshire, United Kingdom). The powder was mixed with 2% H2O2 

solution (1.0g powder/1.20±0.05ml solution) and naphthalene particles (710-1400µm; 

100g powder/30g, Fluka Chemie, Zwijndrecht, the Netherlands) at 60°C. The naphthalene 

was then evaporated at 80°C and the porous bodies were dried, and sintered at 1100°C 

for 8h. For both CaP ceramics, a lathe was used to produce the cylinders. Subsequently, 

the cylinders were cut into implants 6mm in length and 3mm in diameter. Implants were 

cleaned ultrasonically with acetone, 70% ethanol and demineralized water, dried at 80°C, 

and sterilized by gamma irradiation prior to implantation.

The chemical composition and the crystallinity of the ceramics were analysed using 

X-ray diffraction (XRD, Miniflex, Rigaku, Japan). The macropore size and porosity of the 

CaP ceramics were determined by image analysis on thin sections using a KS400 image 

system (Carl Zeiss, Germany) attached to a light microscope (Nikon, Japan, Objective, X10). 

Thin sections were made on a Leica diamond saw after embedding CaP ceramics blocks in 

MMA. The microstructure was evaluated as described previously using a scanning electron 
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microscope (XL30, Environmental SEM-Field Emission Gun, Philips). Specific surface area of 

the two ceramics was analysed by mercury intrusion (Micromeritics Instrument).

2. Animal experiment

In total, 34 skeletally mature 18-week-old male Wistar rats were used upon approval by 

the institution’s Animal Ethics Committee (EUR2317). Animals were housed according to 

national guidelines for the care and use of laboratory animals. A 6mm femoral bone defect 

was grafted with either HA (n=14), β-TCP (n=14) or left empty (n=6).

The surgical procedures were performed aseptically on a heated plate under general 

anesthesia (isoflurane 1-3.5% in air). Prior to surgery, the rats received a subcutaneous 

injection of buprenorphine (0.3mg/ml Temgesic, Schering-Plough B.V., Amstelveen, the 

Netherlands) at a dose of 0.05mg/kg body weight and enrofloxacine (25mg/ml Baytril, 

Bayer B.V., Mijdrecht, the Netherlands) at a dose of 5mg/kg body weight. The right thigh 

was shaved and disinfected with polydine tincture. Then, the femur shaft was exposed by a 

longitudinal skin incision, and blunt dissection of the underlying fascia between the vastus 

lateralis muscle and the biceps femoris muscle. Next, a 23mm PEEK plate (RatFix Plate, 

RISystem, AO Foundation, Davos, Switzerland) was fixated onto the anterolateral side of the 

femur by three cortical and three distal screws (6.5x0.8 Ø mm ShoulderScrews, RISystem, 

AO Foundation, Davos, Switzerland). Two osteotomies were performed using a saw guide 

with a wire saw (Drill&Saw guide, RISystem, AO Foundation, Davos, Switzerland) to remove 

a 6mm large bone segment. The resulting defect was then grafted with one of the implants or 

left empty (Figure 1). The wound was irrigated with sterile saline and sutured with 5-0 Vicryl 

sutures. Post-operative care consisted of subcuteaneous administration of buprenorphine 

(0.3mg/ml Temgesic, 0.05mg/kg body weight) as analgesia twice a day for the first three 

days.

In order to visualize the dynamics of bone growth, rats received sequential subcutaneous 

injections with fluorochrome labels at four weeks (12.5mg/ml calcein green [CG], 10mg/kg 

body weight, Sigma Aldrich, Zwijndrecht, the Netherlands) and six weeks (50mg/ml xylenol 

orange [XO], 100mg/kg body weight, Sigma Aldrich, Zwijndrecht, the Netherlands).

To qualitatively assess the duration of the inflammatory response, two animals from the 

HA and the β-TCP group were sacrificed after five and twelve days, while one animal from 

of each group was sacrificed after six weeks. To quantify bone formation, the remaining nine 

animals in the groups that received either HA or β-TCP were scarified after eight weeks. 

Another six animals in whom the defect was left empty were included to confirm the critical 

size of the defect.

3. μCT evaluation

µCT scans were acquired to provide a qualitative overview of bone integration and resorp-

tion of the CaP ceramics and to confirm the critical size of the defect. Right femurs were 
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collected, fixated in formalin (Merck chemicals, the Netherlands) and kept hydrated during 

the scanning process by wrapping them in foil. A SkyScan 1076 µCT scanner (Bruker micro-

CT N.V., Kontich, Belgium) was used with an 18µm resolution protocol (70kV energy, 100µA 

current, 1.0mm Al/0.25mm Cu filter). CT images were converted into three dimensional 

reconstructions of cross-sectional images using volumetric reconstruction software NRecon 

version 1.5 (Bruker micro-CT N.V., Kontich, Belgium).

4. Histology and histomorphometry

After µCT scanning, fixated samples were kept overnight, dehydrated within an industrial 

microwave using JFC solution (Leica Microsystems, Rijswijk, The Netherlands) and trans-

ferred into MMA solution (L.T.I, Bilthoven, The Netherlands) and polymerized at 37°C within 

three days. Sections were made at every level of the sample with an approximate thickness 

of 10 to 15µm using a modified interlocked diamond saw (Leica Microtome, Nussloch, 

Germany). Sections were either stained with 1% methylene blue (Sigma, Zwijndrecht, the 

Netherlands) and 0.3% basic fuchsin (Sigma, Zwijndrecht, the Netherlands) after etching 

with an HCl/ethanol mixture for routine histology and histomorphometry or left unstained 

for epifluorescence microscopy with a light microscope (LM; E600, Nikon, Japan) equipped 

with a quadruple filter block (XF57, dichroic mirror 400, 485, 558 and 640nm, Omega 

Filters, Didam, the Netherlands).

Histological sections were qualitatively analysed by light microscopy (Leica), and each 

section was scored either positive or negative for bone formation. For quantitative histo-

morphometry, high-resolution digital photographs were made from three randomly selected 

sections from each sample. Bone and CaP ceramic were manually pseudocoloured green 

and red, respectively, using Photoshop CS2 (Adobe Systems). A custom-made Matlab script 

was used to measure the percentage of bone in the available pore area in the total region of 

implant as well as in the central area of the implant. The central area was defined as the area 

covered by a rectangle drawn along the points 1mm on either side of the horizontal line run-

ning through the center of the implant and 2mm on either side of the vertical line running 

through the center of the implant. For statistical analysis, a two sided paired Student’s t-test 

was used to analyse differences between β-TCP and HA.

Results

1. Characterization of HA and β-TCP ceramics

HA and β-TCP ceramics similar to those used in our previous study were produced 243. 

Chemical and structural characteristics of the two ceramics are presented in Table 1.
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2. μCT evaluation

µCT scans showed that none of the six empty defects (control group) show bridging within 

the eight weeks implantation period, thereby confirming the critical size of the defect 

(Figure 1A). µCT scans of defects grafted with HA and β-TCP some limited bone forma-

tion originating from the proximal and distal host bone and areas of direct bone-implant 

A B C

a

d

a
c

be

Figure 2: Overview of the rat femoral defect after eight weeks by histology.
Histology findings at eight weeks were very similar to the µCT scan findings. At eight weeks, incomplete bridg-
ing of the empty defect with presence of poorly organized fibrous tissue between the two cut ends of the femur 
confirmed the critical size of the defect (A), presence of rounded edges in the β-TCP (marked by white arrows), 
suggested a pronounced degradation at these sites (B) and maintenance of the cylindrical shape of the HA ceramic 
suggested limited degradation (C). Islands of bone were seen in all the β-TCP and some HA ceramics (encircled 
areas). The two ends of the bone (a); marrow cavity (b); muscle surrounding the bone and defect site (c); the actual 
defect (d); screws used to hold the PEEK plate in place over the defect (e).

A B C

a

d

a

b

Figure 1: Overview of the rat femoral defect after eight weeks by μCT.
µCT evaluation of eight weeks of implantation showed (A) absence of complete bridging of the 
empty defect confirming its critical size (a, the two ends of the bone; b, marrow cavity; d, the actual 
defect), (B) maintenance of the shape of the HA implant, and (C) rounding of the edges of the β-TCP 
implant, suggestive of the more pronounced degradation of β-TCP as compared to HA.
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contact were limited. Differences in resorption between HA and β-TCP were noted in the 

defects grafted with the two ceramics. Whereas HA retained its cylindrical shape (Figure 

1B), β-TCP clearly showed signs of degradation in the regions closest to the host bone bed 

(Figure 1C).

3. Histology and histomorphometry

In line with the µCT scan findings, histology of the empty defects confirmed the critical 

size of the defect. The defect site was filled with loosely organized fibrous tissue, and no 

A

B

E

B

D

F

Figure 3: Histological over-
view of the β-TCP and HA 
ceramics after five and 
twelve days.
Rounded cells, probably of in-
flammatory origin within the 
pores of the β-TCP and HA ce-
ramics after five days (A and B, 
respectively) and after twelve 
days (C and D, respectively). A 
40X magnified view of the in-
flammatory cells in the β-TCP 
ceramic after twelve days (E) 
and an enlargement of the black 
square area (F).

Table 1. Physico–chemical characterization of the calcium phosphate ceramics

HA β-TCP

Chemistry HA 90% β-TCP and <10% HA

Sintering Temperatures 1250°C 1100°C

Macroporosity ±60%   ±60%   

Microporosity* Low (±5%)      High (±15%)

Surface area Low (<0.5m2/g) High (1.2m2/g)

*Volume percentage of micropores smaller than 10 µm within the ceramic.
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bridging of the defect occurred (Figure 2A). Rounding of the edges and loss of structure 

were observed in the β-TCP after eight weeks (Figure 2B), in contrast to HA implants that 

retained the original shape (Figure 2C). Direct contact between HA or β-TCP and the 

proximal and distal femoral bone was limited, fibrous tissue had formed at the majority 

of the interface.

Initiation and progression of inflammation for HA and β-TCP was determined by histol-

ogy after five and twelve days and six and eight weeks. Clusters of round cells, highly 

suggestive of inflammatory cells such as monocytes or lymphocytes were found within the 

pores of both the HA and the β-TCP implants at five and twelve days (Figure 3A to F). No 

obvious difference was observed between the two ceramics. These cells were not seen in 

either ceramic after six weeks. Instead, small islands of new bone formation were observed 

in the pores of both HA (Figure 4A, B) and β-TCP (Figure 4C, D). These results suggested that 

the cellular infiltration which was probably of inflammatory origin subsided between twelve 

days and six weeks of implantation, while the bone formation was initiated during this time.

The amount of bone increased between six and eight weeks for both HA and β-TCP. 

The insets in Figure 4E and F demonstrate the mineralized matrix, bone lining cells and 

embedded osteocytes which histologically characterize bone. New bone formation was 

A

C

E F

D

B

Figure 4: Histological overview of 
β-TCP and HA ceramics after six and 
eightweeks.
Absence of the inflammatory cells with con-
comitant presence of small islands of new 
bone within the HA (A) and β-TCP (C) ceram-
ics after six weeks. Magnified view of bone 
formed within the pores of the HA (B) and 
β-TCP implants (D), (S) ceramic scaffold. Note 
the presence of osteocytes (white arrows) 
embedded in the pink matrix and the bone lin-
ing cells (dotted black arrows). The rest of the 
pore was filled by cells with elongated nuclei 
(fibrous tissue marked by black arrows). After 
eight weeks, again islands of new bone were 
observed in both β-TCP (E) and HA (F). The in-
set images show magnified views of the newly 
formed bone. Note the presence of osteo-
cytes, bone lining cells and matrix.
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observed in all β-TCP implants (9/9) and in seven HA implants (7/9). Total amount of bone 

formed in defects grafted with β-TCP ceramic was significantly more than that formed in 

defects grafted with HA (3.6±2.1% versus 1.4±1.6% respectively of the available pore area 

was filled with newly formed bone) (Figure 5A). However, no significant difference was 

found in the amount of bone that formed in the central area of the β-TCP or HA implants, 

where chances of bone ingrowth from the host bone bed were lowest. While 3.1±2.5% of 

the available pore area in the central part of the defect was filled with newly formed bone in 

β-TCP, the corresponding value for HA was 2.5±2.4% (Figure 5B).

Analysis of the fluorochrome markers showed that both CG and XO label were found 

in areas adjacent to host bone bed, as well as in the central area of the defect (denoted 

by the rectangle in Figure 5B), suggesting early bone deposition throughout the implanted 

ceramics. Presence of CG label in the two ceramics indicated that bone formation had 

started in both HA and β-TCP earlier than four weeks post implantation (Figure 6A, B). 

Continued deposition and remodeling of bone at eight weeks in the two CaP ceramics was 

suggested by the presence of the XO label. In the empty defect, fluorochrome markers were 

only observed at the two ends of the defect, close to the host bone bed, indicating bone 

deposition and remodeling as a part of the body’s intrinsic healing process (Figure 6C).

A B

Figure 5: Quantification of bone formed within the pores of HA and β-TCP cylinders.
The amount of bone formed was determined in the available pore area of the total implant (A) and in the center 
of the implant (B).  The error bars represent the standard deviation. Statistical analysis using the Student’s paired 
t-test. * p<0.05.
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Discussion

The present study aimed to determine bone formation in a clinically more relevant critical-

sized cortical defect in rats after grafting with open porous β-TCP and HA ceramics, which 

were previously shown to significantly differ in their osteoinductive potential 243. Our cur-

rent findings indicated that at the selected implantation site, the amount of bone formed in 

both ceramics was limited and not sufficient to bridge the defect within the implantation 

period of eight weeks. Nevertheless, the β-TCP ceramic which had previously demonstrated 

a superior osteoinductivity as compared to the HA upon heterotopic implantation 243, also 

resulted in a comparatively greater amount of bone within the critical-sized bone defect 

used here. Further, based on histological analysis of the inflammatory response elicited 

post-implantation, we observed that inflammation in both β-TCP and HA subsides between 

twelve days and six weeks while bone formation was initiated between twelve days and four 

weeks. Considering that no obvious differences between the two ceramics were observed 

regarding the timing and the extent of inflammation, neither one of these parameters could 

be related to the difference in the amount of bone formed.

Comparison between ceramics with known differences osteoinductivity in orthotopic 

defects are limited. Gosain et al demonstrated that HA-TCP cement with higher osteoinduc-

tive potential showed superior performance in a critical-sized calvarial sheep model as 

compared to the non-osteoinductive pure HA cement after one year 63.In another study, two 

BCP ceramics, having similar chemical composition but significantly different microstructure 

were compared intramuscularly as well as in an iliac wing defect in goats after three months 
249. The BCP ceramic with a greater surface area as a result of a higher microporosity was 

more osteoinductive at the heterotopic location and performed significantly better in the 

iliac wing defect than the non-osteoinductive BCP. Superiority in osteoinductive potential of 

A B C

d

CG
CG

XOXO
XO CG

Figure 6: Dynamics of bone deposition within the two ceramics.
Fluorescence microscopy images (original magnification x10) of the fluorochrome markers, calcein green CG and 
xylenol orange XO, in the center of the β-TCP (A) and HA (B) ceramics. Fluorescence microscopy image (orignial 
magnification x4) of the two ends of the femur (C) with the intervening defect (d). 
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the BCP ceramic was also reflected in the larger amount of bone formed after three months 

in a decorticated transverse process model in goats that represents the first stages of spinal 

fusion 250.

Bone formation observed after implantation of β-TCP and HA ceramics in rats femurs was 

rather limited compared to bone formation observed after implantation of these ceramics 

in dogs and goats 250, even though bone healing capacity is generally believed to be less in 

larger animals 251. Compared to these studies, we used a relatively short implantation period, 

but this is not believed to be a likely explanation for the low amounts of bone observed as 

we 252 and others 253, 254 have shown substantial bone healing responses in femoral bone 

defects within eight weeks. However bone healing capacity is also strongly affected by 

local biological and biomechanical factors at the site of implantation. Implantation in a 

cortical bone defect, a weight-bearing orthotopic site, will greatly increase the influence of 

biomechanical factors on bone healing, whereas biomechanical factors play only a minimal 

role in ectopic (intramuscular or paraspinal) implantation sites. Both the loading over the 

defect, as well as the fixation conditions used, may have diminished bone formation by 

hampering endochondral ossification. However, these conditions mimic clinical relevant 

bone defects that require bone grafting, because most bone defects result from fractures 

of long bones. So this weight-bearing orthotopic bone defect might be more suitable for 

making claims towards the use of these ceramics in specific clinical applications, whereas 

the ectopic models provide insight in osteoinductive capacity and might help to unravel 

underlying mechanisms.

The greater amount of bone formation upon implantation of β-TCP compared to HA, 

cannot be solemnly attributed to a higher osteoinductive potential of β-TCP. For example, it 

cannot be excluded that higher microporosity resulting in a twelve times greater surface area 

positively affected osteoconductive potential of β-TCP. In fact, our finding of a significantly 

higher percentage of bone in the available pore area in the total region of interest without 

significant difference within the central portion of the implant, points to the fact that the 

difference in bone formation between the two CaP ceramics was in the peripheral area. As 

osteoconduction per definition proceeds from the host bone bed, bone in the periphery of 

the implant is likely the result of osteoconduction. In the central area of the implant, the 

material is not in direct contact with the osteogenic cells present in the host bone bed. How-

ever, without studies that determine the origin of new bone formation, it is difficult to prove 

that the bone formed within the central pores of the implant is due to direct differentiation of 

the inducible osteoprogenitor cells present in the bone marrow or the surrounding muscle, 

thus osteoinduction.

While our results confirm bone healing capacity is greater with β-TCP as compared to 

HA, dynamics of inflammation were equal for the two ceramics. β-TCP and HA resulted 

in an inflammatory reaction during the first two weeks, as is generally seen within bone 

healing 255, which subsides by six weeks. Since we compared two ceramics with different 
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physico-chemical properties (Table 1), their behavior upon an inflammatory environment 

may be different (pH-changes, calcium and phosphate ion release). However, this became 

not apperent in the dynamics of bone formation, since fluorochrome analysis revealed that 

bone formation had started at around four weeks in both β-TCP and HA.
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Abstract

Porous titanium implants have good mechanical properties that make them an interest-

ing bone substitute material for large bone defects. These implants can be produced with 

selective laser melting, which has the advantage of tailoring the structure’s architecture. 

Reducing the strut size reduces the stiffness of the structure and may have a positive effect on 

bone formation. Two implants with struts of 120µm (titanium-120) or 230µm (titanium-230) 

were studied in a load-bearing critical-sized cortical femoral bone defect in rats. The defect 

was stabilized with an internal plate and treated with titanium-120, titanium-230, or left 

empty. In vivo µCT scans at four, eight, and twelve weeks showed more bone in the defects 

treated with implants. Finally, 18.4±7.1mm3 (titanium-120, p = 0.015) and 18.7±8.0mm3 

(titanium-230, p = 0.012) of bone was formed in those defects, significantly more than in 

the empty defects (5.8±5.1mm3). Bending tests on the excised femurs after twelve weeks 

showed that the fusion strength reached 62% (titanium-120) and 45% (titanium-230) of 

the intact contralateral femurs, but there was no significant difference between the two 

implants. This study showed that in addition to adequate mechanical support, porous tita-

nium implants facilitate bone formation, which results in high mechanical integrity of the 

treated large bone defects.
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Introduction

Bone healing requires: (1) cells that are capable of forming bone (osteogenicity), (2) bioac-

tive factors that can attract such cells and initiate bone formation (osteoinduction), (3) a 

matrix that guides the bone formation (osteoconduction), (4) adequate vascularisation and 

(5) initial mechanical support to the surrounding bone, which becomes more important as 

the size of the defect increases 222.

Bone defects can be treated with autologous bone. Autologous bone is considered the 

gold standard treatment and is mostly harvested from the iliac crest. However, the harvest-

ing procedure has a complication rate of 10 to 40%, including hemorrhage, nerve, and 

vascular lesions and post-operative pain 13. Moreover, the amount and quality of bone that 

can be harvested is limited, restricting its use in large defects 237. Therefore, large bone 

defects are currently treated by distraction osteogenesis, vascularised bone (fibula) grafting, 

or massive cortical allografts 256. All treatments have their specific disadvantages, such as 

multiple surgical procedures, high complication rates, and prolonged periods of immobility 

and rehabilitation.

The challenge is to develop a bone substitute material that enhances bone healing but 

also offers adequate mechanical strength. Porous titanium implants are especially interest-

ing, since titanium has superior mechanical properties compared to other synthetic materi-

als such as calcium phosphate ceramics and polymers 23. Although the potential of porous 

titanium has been recognized for many years, development of open porous structures has 

been hampered by the limitations of available production techniques 257. With production 

techniques such as plasma spraying 258, space-holder techniques 259, powder metallurgy 
260, or sintering of titanium fibers 261 it remains difficult to produce a porous structure with 

the desired architecture that meets both osteoconductive and mechanical requirements. 

For osteoconduction, an open interconnected porous structure with pores in the range of 

200-500µm is required 212. From a mechanical point of view, the structure should be stiff 

enough to sustain the physiological loads, but it should not drastically exceed the stiffness 

of the bone being replaced to avoid stress shielding.

Better control over the structural architecture can be acquired using selective laser melt-

ing (SLM) 262. SLM allows production of very fine and small porous titanium structures, with 

struts in the range of 100-200µm. This enables the possibility of tailoring and optimizing the 

structural and mechanical properties of the implants while maintaining the required pore 

dimensions that allow for bone and vessel ingrowth. Thinner titanium struts may result in 

increased elastic and plastic deformation. Such deformation of the porous structure reduces 

stress-shielding inside the implants and may provide a biomechanical stimulus for the bone-

forming cells, thereby resulting in more bone formation 263.

In this study, we used a critical-sized cortical femur bone defect in a rat to test two hypoth-

eses: (1) porous titanium implants can be a biomechanically strong osteoconductive matrix 
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for repair of cortical bone defects, (2) thinner strut sizes will result in favorable mechanical 

properties that will increase bone formation within the titanium implants thereby improving 

mechanical integrity of the treated bone defect.

Materials and methods

1. Porous titanium implants

Porous titanium implants were produced from Ti6Al4V using SLM (Layerwise, Belgium). Two 

structural variants were designed using a dodecahedron unit cell as a template structure. 

One variant consisted of thin titanium struts (titanium-120) and the second variant consisted 

of thick titanium struts (titanium-230). Both structural variants were produced in two dif-

ferent shapes: (1) cylindrical implants (5mm Ø x 10mm) for determining the compression 

strength and the Young’s modulus and (2) femur-shaped implants (6mm mid-diaphyseal 

segment of the femur bone, Figure 1) for determining the ultimate compression force (UCF) 

and for in vivo implantation. All samples underwent post-production chemical and heat 

treatment to increase surface roughness. This treatment consisted of (1) immersion in a 5M 

aqueous NaOH solution at 60°C for 7h, (2) immersion in water at room temperature for 12h, 

(3) immersion in 5% HCl at 60°C for 5h, (4) immersion in water at room temperature for 

24h, (5) heating to 600°C at a rate of 5°C/min in an electric furnace in ambient air pressure, 

holding the temperature at 600°C for 1h, and subsequent natural cooling in the furnace. The 

effect of chemical and heat treatment were characterized by scanning electron microscopy 

(Figure 2).

Figure 1: Femur-shaped porous titanium im-
plants.
Titanium-120 structure (A) and titanium-230 structure 
(B). Bar indicates 1mm.
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2. Structural and mechanical evaluation of porous titanium implants

Porosity, titanium strut thickness, and pore size were determined using a SkyScan 1076 µCT 

scanner (Bruker micro-CT N.V., Kontich, Belgium). Compression test were conducted using 

a Zwick test machine (Zwick GmbH, Ulm, Germany) with a rate of 0.02mm/s. Of each 

structure, ten cylindrical implants were used in order to determine the compression strength 

and the homogenized Young’s modulus and five femur-shaped implants were used in order 

to determine the UCF. The 6mm femoral bone segments removed during surgery served as 

reference for the UCF.

3. Animal experiment

In 27 male Wistar rats, a 6mm cortical bone segment of the right femur was removed and 

grafted with either titanium-120 (n=9) or titanium-230 (n=9) or, was left empty in the control 

group (n=9). The local animal ethics committee approved the study. All animals were housed 

according to the national guidelines for care and use of laboratory animals.

3.1 Surgical procedure

A single dose of antibiotics (enrofloxacin, 5mg/kg body weight) was administered one hour 

before surgery. The operation was performed aseptically under general anesthesia (1-3.5% 

isoflurane). The right femur was exposed though a lateral incision of the skin and division of 

the underlying fascia. A 23mm long PEEK plate (RatFix, AO Foundation, Switzerland) was 

fixated to the anterolateral plane of the femur. Three proximal and three distal screws fix-

ated the plate. The periostium was removed over approximately 8mm of the mid-diaphysial 

region before removal of the 6mm long bone segment. The bone segment was removed 

A B

Figure 2: Scanning electron microscopy images of untreated (A) and treated (B) porous tita-
nium surface.
White bar indicates 20µm.
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with a tailor-made saw guide and a wire saw (RatFix, AO Foundation, Switzerland), and the 

implant was placed press-fit into the defect site. The fascia and skin were sutured in layers 

and prophylactic pain medication (buprenorphine, 0.05mg/kg body weight) was adminis-

tered twice a day for the first three days after surgery. Fluorescent dyes were administered at 

four (tetracyclin, 25mg/kg body weight), eight (calcein, 25mg/kg body weight), and eleven 

weeks (xylenol orange, 90mg/kg body weight).

3.2 μCT evaluation

Immediately after the surgery, while the rats were still under general anesthesia, a SkyScan 

1076 µCT scanner (Bruker micro-CT, Belgium) was used in order to acquire a baseline in 

vivo µCT scan. A 36µm resolution protocol was used at 95kV, 1.0mm Al filter, and 0.6 

degree rotation step, resulting in a 15 minute scan. In vivo scans were repeated after four, 

eight, and twelve weeks. For the final ex vivo scan, an 18µm resolution protocol was used 

at 95kV, 1.0mm Al/0.25mm Cu filter, and 0.4 degree rotation step (3h scan). The CT images 

were reconstructed using volumetric reconstruction software NRecon version 1.5 (Bruker 

micro-CT, Belgium).

The total bone volume (TBV) was defined as the total bone volume within the 6mm bone 

defect including bone formed around the titanium implants (Figure 3A). The bone volume 

in pores (BVp) was defined as the bone volume measured within the pore volume (PV) of 

the titanium implants (Figure 3B), and is also expressed as a percentage of the pore volume 

(BVp/PV). TBV and BVp were determined using software CTAnalyser version 1.11 (Bruker 

micro-CT, Belgium).

Figure 3: µCT mea-
surements.
Transversal µCT image 
with volume of inter-
est (transparent grey 
marked area) used for 
measurements of TBV 
(A) and BVp (B). Bar in-
dicates 1mm.
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This software created a volume of interest (VOI) that specifically captured the volume 

of the 6mm defect (used for TBV) or the volume of the pores (used for BVp). These VOIs 

were automatically generated using a custom-made algorithm. After determination of both 

VOIs, the porous titanium implants was subtracted from the images using a global threshold. 

An additional eroding step was performed to remove an adjacent 35µm layer in order to 

exclude the metal artifacts at the interface that may interfere with the bone volume measure-

ment. The in vivo µCT scan protocol required a further correction for the metal artifacts 

in order to reduce the interference with the bone measurements performed. Therefore we 

conducted in vivo µCT scans directly after surgery and subtracted the acquired values found 

from the measurements performed at four, eight and twelve weeks. The ex vivo µCT scan 

protocol generated images in which artifacts were reduced to an absolute minimum. This 

was confirmed by conducting the described analysis on µCT scans of the empty implants of 

both structural variants, resulting in TBV and BVp values less than 1mm3. Bone volume was 

then determined after applying a global threshold that was determined on visual inspection 

and kept the same for all µCT scans analysed.

3.3 Biomechanical evaluation

The final strength of the treated femurs was measured with three-point bending tests con-

ducted on five samples from each group. In these tests, both supports are chosen as close 

as possible to the bone-implant interfaces (distance <5mm). Small distance between the 

bone-implant interfaces and the supports ensures that the three-point bending test measures 

the interface strength of bone and implants as closely as possible. The contralateral femurs 

served as controls. To ensure that we tested the entire spectrum, we first sorted the treated 

femurs according to their BVp and then included every other femur. The bending tests were 

carried out using a Zwick test machine (Zwick GmbH, Germany) as follows: first, the PEEK 

plate was carefully removed; the femurs were then supported at the proximal and distal side 

using two plates that were secured with screws. A plate that exceeded the average pore size 

applied a downward force to the middle of the porous titanium implants, pushing it outside 

the bone defect. The bending tests were performed at a displacement rate of 2mm/min 

until the peak load was reached. The force-displacement curves were recorded and used to 

determine the maximum force.

3.4 Histological evaluation

Histology was performed on four femurs of each group to study the bone-titanium interface 

and bone morphology. The specimens were dehydrated in a graded ethanol series, and 

embedded in methylmethacrylate. Sections of ~20 µm were obtained using a diamond saw 

(Leica SP1600) and stained with basic fuchsin 0.3% solution (Sigma) and methylene blue 

1% solution (Sigma). Bone stains red with basic fuchsin and fibrous tissue stains blue with 
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methylene blue. Unstained sections were examined using an epifluorescent microscope 

(Axiovert 200MOT/Carl Zeiss) with a triple filter block.

4. Statistics

Statistical analyses were performed using SPSS Statistics 17.0 (SPSS Inc, Chicago, Ill). 

The data are presented as means with standard deviation. One-way Analysis of Variation 

(ANOVA) and subsequent post-hoc pairwise comparisons with Bonferroni adjustment was 

used to analyse the differences between the three groups. A repeated measures general 

linear model was used when examining the longitudinal in vivo µCT data. A Pearsons 

correlation coefficient was used to determine the correlation between BVp, TBV, and the 

maximum bending force.

Results

1. Porous titanium implants

The different titanium strut sizes and equal pore dimensions resulted in a porosity of 88% in 

the titanium-120 implants and 68% in the titanium-230 implants (Table 1). The titanium-120 

structure had five-fold lower compression strength and a four-fold lower homogenized 

Young’s modulus than the titanium-230 structure (Table 1). There was a significant difference 

in the UCF (p<0.001). The UCF of the titanium-230 implants (530±85N) was higher than 

the corresponding bone segments (441±31N, p=0.022), whereas the UCF of titanium-120 

implants (84±11N) was lower than the corresponding bone segments (p<0.001) (Figure 4).

2. μCT evaluation

Correct positioning of the porous titanium implants was confirmed by µCT directly after 

surgery in all animals and no dislocation of the porous titanium implants was detected dur-

ing the follow-up. The titanium-230 structure remained completely intact in all rats, whereas 

Table 1. Structural and mechanical characteristics of porous titanium implants

Titanium-120 Titanium-230 Cortical bone (rat)

Porosity (%) 88 68

Titanium thickness (µm) 120 230

Pore size (µm) 490 (240-730) 490 (240-730)

Surface area / volume (µm2) 0.034 0.018

Compression strength (MPa) 14.3±1.7 77.7±12.8 140±19 264

Homogenized Young’s modulus (GPa) 0.38±0.04 1.56±0.21 8.80±2.53 264

Pore size is presented as median and range. Compression strength and homogenized Young’s modulus is pre-
sented as average±SD.
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breakage of some struts was seen in six of the nine rats given titanium-120. This occurred 

after either four (two cases) or eight weeks (four cases), but did not result in loss of fixation 

or complete loss of structural integrity of the implants. The porous titanium implants were 

well integrated with the adjacent cortical bone and a progression of the bony bridging was 

observed over time (Figure 5), although in some rats small areas of the adjacent cortical 

bone underwent changes that may indicate bone resorption (Figure 6). In the empty control 

group, loss of fixation, due to breakage of the screws, occurred in six out of nine rats. This 

happened to one rat at four weeks, to four rats at eight weeks, and to one rat at twelve 

weeks. Those rats were taken out of the experiment at subsequent time points. In the remain-

ing rats, no bridging of the defect had occurred and a consistent pattern of bone resorption 

of the remaining cortical bone was observed (Figure 7).

Treatment with porous titanium implants resulted in more TBV than in the empty con-

trols at all time points (Figure 8). The increase of TBV was most profound between four 

and twelve weeks, whereas in the empty controls TBV seemed to have reached a plateau 

Titanium-120 Titanium-230 Cortical bone
0

200

400

600

800 *
*

*

U
lti

m
at

e 
co

m
pr

es
si

on
 fo

rc
e 

(N
)

Figure 4: Ultimate compression force of 
titanium-120, titanium-230, and cortical 
bone.
Statistical analysis was performed with One-Way 
analysis of Variance (ANOVA) subsequent post-hoc 
pairwise with Bonferroni adjustment, * is p<0.05.

week 0 week 4 week 8 week 12

A B C D

Figure 5: Bony bridging along porous titanium implants.
Progression of bony bridging (arrow) along the porous titanium implants seen on consecutive in vivo µCT scans 
made of a femur defect treated with titanium-230 at zero (A), four (B), eight (C) and twelve (D) weeks. Black bar 
indicates 1mm.
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phase after eight weeks. At twelve weeks, a significant difference in the TBV (p=0.008) was 

found (Figure 8). The TBV of the titanium-120 group (18.4±7.1mm3) and the titanium-230 

group (18.7±8.0mm3) was significantly higher than in TBV of the empty control group 

(5.8±5.1mm3, p=0.015 and p=0.012, respectively).

week 0 week 12 week 12
in vivo ex vivo

AA B C

FED

Figure 6: Areas of bone resorption after implantation of porous titanium implants.
µCT images of titanium-120 (A, B, and C) and titanium-230 (D, E, and F) show small areas of the adjacent cortex 
that were resorbed during the twelve weeks follow-up (arrows). Black bar indicates 1mm.

week 0 week 12
in vivo

A B

Figure 7: Bone resorption in empty 
defects.
µCT images of a defect that was left empty. 
Extensive resorption of remaining cortex is 
observed at both proximal and distal bone. 
Black bar indicates 1mm
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The porous structure of the titanium implants facilitated bone ingrowth given that an 

increase of BVp was found at all time points (Figure 9A). At twelve weeks, the absolute 

BVp was 7.4±2.3mm3 in the titanium-120 implants and 6.0±2.7mm3 in the titanium-230 

implants (p=0.38) (Figure 9B). This resulted in a BVp/PV of 16±5% in the titanium-120 and 

20±9% in the titanium-230.
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Figure 8: Total bone volume.
Total bone volume (TBV) measured in vivo during the study period (A) and ex vivo at twelve weeks (B). The in 
vivo measurements were corrected for artifacts using the scan made at time point zero. Statistical analysis was 
performed with One-Way analysis of Variance (ANOVA) subsequent post-hoc pairwise with Bonferroni adjustment, 
* is p<0.05.
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Figure 9: Bone volume in pores.
Bone volume in pores (BVp) measured in vivo during the study period (A) and ex vivo at twelve weeks (B). The in 
vivo measurements were corrected for artifacts using the scan made at time point zero. Statistical analysis was 
performed with One-Way analysis of Variance (ANOVA), NS is not statistically significant.
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3. Biomechanical evaluation

The intact femurs that served as control broke at a force of 233±27N. The bending force of 

the titanium-120-treated femurs was 144±73N (62% of control) compared with 104±38N 

(45% of control) for titanium-230-treated femurs (Figure 10). Except for one case, all 

samples broke at the titanium-bone interface. BVp measured with µCT strongly correlated 

with the maximum bending force for the titanium-120 group (r2=0.83, p=0.03). The two 

treated femurs in which more than 8mm3 bone had formed within the pores had a bending 

force comparable with the intact control femurs (Figure 10B). For the titanium-230 group, 

the maximum bending force did not seem to relate to BVp (r2=0.02, p=0.84).

4. Histological evaluation

In the histological evaluation, the empty defect sites showed limited bone formation and 

resorption of the cortical bone at the proximal and distal sites (Figure 11A and F). Within the 

remaining defect area, abundant fibrous tissue was found.

Histology of the titanium groups revealed formation of a major plug of new bone in the 

medullary canal at both ends of the bone defect. This bone is most likely formed through the 

process of direct ossification (Figure 11B and D). The newly formed bone extents from this 

plug into the porous titanium and the inner space of the implant. Bone was also abundant 

at the outer area of the implants, showing signs of an attempt to bridge the defect area. The 

area inside the porous titanium that was not filled with bone was filled with fibrous tissue. 

The pattern observed correlated well with the bone seen on the corresponding µCT images 

(Figure 11G and H).
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Figure 10: Biomechanical bending test.
Average maximum bending force (A) and bending force correlated to bone in pore volume (B).
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Bone is directly formed on the surface of the porous titanium implants. At some areas, 

however, a thin layer of fibrous tissue between the titanium and the bone was observed 

(Figure 11E). No signs of foreign body reactions or inflammation were detected. In one 

titanium-120 sample, a possible development of a hypertrophic non-union was seen, since 

a cluster of chondrocytes was found at a site suspect to breakage of titanium struts (Figure 

11C).

The injected fluorochrome labels showed the mineralized bone at four (red), eight (green) 

and twelve weeks (yellow) (Figure 12). The observed pattern of fluorochrome labels indicate 

that bone formation was most active around the titanium-bone interface at the proximal 

and distal ends of the porous titanium implants (Figure 12). Only limited progression of the 

bridging of the bone defect through the medullary cannel was seen between the four and 

twelve weeks (Figure 12C), since the label injected at four weeks (red) was found close to 

the most advanced bone fronts (yellow).

H

D E

G

B
C

F

A

Figure 11: Histology 
and μCT.
Histological slides with 
corresponding µCT im-
ages of an empty defect 
(A and F), titanium-120 (B 
and G) and titanium-230 
(D and H), including de-
tailed interface view for 
titanium-120 (C) and tita-
nium-230 (E). Black bar 
indicates 1mm.
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Discussion

This longitudinal in vivo study supports our first hypothesis that porous titanium implants 

provide mechanical support in the early phase after implantation, and facilitate bone for-

mation (osteoconduction) over time, resulting in good mechanical strength of the treated 

femurs after twelve weeks. A lower titanium strut size reduced the homogenized Young’s 

modulus of the implant but did not result in significantly more bone formation or higher 

mechanical strength of the treated femurs, meaning that these experiments did not support 

our second hypothesis.

The osteoconductive properties of porous titanium implants were proven by the fact that 

more bone had formed in the bone defects treated than in the defects that were left empty. 

This is in line with previous reports that used a metaphyseal bone defect model in rabbits 
265-269. The rat femur bone defect model used here has the advantage that it allows for in vivo 

µCT scanning to monitor bone formation throughout time. Bone formation was measured 

using a custom-made algorithm that first removed the metal artifacts and then selected the 

areas of newly formed bone. Accurate selection of bone was verified using the correspond-

ing histological sections as a reference (Figure 11). The in vivo bone measurements showed 

a gradual increase in bone formation in the rats that received titanium-120 or titanium-230 

scaffolds, this bone formation may have still been ongoing, because no plateau phase was 

reached within the twelve weeks follow-up period (Figure 8A).

The increase in bone regeneration seen in the defects treated with porous titanium 

implants may be related to the implant structure and its mechanical properties. The structure 

Figure 12: Fluorochro- 
me labelling.
Light microscopy images 
of the fluorochrome labels 
of a femur treated with ti-
tanium-120 (B) including 
corresponding µCT (A) 
images. Tetracyclin label 
(four weeks) is red, cal-
cein label (eight weeks) 
is green and xylenol or-
ange label (twelve weeks) 
is yellow. Bars indicate 
1mm.
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of osteoconductive scaffolds is well defined in terms of pore size, interconnectivity, and 

porosity 212 and these criteria were met for both structural variants. However, the mechani-

cal properties of the two structural variants were different due to their different strut sizes. 

Reducing the strut size by ~50% in the titanium-120 structure resulted in a large decrease of 

the homogenized Young’s modulus (Table 1). The measured homogenized Young’s modulus 

for the titanium-120 is close to the lowest range reported in the literature for porous tita-

nium 259, 265, 270-272 and within the range of human trabecular bone (0.01-2GPa) 273. Such low 

homogenized Young’s modulus allows for more deformation upon loading, and was there-

fore hypothesized to result in more bone ingrowth in the titanium-120 implants. However, 

there was not significantly more bone formed after twelve weeks (Figure 9B) and a possible 

explanation could be that the loads that were applied to the titanium-120 implants after 

implantation in the femoral bone defect were not able to reach the minimum force required 

to deform the implants.

Defining the mechanical properties that would have allowed deformation of the porous 

titanium implants after implantation was complicated by a number of factors. Although 

the titanium-120 was significantly weaker than the femur segment that it replaced and the 

titanium-230 was significantly stronger in term of UCF, however bone is able to withstand 

forces that are at least twice the normal peak loading 274. Furthermore, different bones and 

even different areas of a bone can have different mechanical properties 273. Finally, not 

all the mechanical loads will be transferred through the porous titanium implants, since 

a portion of the load will be transferred to the PEEK fixation plate. Preliminary results of a 

finite element model of this femur bone defect indicates that the division of force is highly 

dependent on the stiffness of the implants, the contact conditions between the implant and 

bone, and the mechanical loading 275. Moreover, the load distribution changes over time as 

more bone is generated within the implants. Taking into account all these factors to define 

the optimal mechanical properties of porous titanium implants remains difficult. One should 

therefore take the species, the type of bone that needs to be replaced, and the applied 

fixation methods into account.

Implantation of the titanium implants provided sufficient support to the bone defect, 

because it did not result in a loss of fixation, whereas in most rats for which the defect was 

left empty the PEEK plate fixation failed. The ability to provide sufficient support is likely to 

have contributed to the bone formation in the defect area but is only made possible by the 

mechanical properties that allow the porous titanium implants to function as a load-bearing 

scaffold in this rat femur defect. The final strength of the treated femurs was measured using 

three-point bending test. In the three-point bending test, the supports were chosen very 

close to the bone-scaffold interface, so that the bending test more or less measures the 

interface strength between bones and scaffold and is therefore somewhat similar to torsion 

test. The bending forces are surprisingly high, taking into account twelve weeks implantation 

period and that only about 20% of the pore volume was occupied by newly formed bone. 
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The broken struts seen in the titanium-120 implants, which itself could be explained by the 

limited compression strength, did not have a negative impact on the maximum bending 

force. In fact, the maximum bending force was even somewhat higher in the titanium-120 

group compared to the titanium-230 group (Figure 10A). Interestingly, there is a strong corre-

lation between the bending force and the bone volume inside the pores for the titanium-120 

implants but not for titanium-230. Possible factors other than bone volume that may affect 

the strength of the treated femurs could be the bone-titanium bonding. Previous studies that 

used similar heat and surface treatments showed good bone-bonding and even indicated 

a possible osteoinductive role of the modified surface 276. The larger surface area in the 

titanium-120 implants (Table 1) may have resulted in a larger area of direct bone-titanium 

contact. This may explain why bone volume within the pores shows a better correlation with 

the final mechanical strength for the femurs that received a titanium-120 implants than those 

that received titanium-230.

The work presented here shows the potential of porous titanium implants, and especially 

the possibility to function as a load-bearing scaffold may become relevant in clinical cases 

where conventional fixation methods alone may be insufficient. But before porous titanium 

can be used in clinical cases, the mechanical properties should be tailored to the human 

situation. Another aspect of porous titanium that should be further explored is the surface. 

Surface modifications have been studied by others 277, and it presents a great opportunity 

to enhance bone-titanium bonding or increase bone formation. A possible example would 

be the addition of a calcium phosphate coating 278. The surface may also be used to address 

the main drawback of titanium implants, i.e. the risk of infection. Antibiotic coatings have 

already been developed for solid implants 279, and they may help to reduce the risk of 

infection. The challenge will be to combine all these different techniques into one porous 

titanium implants that can withstand thorough experimental testing before proceeding to 

clinical trials.
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Abstract

A promising bone graft substitute is porous titanium. Porous titanium, produced by selective 

laser melting (SLM), can be made as a completely open porous and load-bearing scaffold 

that facilitates bone regeneration through osteoconduction. In this study, the bone regenera-

tive capacity of porous titanium is improved with a coating of osteostatin, an osteoinductive 

peptide that consists of the 107-111 domain of the parathyroid hormone-related protein 

(PTHrP) and the effects of this osteostatin-coating on bone regeneration were evaluated in 

vitro and in vivo.

SLM-produced porous titanium received an alkali-acid-heat treatment and was coated 

with osteostatin through soaking in a 100nM solution for 24h or left uncoated. Osteostatin-

coated scaffolds contained ~0.1µg peptide/g titanium, and in vitro 81% was released within 

24h. Human periosteum-derived osteoprogenitor cells cultured on osteostatin-coated scaf-

folds did not induce significant changes in osteogenic (ALP, Col1, OCN, Runx2) or angiogenic 

(VEGF) gene expression, however it resulted in an upregulation of OPG gene expression 

after 24h and a lower RankL:OPG mRNA ratio. In vivo, osteostatin-coated porous titanium 

implants increased bone regeneration critical-sized cortical bone defects (p=0.005). Bone 

regeneration proceeded until twelve weeks and femurs grafted with osteostatin-coated 

implants and uncoated implants recovered respectively 66% and 53% of the original femur 

torque strength (97±31N.mm and 77±53N.mm, NS).

In conclusion, the osteostatin-coating improved bone regeneration of porous titanium. 

This effect was initiated after a short burst-release, and might be related to the observed in 

vitro upregulation of OPG gene expression by osteostatin in osteoprogenitor cells. Long-

term beneficial effects of osteostatin-coated porous titanium implants on bone regeneration 

or mechanical strength were not established here and may require optimization of the pace 

and dose of osteostatin release.
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Introduction

Bone grafting is a procedure often performed in trauma, orthopaedic and craniomaxillofacial 

surgery 280 and the current gold standard bone graft is autologous bone 44. Autologous bone 

has osteoconductive, osteoinductive, and osteogenic properties and is usually harvested 

from the iliac crest 10. However, harvesting is associated with complications in 10–40% 

of the cases 12 and sometimes limited autologous bone is available. These disadvantages 

motivates the development of bone graft substitutes. An ideal bone graft substitute has 

osteoconductive, osteoinductive and/or osteogenic properties 281, while also providing 

substantial mechanical support. However mechanical support provided by ceramic-based 

or polymer-based scaffolds is limited and often insufficient to graft cortical bone defects 
53. Therefore, cortical bone defects may benefit from grafting with mechanically stronger 

porous metallic-based scaffolds such as porous titanium 24, 35, 282, an idea that has already 

been proposed in the 1970s 32, 283.

Today, porous metallic-based implants are used in hip 284, 285 and knee 286 replacement 

surgery, but also in craniomaxillofacial surgery 287, 288. During the past decade, the develop-

ment of porous titanium has greatly benefitted from the introduction of additive manufactur-

ing techniques. These additive manufacturing techniques, such as selective laser melting 

(SLM) 289, enable the production of fine and precisely controlled porous structures, which 

can be designed to exactly meet (patient-specific) mechanical properties desired for both 

trabecular or cortical bone defects 290. Manufactured porous titanium implants, containing 

pores ranging between 460 and 670µm, form a unique mechanically strong osteoconduc-

tive scaffold suitable to graft cortical bone defects 252, 291. However, porous titanium may be 

further improved through addition of osteoinductive properties. One successful method to 

reinforce porous titanium with osteoinductive properties is to incorporate bioactive gels 252 

but an interesting alternative method might be to make the titanium surface bioactive.

Titanium can be made bioactive through altering the surface chemistry and topography 

by blasting, etching, or oxidization regimes 292, or by deposition of an inorganic (e.g. calcium 

phosphates) or organic (e.g. peptides) surface coating 293. A recently explored peptide that 

has potential to equip titanium with osteoinductive properties is osteostatin. Osteostatin is 

the N-terminal sequence 107-111 of the C-terminal domain of parathyroid hormone (PTH)-

related protein (PTHrP). The short length and amino acid composition of this pentapeptide 

ensures its stability and osteostatin has been shown to stimulate osteoblast activity and 

inhibit osteoclast activity 294, 295. The exact mechanism of action is not well understood, 

partly because the putative receptor through which osteostatin acts is still unknown, but 

ceramic-based scaffolds coated with osteostatin have, nevertheless, been shown to enhance 

bone regeneration in vivo 38, 296. The aim of this study was to determine the potential benefits 

on bone regeneration of osteostatin-coated porous titanium.
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Materials and Methods

Osteostatin-coated porous titanium was evaluated both in vitro and in vivo. In vitro, osteo-

progenitor cells were seeded on porous titanium scaffolds with and without osteostatin 

coating and their proliferation and differentiation were determined. In vivo, porous titanium 

implants with and without osteostatin were used to graft critical-sized cortical bone defects 

in rats. Bone regeneration was evaluated with in vivo and ex vivo micro-computed tomogra-

phy (µCT), histological analysis and biomechanical torsion testing.

1. Production of osteostatin-coated and uncoated porous titanium

Disk-shaped (Ø 8mm x height 3mm) porous scaffolds were used for in vitro experiments 

while femur-shaped porous scaffolds were used as implants for in vivo experiments (Figure 

1A). Femur-shaped implants were a copy of the femoral bone segment removed during 

the in vivo experiments and had a height of 6mm, a maximum outer diameter of 5mm 

and a minimal diameter of 1.3mm leaving an open medullary canal. Porous titanium was 

produced from Ti6Al4V ELI powder (ASTM B348, grade 23) using SLM (Layerwise N.V., 

Leuven, Belgium). The porous architecture was based on dodecahedron unit cell design 

with the following dimensions: 120µm strut size, 500µm pore size, 88% porosity. Post-

production, all porous titanium scaffolds underwent an alkali-acid-heat treatment consisting 

of (1) immersion in a 5M aqueous NaOH solution at 60°C for 24h; (2) immersion in water 

at 40°C for 24h; (3) immersion in 0.5mM HCl at 40°C for 24h; (4) heating to 600°C at a rate 

of 5°C/min in an electric furnace in ambient air pressure, holding the temperature at 600°C 

for 1h, and subsequent natural cooling 292. Osteostatin was coated on the titanium surface 

by soaking the scaffolds in 1ml of 100nM solution of human PTHrP (107-111) (Bachem, 

Bubendorf, Switzerland) in phosphate–buffered saline (PBS) at 4°C in constant rotation for 

Figure 1: Porous titanium implants coated with osteostatin.
Femur-shaped (left) and disk-shaped (right) porous titanium after alkali-acid-heat treatment (A). Bar indicates 1mm. 
(B) In vitro osteostatin [PTHrP (107-111)] release after loading femur-shaped titanium implants for 24h in 100nM 
osteostatin in PBS solution (B). Points represent mean±SD (n=3).
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24h. Surface uptake and subsequent release of osteostatin was measured for the rat femur-

shaped porous titanium implants through the protein concentration by spectrophotometry 

absorbance at 280nm, following a standard protocol described elsewhere 297.

2. Cell attachment and proliferation

A pool of human periosteal derived cells (hPDCs, six donors, aged 14±2 years, passage 

5) were thawed from liquid nitrogen cell bank, expanded in T175 flask, and harvested 

upon confluence. Cell suspension (i.e. 100µl) containing 50,000 cells was drop-seeded 

onto osteostatin-coated and uncoated disk-shaped scaffolds and incubated statically for 1h 

to allow cell attachment before being transferred onto a 3D rotator (GrantBio) to perform 

overnight dynamic rotation seeding 298. For cell attachment analysis, cell-seeding efficiency 

(CSE) was calculated by quantifying total DNA content of the cell-seeded scaffolds (n=3) 

using Quant-iTTM dsDNA HS assay kit (Invitrogen). For cell proliferation assay, cell-seeded 

scaffolds were transferred into 24-well plates and cultured with DMEM medium (DMEM-

GlutaMaxTM-1, Gibco) containing 10% foetal bovine serum (Gibco), 1% sodium pyruvate, 

and 1% antibiotics/antimycotics. Then, metabolic activity (PrestoBlue®, Life technologiesTM) 

and total DNA content were quantified at defined time points (n=3).

3. Cell viability and growth morphology

Cell viability of hPDCs on osteostatin-coated and uncoated scaffolds was determined at 

1, 7 and 21 days. Living cells were stained with calcein AM and dead cells with ethidium 

homodimer (LIVE/DEAD® cell viability kit, Life technologiesTM). Furthermore, cell morphol-

ogy was assessed through scanning electron microscopy (SEM). Scaffolds were fixed with 

2.5% glutaldehyde, post-fixed with osmium tetroxide, dehydrated in gradually increased 

alcohol concentrations and chemically dried with hexamethyldisilane. Then, scaffolds 

were sputtered with gold-palladium coating and cell morphology was observed using SEM 

coupled with energy dispersive X-ray analysis (FEI XL30 FEG) at 1kV.

4. Osteoblastic, osteoclastic and angiogenic gene expression

Differentiation of hPDCs on osteostatin-coated and uncoated scaffolds was assessed by 

quantitative, real-time polymerase chain reaction. Briefly, at 1, 7 and 21 days, cells were 

harvested and the total RNA was extracted using an RNA extraction kit (Qiagen) and sub-

sequently converted into cDNA using cDNA synthesis kit (Fermentas). Expression levels of 

osteoblastic markers [alkaline phosphatase (ALP), collagen type-1 (Col1), runt-related tran-

scription factor 2 (Runx2), osteocalcin (OCN)], osteoclastic markers [receptor activator of 

nuclear factor kappa-B ligand (RankL), osteoprotegerin (OPG)], and an angiogenic marker 

[vascular endothelial growth factor (VEGF)] were quantified using Sybr Green primers (Table 

1) in a Rotor-Gene sequence detector at 95oC for 3m, 40 cycles of 95oC for 3s, and 60oC for 
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60s. Expression levels were calculated based on the 2-ΔCT method by normalising values to 

the housekeeping gene β-Actin.

5. Cortical femoral bone defects in rats

In 20 male Wistar rats, critical-sized cortical femoral bone defects were grafted with 

osteostatin-coated or uncoated porous titanium implants (n=10). The study was approved by 

Animal Ethics Committee of the Erasmus University (EMC 2811) and Dutch guidelines for 

care and use of laboratory animals were followed. Prior to surgery, rats were administered 

antibiotics (enrofloxacin, 5mg/kg body weight) through subcutaneous injection. Surgery was 

performed aseptically under general anaesthesia (1-3.5% isoflurane). First the right femur 

was exposed through a lateral skin incision and blunt division of underlying fascia. Then, 

a 23mm long Poly Ether Ether Ketone (PEEK) plate was fixated to the anterolateral plane 

using six titanium screws (Ø 0.8mm x length 6.5mm). Periosteum was removed over 8mm 

of the mid-diaphyseal region before a 6mm cortical bone segment was removed with a 

wire saw and a tailor-made saw guide. Then, an osteostatin-coated or uncoated implant 

was press-fitted into the defect. Finally, fascia and skin were sutured and pain medication 

(buprenorphine, 0.05mg/kg body weight) was administered through subcutaneous injec-

tion twice a day for three days. Rats were sacrificed after twelve weeks with overdose of 

pentobarbital (200mg/kg body weight).

6. μCT evaluation

Bone regeneration was measured using µCT scans (SkyScan 1076, Bruker micro-CT N.V., 

Kontich, Belgium). In vivo µCT scans were acquired at four, eight and twelve weeks using 

a 35µm resolution protocol (95kV, 105µA current, 1.0mm Al/0.25mm Cu filter, and 0.75 

degree rotation step, scan time 14m). Rats were kept under general anaesthesia (1-3.5% 

isoflurane) during the in vivo µCT scans. Ex vivo µCT scans were acquired after sacrificing 

the animals using an 18µm resolution protocol (95kV, 100µA current, 1.0mm Al/0.25mm Cu 

filter, and 0.5 degree rotation step). µCT scan images were reconstructed using volumetric 

reconstruction software NRecon version 1.6.6 (Bruker micro-CT N.V., Kontich, Belgium).

Bone regeneration was expressed as bone volume (BV), which was measured at four 

specific regions: (1) total BV: the total volume of bone formed within the 6mm defect; (2)

outer BV: the bone formed outside the implants; (3) porous BV: the bone formed inside the 

porous space of the implants; and (4) inner BV: the bone formed in the medullary canal of 

the implants. BV values were measured using CTAnalyser version 1.13 (Bruker micro-CT 

N.V., Kontich, Belgium). First the specific region was selected, then the titanium and its 

border artefacts was excluded from images using a global threshold and by removal of 

an extra 35µm border. Subsequently bone was captured using a second global threshold. 

Global thresholds were based on visual inspection and were kept constant for all scans. 

Bone bridging was determined by measuring the shortest remaining gap size between bone 
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formed at the proximal and distal side of the defect on ex vivo scans with DataViewer 1.4 

(Bruker micro-CT N.V., Kontich, Belgium).

7. Biomechanical evaluation

The mechanical strength of grafted femurs, and hence the biomechanical functionality of 

the implants, was measured through torsion tests conducted on eight femurs per group. After 

sorting all ten grafted femurs according to their total BV after twelve weeks, the two middle 

femurs were retained for histological analysis, leaving the rest for biomechanical testing. 

Three contralateral intact femurs were included as controls. After harvesting the femurs, 

soft tissues and PEEK plates were carefully removed. Specimens were kept in 10% neutral 

buffered formalin solution for two days, minimizing the effect of formalin conservation on 

mechanical properties 299, and then transferred to PBS. Subsequently, both ends of each 

femur were embedded in a cold-cured epoxy resin (Technovit 4071, Heraeus Kulzer GmbH, 

Wehrheim, Germany). On the upper clamping side, the use of a Cardan joint ensured pure 

rotation without bending. The lower sides were simply fixed. Torsional strength (maximum 

torque to failure, N.mm) was determined with a rotation rate of 0.5°s-1 until failure using a 

static mechanical testing machine (Zwick GmbH, Ulm, Germany).

8. Histological evaluation

Histology was performed on two femurs. Harvested femurs were fixed in 10% neutral 

buffered formalin solution for two days, dehydrated in graded ethanol solution from 70 to 

100%, and finally embedded in methyl methacrylate. Sections of ~20µm were obtained 

using a diamond saw (Leica SP1600, Rijswijk, the Netherlands) and stained with basic 

fuchsine 0.3% solution to colour bone tissue purple and methylene blue 1% solution to 

colour fibrous tissue blue.

9. Statistics

Statistical analyses were performed using SPSS Statistics 20.0 (SPSS Inc, Chicago, Ill). Data 

is presented as means±standard deviation (SD). For in vitro experiments, a one-way ANOVA 

was performed for each time point. For in vivo experiments, a linear mixed model was used 

to determine the interaction between treatment and time and to determine the overall effect 

of treatment. Ex vivo measurements (bone regeneration and biomechanical strength) were 

tested with an unpaired student’s t-test. A power calculation (β-value >0.80, SD ~25%) 

was made to find a true difference in bone regeneration or biomechanical strength of at 

least 35%. Based on this calculation, n=10 was required per experimental group. A p-value 

<0.05 was considered statistically significant.
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Results

1. Uptake and release profiles of osteostatin-coated porous titanium

SLM-produced porous titanium scaffolds had an 85% porosity with struts of 163±43µm and 

a median pore size of 600µm (range 460-670µm) (Figure 1A). The disk-shaped and femur-

shaped scaffolds had a total surface area of respectively 561±11mm2 and 314±47mm2. The 

as-produced surface morphology was transferred into nano-scale organized, rod-like TiO2 

crystals by the alkali-acid-heat treatment (Figure 2) 300. After soaking for 24h, 30% of the 

osteostatin in the solution was taken up by the femur-shaped scaffolds, equivalent to 0.02ng 

peptide/mm2 scaffold. This was confirmed by measuring 70% of osteostatin in the remain-

ing solution and resulted in a cumulative dose of 4.7±0.7ng osteostatin per femur-shaped 

scaffold. These femur-shaped scaffolds released 44.2±1.5% of the osteostatin within 1h, 

81.3±0.8% within 24h, and 98.3±0.7% within 72h (Figure 1B).

A B

C D

Figure 2: SEM images showing the surface morphology of porous titanium.
Low magnification image of the dodecahedron structure of the porous titanium (A), High magnification image of 
the as-produced surface morphology (B). High magnification images of the surface morphology after alkali-acid-
heat treatment showing the nano-scale organized, rod-like crystal throughout the surface (C-D).
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2. Cell attachment and proliferation

Cell-seeding efficiency of hPDCs on osteostatin-coated as well as uncoated scaffolds was 

~30% (Figure 3A). Cell proliferation (Figure 3B) and cell metabolic activity (Figure 3C) 

steadily increased during the 21 days culture period, but on average osteostatin did not lead 

to significantly more cell activity or proliferation. Only at day 7, total DNA content showed 

a trend towards more proliferation of hPDCs on osteostatin-coated scaffolds (3008±350ng 

versus 2135±609ng, p=0.098).

3. Cell viability and growth morphology

Cells attached to osteostatin-coated and uncoated titanium remained viable during the 

21 days culture period (Figure 4). Cells were already clearly attached after 1 day, but cell 

morphology changed from a small rounded shape towards a long and elongated shape at 21 

days. No clear differences were observed between cells on osteostatin-coated or uncoated 

surfaces.

4. Osteoblastic, osteoclastogenic and angiogenic gene expression

Gene expression of OPG, an osteoclastogenic marker, was significantly altered with 

osteostatin-coated scaffolds, whereas osteogenic and angiogenic markers did not show a 

significant difference (Figure 5). Osteostatin upregulated OPG at day 1 (p<0.05) and RankL 

was considerably downregulated. As a consequence the RankL:OPG ratio was significantly 

lower for osteostatin-coated scaffolds. At day 21, osteostatin downregulated OPG (p<0.05) 

whereas the expression of the other osteogenic (ALP, Col1, OCN, Runx2) or angiogenic 

(VEGF) markers measured was not altered through the presence of the osteostatin-coating 

on the porous titanium implants (Figure 5).
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Figure 3: Cell-seeding, proliferation and metabolic activity.
Cell-seeding efficiency (%) after overnight dynamic rotation seeding of 50,000 human periosteum-derived cells 
(hPDCs) onto osteostatin-coated and uncoated scaffolds (A). Cell proliferation, expressed as total DNA content 
after culturing hPDCs on implants for 1, 7 and 21 days (B). Metabolic activity of hPDCs cultured on scaffolds, ex-
pressed with fluorescent units, after 1, 7 and 21 days (C).
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5. Cortical femoral bone defects in rats

Rats were able to tolerate load-bearing immediately after grafting the defects and all surgical 

sites healed uneventfully. One rat that received an osteostatin-coated implant was found 

dead after ten weeks, the cause of dead could not be determined and this rat was excluded 

from further analysis.

6. μCT evaluation

Grafting femur defects with osteostatin-coated porous titanium implants led to more bone 

regeneration. Although the interaction between time and treatment was not significant 

(p=0.09), running the linear mixed model without the interaction term showed that the main 

effect of both treatment and time were highly significant (p=0.005, p<0.001 respectively). 

After four weeks, total BV of osteostatin-coated implants was 18.5±8.0mm3 compared to 

10.4±3.5mm3 of uncoated implants (Figure 6A). Bone regeneration predominantly occurred 

outside the implant (Figure 6B; outer BV 9.7±5.6mm3 versus 4.4±1.8mm3) and to some 

extent inside the implant (Figure 6C; porous BV 6.0±2.9mm3 versus 3.7±1.9mm3), but the 

amount of bone formed within the medullary canal was similar for osteostatin-coated and 

uncoated implants (Figure 6D; inner BV 2.8±0.9mm3 versus 2.3±1.5mm3).

The total BV of grafted defects continued to increase throughout the follow-up. Osteo-

statin-coated implants resulted in a total BV of 33.2±18.1mm3 (versus 24.3±13.1mm3 with 

uncoated implants) after eight weeks and a total BV of 38.5±20.9mm3 (versus 33.7±16.8mm3 

with uncoated implants) after twelve weeks. Most bone had formed outside the implants: 

Figure 4: Live-dead staining and SEM images.
Live-dead staining of cell-seeded cylindrical porous titanium scaffolds after 1 and 21 days of culture (A). Viable 
cells are stained green, dead cells are stained red. White bars indicate 2mm. Scanning electron microscopy of the 
titanium surface after 1 and 21 days of culture (B), “C” indicates a cell. White bars indicate 50µm.
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outer BV was 49±15% of the total BV for osteostatin-coated implants, and 43±7% of the 

total BV for uncoated implants. Porous BV reached 14.2±6.8mm3 with osteostatin and 

13.6±8.3mm3 without osteostatin, meaning that respectively 25±13% and 23±13% of the 

porous space was occupied by regenerated bone.

Bone bridging of grafted defects progressed throughout the twelve weeks follow-up and 

this is clearly shown on in vivo µCT scans (Figure 7). Between eight and twelve weeks, bone 

resorption of adjacent cortical bone was seen when uncoated implants were used (Figure 

7). After twelve weeks, the remaining gap of defects grafted with osteostatin-coated implants 

measured 1.0±0.8mm, which was not significantly different from the uncoated implants 

were a remaining gap of 1.8±1.5mm was measured (Figure 8A and B). Nearly complete 
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Figure 5: Expression of osteogenic and angiogenic markers.
Effects of osteostatin-coated and uncoated scaffolds on expression of osteogenic markers: (A-D) alkaline phospha-
tase [ALP], collagen type-1 [Col1], runt-related transcription factor 2 [Runx2], and osteocalcin [OCN]. Expression 
of angiogenic marker and osteoclastogenic markers: (E) vascular endothelial growth factor (VEGF), (F–H) receptor 
activator of nuclear factor kappa-B ligand [RankL], osteoprotegerin [OPG], and RankL:OPG ratio. Expression levels 
shown are based on the 2-ΔCT method, to normalize values to that of the housekeeping gene. Horizontal bars are 
used to indicate statistical significant differences (p<0.05).
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bridging (defined as gap <0.5mm) was seen in three defects grafted with osteostatin-coated 

implants and in two defects grafted with uncoated implants.

7. Biomechanical evaluation

Seven femurs grafted with osteostatin-coated implants, eight femurs grafted with uncoated 

implants, and three intact femurs were successfully embedded in epoxy resin and subjected 

to torsion testing. The average maximum failure torque with osteostatin-coated implant was 

97±31N.mm, compared to 77±53N.mm with uncoated implants (Figure 8C), this was not 

statistically significant. All femurs failed form the interface of bone-implant except for one, 

which failed through the implant. Failure torque of femurs with osteostatin-coated implants 

and uncoated implants reached, respectively, 66% and 53% of that of intact femurs, i.e. 

146±19N.mm.

Figure 6: Bone regeneration quantified on in vivo µCT scans made after four, eight and twelve 
weeks.
Total BV; defined as all bone formed within the 6mm defect (A). Outer BV, defined as bone formed outside the 
implants (B). Porous BV, defined as bone formed inside the porous space of the implants (C). Inner BV, defined 
as bone formed in the medullary canal of the implant (D). Values are expressed as mean±SD (n=10), and a linear 
mixed model was performed to assess statistical significant differences. A p-value <0.05 was considered as sta-
tistically significant.
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Figure 7: Representative in vivo and ex vivo µCT images.
Femur defect grafted with osteostatin-coated (top row) or uncoated (bottom row) porous titanium implants (longi-
tudinal cross-section). Titanium implants and fixation screws appear in black, whereas bone appears in dark grey. 
Arrows indicate progression of bony bridging during follow-up period. Asterisk depicts area of bone resorption. 
Black bar indicates 1mm.

Figure 8: Bone bridging and mechanical strength.
Representative 3D µCT images of bone bridging upon grafting with osteostatin-coated or uncoated porous titanium 
implants at twelve weeks (A). Porous titanium implants are shown in transparent grey, whereas bone appears in 
dark grey. Remaining bone gap (mm) after twelve weeks measured on ex vivo µCT scans (B). Maximum torque 
to failure (N.mm) during torsion testing of grafted and intact femurs (C). Values are expressed as mean and 95% 
confidence interval, and an unpaired student’s t-test was performed to assess for statistical significant differences. 
A p-value <0.05 was considered as statistically significant.
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8. Histological evaluation

Histological evaluation showed no distinct differences in terms of bone morphology or 

bone-titanium interface between osteostatin-coated and uncoated porous implants at twelve 

weeks (Figure 9A and B). Regenerated bone consisted mainly of non-woven bone, and 

direct bone-titanium contact was observed at the proximal and distal sites of the implants 

(Figure 9C and D). The remaining non-bridged bone gap was mainly filled with fibrous tissue 

(Figure 9D and E). Occasionally there were also areas of the bone-titanium interface found 

with a cartilage-like or fibrous-like zone in both groups (Figure 9C and F).

Discussion

An ideal bone graft substitute provides immediate mechanical support and enhance bone 

regeneration that allows repair of critical-sized bone defects in a short period of time 280. 

A promising biomaterial suitable to provide sufficient mechanical support to load-bearing 

bone defects is porous titanium 35. In this study, we showed that the performance of porous 

titanium can be improved with an osteostatin-coating; since osteostatin-coated implants 

showed an increase in bone regeneration in vivo (Figure 6 and 7).

Osteostatin is a pentapeptide domain (107-111) of PTHrP. PTHrP consists of three major 

domains and acts as an important modulator of bone formation and bone remodelling 301. 

Figure 9: Histological sections of osteostatin-coated and uncoated porous titanium implants.
Representative histological transversal sections of bone defects grafted with osteostatin-coated (upper row) and 
uncoated (bottom row) porous titanium implants. Sections are stained with basic fuchsine and methylene blue. 
Basic fuchsine stains bone purple, methylene blue stains fibrous tissue blue. Low magnification overview, black 
bar indicates 500µm (A, B). Detailed view of areas as noted with an asterisk in A and B (C-F), respectively, ‘t’ indi-
cates titanium, ‘b’ indicates bone tissue, ‘c’ indicates cartilage-like tissue and ‘f’ indicates fibrous-like tissue. Bar 
represents 200µm.
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The actions of its N-terminal domain (1-36), which shows homology to PTH, are a conse-

quence of the interaction with the PTH/PTHrP receptor 1 (PPR). But the native C-terminal 

domain (107-139), including osteostatin, seems to act through a PPR-unrelated receptor 

and increases osteoblast survival and osteoblastic differentiation in vitro 294, 302, 303. Also, 

osteostatin was found to enhance bone regeneration in vivo in metaphyseal bone defects in 

rabbits 37, 38. These trophic effects, together with its short peptide sequence (Thr–Arg–Ser–

Ala–Trp) warranting its stability, make osteostatin an interesting peptide to use as an organic 

surface coating aimed to enhance bone regeneration of porous titanium.

The SLM-produced porous titanium underwent a post-production alkali-acid-heat treat-

ment 304, resulting in a titanium dioxide layer on the surface and altering the surface topog-

raphy (Figure 2), which has been shown to increase bone regeneration 276, 292. Subsequently, 

this titanium surface was coated with osteostatin by a soaking method used previously for 

loading osteostatin onto ceramics 37, 294. Osteostatin adhesion onto the titanium surface is 

most likely based on van der Waals’ interactions between the indole ring in the C-terminal 

tryptophan of osteostatin and titanium dioxide and this resulted in a low dose of osteostatin 

on the surface (0.02ng/mm2). These relatively weak van der Waals’ interactions also explain 

the fast release of osteostatin (Figure 1B). This prompt release was similar to the release of 

osteostatin from ceramics, and had been capable to enhance trabecular bone volumes of 

metaphyseal bone defects in rabbits 37, 38. This fast release might even be an requisite, since a 

constant delivery of PTH results in bone resorption whereas only intermittent administration 

of PTH and PTHrP improved bone mass and bone healing 305-309. Intermittent administration 

induces a transient increase in RankL that could result in more osteoclastic resorption 310. 

The release of osteoblastic growth factors from the resorbed bone matrix can be a source 

of osteogenic signals that contribute to PTH-induced anabolism. RankL may also stimulate 

the secretion of osteoblastic factors by osteoclasts 310. Intermittent administration of PTHrP 

(107-139) also reduced the RankL:OPG ratio in human osteoblastic cells in vitro 311. These 

observed differences on bone regeneration between constant and intermittent administra-

tion of PTH and PTHrP suggest that altering the pace or dose of osteostatin administration 

could potentially improve but also diminish its trophic effects on bone regeneration, and 

improving the osteostatin-coating on titanium surfaces is therefore an interesting topic. 

Osteostatin-coating on titanium surfaces might be improved using more advanced titanium 

surface treatments. One treatment that we previously have applied to our porous titanium 

implants is an anodizing technique that results in the formation of regular and adjustable 

TiO2 nanotubes 292. Anodizing is especially interesting since others have shown that the size 

of these TiO2 nanotubes can be tailored to function as small drug reservoir 312, and this could 

be used to improve the osteostatin administration in future research.

Culturing osteoprogenitor cells in vitro on porous titanium scaffolds showed a significant 

effect of osteostatin on the RankL:OPG gene expression ratio, leading to a reduction of 

this ratio at day one (Figure 5). As already mentioned, the RankL/OPG system is a major 
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signalling pathway that regulates differentiation and function of osteoclasts 313. RankL pro-

motes whereas OPG inhibits bone resorption 314, and this is consistent with the observed 

accelerated bone regeneration after four weeks in vivo (Figure 6). These results are in line 

with previously published in vitro experiments using a mouse osteoblast cell line (MC3T3-

E1), showing that RankL expression was significantly reduced by addition of osteostatin to 

cultures at day two and four 294. Moreover, in the latter cell line, it was found that osteostatin 

increased both OPG and VEGF gene expression through Src activation, which presents a 

mechanism for modulation of osteoblast activity and function 315. The fact that we did not 

see a difference in VEGF gene expression or expression of osteogenic genes upon osteostatin 

treatment of hPDCs – in contrast to previous observations in MC3T3-E1 cells 294, 315 - may be 

explained by differences in: (1) used cell type or (2) time-dependent effects of osteostatin. 

MC3T3-E1 cells represent immature osteoblasts, whereas hPDCs are multipotent mesenchy-

mal stromalcell-like osteoprogenitors and in previously conducted experiments, the upregu-

lation of osteogenic genes (e.g. ALP and OCN) was already found to be time-dependent 294.

Grafting cortical bone defects with osteostatin-coated porous titanium implants showed 

significantly more bone regeneration (Figure 6). After four, eight and twelve weeks the dif-

ference in total BV was respectively 8mm3, 9mm3 and 5mm3, and this suggest that the 

advantage of osteostatin-coating decreased over time. However, the interaction of time and 

treatment only showed a statistical trend (p=0.09), more power is necessary to support 

this observation. Also no significant differences in bone regeneration nor biomechanical 

strength were found ex vivo. Again, we believe this is mainly caused by the limited power of 

our study design. Due to variability in the surgical procedure and animal response, this bone 

defect model has a large standard deviation. The group size was not suitable for detecting 

statistical significant differences that were smaller than 35%. Thus, the observed differences 

of defects grafted with osteostatin-coated porous titanium implants found after twelve weeks 

(14% more bone regeneration, 13% increase in biomechanical strength), did not pass the 

significant threshold imposed by the group size used and require the use of a larger sample 

size. Additionally have we recently shown that there is a large variation in the degree of 

implant fixation in our model 316. This variation, which may allow for excessive micromotion, 

can explain the observation of a fibrocartilage interface at certain areas of the titanium-bone 

interface (Figure 9C and F) and needs to be reduced by improving implant fixation.

Porous titanium implants were shown to enhance bone regeneration through osteocon-

duction 270, 291, 317-319. However, to become suitable for grafting load-bearing defects they 

should be strong enough to sustain mechanical loading but not overly stiff to avoid stress 

shielding and implant loosening. The mechanical properties of the porous titanium implants 

used was measured earlier 290, 319 and are as follows: 14MPa compression strength, 0.4GPa 

Young’s modulus and a fatigue life long enough to allow bone ingrowth and osseointegra-

tion. This is sufficient to allow immediate weight-bearing in femur defects and restored up 

to respectively 53% (uncoated group) and 66% (osteostatin-coated group) of its original 
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strength (Figure 9). Restoration of mechanical strength is one of the main goals of bone 

grafting, but the minimal difference in favour of the osteostatin-coated group found here 

was not significant. A power calculation made based on this data (α-value = 0.05, β-value 

= 0.80) indicates that an n=50 per group would be required to determine if this difference is 

significant. However, these results were in line with previous experiments 252, 319, and under-

line the potential of porous titanium as a load-bearing osteoconductive scaffold. Combining 

this load-bearing osteoconductive scaffold with an osteostatin coating capable of enhancing 

early bone regeneration further improves and accelerates the repair of cortical bone defects 

grafted with porous titanium implants and might lead to the development of new implants 

suitable as bone grafts substitutes or implants in trauma, orthopaedic or craniomaxillofacial 

surgery 35, 320.

Conclusions

In this study, osteostatin was used as an organic surface coating to improve bone regenera-

tion upon implantation of porous titanium. In vivo experiments showed that porous titanium 

scaffolds coated with osteostatin enhanced early bone regeneration in critical-sized femoral 

bone defects in rats. In vitro experiments showed that osteostatin results in an early upregu-

lation of OPG gene expression, altering the RankL:OPG ratio which might be mechanism of 

action through which in vivo early bone regeneration is increased. Optimizing the dose and 

pace of osteostatin release from the titanium surface remains an interesting topic for future 

in vivo experiments and may show more profound long term effects of osteostatin on bone 

regeneration of cortical bone defects grafted with porous titanium implants.
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Abstract

Porous titanium implants are a promising class of biomaterials for grafting large bone 

defects, because titanium provides sufficient mechanical support, whereas its porous struc-

ture allows bone ingrowth resulting in good osseointegration. To reinforce porous titanium 

implants with biological cues that enhance and continue bone regeneration, implants 

can be incorporated with bioactive gels for time and dose controlled delivery of multiple 

growth factors (GFs). In this study, critical-sized cortical femoral bone defects in rats were 

grafted with porous titanium implants incorporated with nanostructured colloidal gelatin 

gels. Gels were loaded with bone morphogenetic protein-2 (BMP-2, 3µg), fibroblast growth 

factor-2 (FGF-2, 0.6µg), BMP-2, and FGF-2 (BMP-2/FGF-2, ratio 5:1) or were left unloaded. 

GF delivery was controlled by fine-tuning the crosslinking density of oppositely charged 

nanospheres. Grafted femurs were evaluated using in vivo and ex vivo µCT, histology, and 

three-point bending tests. All porous titanium implants containing GF-loaded gels acceler-

ated and enhanced bone regeneration: BMP-2 gels gave an early increase (0-4 weeks), 

and FGF-2 gels gave a late increase (8-12 weeks). Interestingly, stimulatory effects of 0.6µg 

FGF-2 were similar to a fivefold higher dose of BMP-2 (3µg). BMP-2/FGF-2 gels gave more 

bone outside the porous titanium implants than gels with only BMP-2 or FGF-2, resulted in 

bridging of most defects and showed superior bone-implant integrity in three-point bending 

tests. In conclusion, incorporation of nanostructured colloidal gelatin gels capable of time 

and dose controlled delivery of BMP-2 and FGF-2 in porous titanium implants is a promising 

strategy to enhance and continue bone regeneration of large bone defects.
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Introduction

Regeneration of large bone defects remains a challenging topic in trauma, orthopaedic and 

maxillofacial surgery 280. Despite availability of several biomaterials for bone grafting 321, 

autologous bone remains the clinical gold standard 44. Nevertheless, well-known drawbacks 

(e.g. limited amounts and donor site morbidity 12) provide continuous incentive to develop 

new biomaterials. A promising new biomaterial for large bone defects is porous titanium. 

Porous titanium implants directly provide mechanical support after implantation while the 

porous structure acts as an osteoconductive 9 implant that facilitates bone regeneration 319. 

However, to further enhance and continue bone regeneration in large bone defects, it is nec-

essary to reinforce the bioinert titanium with biological cues stimulating bone regeneration.

Bone regeneration is a cascade of events strongly regulated by spatial and temporal 

presentation of angiogenic and osteogenic growth factors (GFs) 322. Angiogenic GFs such as 

fibroblast growth factor-2 (FGF-2) are expressed during early stages of bone regeneration 322, 

323. In contrast, osteogenic GFs such as bone morphogenetic factor-2 (BMP-2) are expressed 

in later stages 324. Mimicking this spatiotemporal presentation of GFs by controlled delivery 

from carrier materials is considered a powerful tool to stimulate bone regeneration 325. 

Conventional carrier materials (e.g. collagen sponges) have shown poor capacity to control 

GF delivery, and therefore require a high dose of GF to reach therapeutic effects. However, 

high doses of GF, especially BMP-2, can cause serious side effects including bone tissue 

overgrowth, ectopic bone formation, inflammation, and even carcinogenicity 326. This 

underlines the need for new carrier materials capable of time and dose controlled delivery 

of multiple GFs 324.

To this end, a new generation of carrier materials recently emerged are shear-thinning and 

self-healing colloidal gels 327, 328. Nanostructured colloidal gels made of oppositely charged 

gelatin nanospheres can control GF delivery by tailoring the degradation rate of the sub-

population of charged gelatin nanospheres within the gel network. It has been shown that by 

separately loading FGF-2 and BMP-2 using different species of charged gelatin nanospheres 

and fine-tuning the cross-linking densities of gelatin particles a sequential release of dual 

GFs, in terms of early delivery of FGF-2 and sustained delivery of BMP-2, can be obtained 39. 

However, due to the inappropriate dose combination between FGF-2 and BMP-2, the dual 

GFs delivery resulted into an inhibitory effect on bone regeneration 329, 330.

The aim of this study is to enhance bone regeneration of large bone defects using porous 

titanium implants incorporated with nanostructured colloidal gelatin gels for time and dose 

controlled delivery of a nanogram dose of FGF-2 and/or a microgram dose of BMP-2. We 

hypothesize that grafting cortical femoral bone defects in rats with porous titanium implants 

containing BMP-2/FGF-2 gels results in more bone regeneration than implants containing 

BMP-2 gels, FGF-2 gels, or unloaded gels. To test this hypothesis, bone regeneration was 

evaluated using in vivo and ex vivo µCT, histology, and three-point bending tests.
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Materials and methods

1. Materials

Gelatin A (GelA, from porcine skin, 300 Bloom, isoelectric point (IEP) ~9) and gelatin B 

(GelB from bovine skin, 225 Bloom, IEP ~5) were purchased from Sigma-Aldrich. Glutaral-

dehyde (GA, 25 wt% solution in water) was commercially available from Acros Organics. 

Recombinant human BMP-2 (molecular mass 26kDa (dimer), IEP 7) was purchased from 

Shanghai Rebone Biomaterials Co., China, and recombinant human FGF-2 (molecular mass 

16kDa, IEP 9.6) were supplied by R&D Systems.

2. Preparation and characterization of GF-loaded colloidal gelatin gels

Colloidal gelatin gels were made of oppositely charged gelatin nanospheres 331. Briefly, 

gelatin nanospheres were obtained using a desolvation method and cross-linked using GA. 

A cross-linking density (defined as molar ratios of GA relative to [NH2]gelatin) of one (low) or 

four (high) was applied to GelA and GelB nanospheres, respectively. That resulted in posi-

tively charged GelA and negatively charged GelB nanospheres. Particles size and ζ-potential 

of gelatin nanospheres were measured using dynamic light scattering (DLS, Zetasizer Nano-

Z, Malvern Instruments Ltd.) (Table 1). Lyophilized GelA or GelB nanospheres were mixed 

with aqueous 1mM NaCl solutions (pH 7) in two separate 1ml BD® Luer-lokTM syringes. A 

homogeneous gel was obtained by repeated extrusion from both syringes while being con-

nected by a Luer-lokTM connector. BMP-2/FGF-2 gels were made mixing GelA nanospheres 

with NaCl solution containing 22µg/ml FGF-2 and mixing GelB nanospheres with NaCl 

solution containing 110µg/ml BMP-2. BMP-2, FGF-2 or unloaded gels were obtained by 

mixing GelA, GelB or both with 1mM NaCl solution only (Table 2). Gels (solid content of 

20 w/v%) were stored at 4°C overnight to allow for complete swelling and GF absorption. 

Viscoelastic properties were characterized using a rheometer (AR2000ex, TA Instruments). 

Measurements to assess shear-thinning and self-healing behaviour were performed within 

the linear viscoelastic region using a flat steel plate geometry (20mm diameter) at 25°C. 

Briefly, gels were gradually destroyed by applying an oscillatory strain sweep with shear 

strain increasing from 0.1% to 1000% (1 Hz frequency), meanwhile viscoelastic properties 

(G’ and G’’) were monitored. Thereafter, an oscillatory time sweep (5min, 1% strain, 1Hz 

frequency) was instantaneously applied and gel recovery was recorded.

Table 1. Characteristics of GelA and GelB nanospheres (NS)

Characteristics GelA NS GelB NS

Cross-linking density low
(GA/NH2 = 1)

high
(GA/NH2 = 4)

Particle size (swollen state) 430±4nm 247±2nm

Zeta-potential +9.3±0.3mV -20.0±0.4mV

Johan van der Stok - Binnenwerk.indd   104 01-04-15   10:45



Porous titanium implants incorporated with growth factor-loaded gelatin gels 105

C
ha

pt
er

 7

3. Incorporation of GF-loaded gels into porous titanium implants

Selective laser melting (SLM) technique was used to produce porous titanium implants in 

the shape of the cortical femoral bone segment removed during the animal experiment 

(Figure 1A) 319. The porous structure was based on a dodecahedron template designed with 

120µm thick titanium struts and pores ranging from 240 to 730µm. Porosity, compression 

strength and Young’s modulus are given in Table 3. Post-production, implants underwent an 

alkali-acid-heat treatment as described previously 276.

Gels were incorporated into the implants using a custom-made gel chamber prior 

to surgery. First, a implant was placed inside the gel chamber and subsequently the gel 

chamber was connected to the Luer-lokTM syringes that contained the gels. Then an excess 

of gel was injected into the chamber resulting in complete filling of the porous titanium 

implant. Gel-loaded titanium implants were left inside the gel chamber and stored at 4°C 

until implantation at which superfluous gel around the implants was removed (Figure 1B). 

Filling efficacy of porous space was visualized using µCT and scanning electron microscopy 

(SEM). Therefore the gel was prepared with a contrast agent (Hexabrix 320®, Mallinckrodt, 

Hazelwood, MO, USA) subsequently scanned with a SkyScan 1176 µCT scanner (Bruker 

micro-CT N.V., Kontich, Belgium). Complete filling of the porous space (55mm3) resulted in 

a total dose of 3µg BMP-2 and/or 0.6µg FGF-2.

Table 2. Preparation of (GF-loaded) colloidal gelatin gels

Gels GelA GelB

Unloaded - -

FGF-2 22µg/ml FGF-2 -

BMP-2 - 110µg/ml BMP-2

BMP-2/FGF-2 22µg/ml FGF-2 110µg/ml BMP-2

Table 3. Properties of porous titanium implants

Titanium thickness 120µm

Pore size 490µm

Porosity 88%

Pore volume 55mm3

Compression strength 14MPa

Young’s modulus 0.4GPa
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4. Animal experiment

In 40 male Wistar rats, a critical-sized cortical femoral bone defect was grafted with porous 

titanium implants loaded with the four different colloidal gelatin gels (Table 2). The Animal 

Ethics Committee of the Erasmus University approved the study and Dutch guidelines for 

care and use of laboratory animals were applied. Before surgery, rats received a single dose 

of antibiotics (enrofloxacin, 5mg/kg body weight). Surgery was performed aseptically under 

general anaesthesia (1-3.5% isoflurane). The right femur was exposed through a lateral 

skin incision and division of underlying fascia. A 23mm long PEEK plate was fixated to the 

femurs anterolateral plane using three proximal and three distal screws. Periostium was 

removed over approximately 8 mm of the mid-diaphyseal region before a 6mm bone seg-

ment was removed with a wire saw and a tailor-made saw guide. Subsequently, a gel-loaded 

porous titanium implant was implanted press-fit into the defect. Finally, fascia and skin were 

sutured using Vicryl 5-0 and pain medication (buprenorphine, 0.05mg/kg body weight) was 

administered twice a day for three days.

5. μCT evaluation

Immediately after surgery, a baseline in vivo µCT scan was acquired (SkyScan 1176 scanner, 

Bruker micro-CT N.V., Kontich, Belgium) using a 35µm resolution protocol (90kV, 0.1mm 

Cu filter, and 0.5 degree rotation step, 7m scan). In vivo scans were repeated after four, eight, 

and twelve weeks. At twelve weeks, an ex vivo scan was made using an 18µm resolution 

protocol (90kV, 0.1mm Cu filter, and 0.2 degree rotation step, 1h scan). CT images were 

reconstructed using volumetric reconstruction software NRecon version 1.5 (Bruker micro-

CT N.V., Kontich, Belgium).

Figure 1: Photographs of porous titanium implants.
Photographs of porous titanium implants in the shape of the 6 mm bone segment that was replaced during the 
animal experiment before (A) and after (B) incorporation with colloidal gelatin gels. µCT images of perpendicular (C) 
and horizontal (D) cross-sections of porous titanium implant (black) incorporated with colloidal gelatin gels contain-
ing iodine-based radiographic contrast agent ioxaglate (grey). Scale bar = 1mm.
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Bone formation was expressed as bone volume (BV) and measured at four specific 

regions: (1) total BV: total volume of bone formed within the 6 mm defect; (2) outer BV: 

bone formed outside the implant; (3) porous BV: bone formed inside the porous space of the 

implant; and (4) inner BV: bone formed in the medullary canal of the implant. Specific BVs 

were measured after selecting the specific region as a volume of interest (VOI) on the scans 

using a custom-made algorithm within CTAnalyser software version 1.11 (Bruker micro-

CT N.V., Kontich, Belgium). After selection of the specific VOIs, titanium was subtracted 

from the images using a global threshold. Additionally, a 35µm layer of the interface was 

subtracted in order to minimize interference of metal artefacts with BV measurements. BV 

was then determined after applying a global threshold that was based on visual inspection 

and was kept constant for all scans. The extent of bone bridging was measured on ex vivo 

scans with DataViewer 1.4 (Bruker micro-CT N.V., Kontich, Belgium).

6. Histology

Histology was performed on five femurs of each group to study bone-titanium interface and 

bone morphology. After harvesting and removal of surrounding soft tissues, femurs were 

fixed in 10% neutral buffered formalin solution for two days, dehydrated in graded ethanol 

solution from 70 to 100%, and finally embedded in methyl methacrylate (MMA). Sections 

of ~20µm were obtained using a diamond saw (Leica SP1600, Rijswijk, The Netherlands) 

and stained with basic fuchsin 0.3% solution and methylene blue 1% solution. Basic fuchsin 

stains bone red and methylene blue stains fibrous tissue blue.

Figure 2: Rheological characterization of colloidal gelatin gels.
Rheological characterization of self-healing behaviour of colloidal gelatin gels (20 w/v% solid content) by monitoring 
storage moduli G’ (square) and loss moduli G” (circle) as a function of time (region II: oscillatory time sweep with 
1% strain and 1Hz frequency) after network destruction by increasing strain from 0.1% to 1000% (region I: oscil-
latory strain sweep with 1Hz frequency).
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7. Mechanical evaluation

Final strength of five grafted femurs from each group was measured using three-point bend-

ing tests, intact contralateral femurs served as controls. After harvesting the femurs, soft tissue 

and the PEEK plate were carefully removed. Specimens were kept in 10% neutral buffered 

formalin solution for two days followed by phosphate buffered saline, thereby minimizing 

effects of formalin conservation on mechanical properties 299. Bending tests were carried out 

using a Zwick test machine (Zwick GmbH, Germany) as follows: first, femurs were fixed at 

both sides using two holding plates that were secured with screws. The fixated femur was 

supported by two supports (15mm width) and a downward force was applied by a denter 

(3mm width) to the middle of the anterolateral plane of porous titanium implant. Bending 

tests were performed at a displacement rate of 2mm/min until peak load was reached. Force-

displacement curves were recorded and used to determine the fracture force, maximum 

replacement and bending stiffness. Bending stiffness was determined by fitting a line to the 

initial linear portion of the force-displacement curve.

 
Figure 3: Scanning electron micrographs of porous titanium implants.
Scanning electron micrographs of the porous titanium implants before (A, B) and after (C, D) incorporation of the 
colloidal gelatin gels. Low (A, C) and high (B, D) magnification.
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8. Statistics

Statistical analyses were performed using SPSS Statistics 20.0 (SPSS Inc, Chicago, US). Data 

is presented as means with standard deviation. One-way Analysis of Variation (ANOVA) and 

subsequent post-hoc pairwise comparisons with Bonferroni adjustment was used to analyse 

differences between groups. A p-value <0.05 was considered statistically significant.

Results

1. Gelatin nanosphere-based colloidal gels

Rheological characterization indicates the formation of highly elastic gels, since a storage 

moduli (G’) of 12 kPa was substantially higher than loss moduli (G”) (corresponding to tan 

(delta) values of about 0.03) (Figure 2, region I). Gel networks were gradually destroyed by 

applying an external increasing shear strain, which led to, the transformation from elastic, 

solid-like to liquid-like materials (G’G”) at strain exceeding 70%. At the removal of the 

external destructive shear force, it was observed that the gel strength recovered immediately, 

with up to 70% of the initial gel elasticity (G’) recovered within 5 min (Figure 2, region II).

Colloidal gelatin gels were easily incorporated into porous titanium implants by injection 

filling process using a custom-made gel chamber resulting in a homogeneous distribution 

of the gels throughout the porous implants as confirmed by µCT (Figure 1C and D). SEM 

shows fused titanium particles forming the porous structure (Figure 3A) and the surface 

morphology of titanium before (Figure 3B) and after gel incorporation (Figure 3C). After 

gel incorporation, original surface morphology of titanium was covered by nanoparticulate 

morphology of colloidal gelatin gels consisting of nanoparticles ranging between 100-

200nm in diameter (Figure 3D), whilst the porous architecture of the implants was covered 

completely by the nanostructure of particulate gel network.

A B C D

Figure 4: μCT images of porous titanium implants.
Representative transversal µCT images of the porous titanium implants containing unloaded (A), FGF-2 (B), BMP-
2 (C) or BMP-2/FGF-2 (D) gels after twelve weeks. Porous titanium implants and fixation screws appear in black 
whereas bone appears in dark grey. Scale bar = 1mm.
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Figure 5: 3D μCT images of porous titanium implants.
Representative 3D µCT images of bone bridging the porous titanium implants containing unloaded (A), FGF-2 (B), 
BMP-2 (C) or BMP-2/FGF-2 (D) gels after twelve weeks. Porous titanium implants are shown in grey whereas bone 
appears in dark grey.
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Figure 6: Total bone volume.
In vivo µCT quantification of total bone volume (BV) at four, eight, and twelve weeks after implantation (A). Ex vivo 
µCT quantification of total BV after twelve weeks (B). Total BV was defined as total volume of bone formed within 
the 6mm defect area. Horizontal and vertical bars indicate statistically significant differences (p<0.05) between 
groups.
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2. Animal experiment

Rats were able to tolerate weight-bearing activities immediately after surgery, and implanta-

tion sites healed without complications. All animals remained healthy during the entire 

study period, except one rat that died due to anaesthesia-related complications (BMP-2 

group).

3. μCT evaluation

Correct positioning of porous titanium implant, PEEK-plate, and screws was confirmed 

directly after surgery in all animals and no dislocation was detected during follow-up. In 

general, bone regeneration started at bone adjacent to the defect and progressed towards the 

central area of the defect (Figure 4). Porous titanium implants almost completely bridged the 

defect (defined as a remaining gap <0.5 mm) in seven rats of the BMP-2/FGF-2 group, seven 

rats of the BMP-2 group, five rats of the FGF-2 group and one rat of the unloaded group 

(Figure 5). Average remaining gap distance was 0.33±0.34mm for the BMP-2/FGF-2 group, 

0.51±0.74mm for the BMP-2 group, 0.83±0.53mm for the FGF-2 group and 1.20±0.56mm 

for the unloaded group.

Porous titanium implants with GF-loaded gels resulted in significantly more bone 

regeneration than porous titanium implants with unloaded gels after twelve weeks (Figure 

6). BMP-2 gels strongly enhanced early bone formation, since total BV was significantly 

more than with unloaded gels at four weeks (Figure 6A). Total BV continued to increase 

between four and eight weeks, and reached a plateau phase after eight weeks. FGF-2 gels 

enhanced bone formation in the later phase, as total BV increased rapidly between four 

and eight weeks. Finally, FGF-2 gels resulted in 40.0±7.6mm3 total BV, which was similar 

to BMP-2 gels (42.9±18.9mm3). BMP-2/FGF-2 gels continuously enhanced bone formation 

during the entire follow-up period, resulting in the highest average total BV at twelve weeks 

(49.6±8.6mm3) (Figure 6B).
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Figure 7: Outer, porous and inner bone volume.
Ex vivo µCT quantification of outer BV (A), porous BV (B) and inner BV (C) at twelve weeks. Outer BV 
was defined as bone formed outside the porous titanium implants; porous BV: bone formed inside 
the porous space of the titanium implants; and inner BV: bone formed in the medullary canal of the 
implant. Horizontal bars indicate statistical significant differences (p<0.05).
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Porous titanium implants with BMP-2/FGF-2 gels resulted in significantly more bone 

outside the porous titanium implants (outer BV) than those with BMP-2 gels, or FGF-2 gels 

(Figure 7A). Bone ingrowth into the porous titanium implants (porous BV), however, was not 

significantly enhanced by GF-loaded gels (Figure 7B). FGF-2 gels resulted in significantly 

more bone inside the porous titanium implant (inner BV) than BMP-2 gels (6.1±0.8mm3 

versus 4.0±1.6mm3 (p=0.033), Figure 7C).

4. Histological evaluation

No distinct differences in terms of bone morphology, bone-titanium bonding or vascularisa-

tion between experimental groups were observed (Figure 8A-D). Areas of newly formed 

bone differed considerably, unloaded gels showed less bone (Figure 8A) than FGF-2 gels 

(Figure 8B), BMP-2 gels (Figure 8C), and BMP-2/FGF-2 gels (Figure 8D). Bone formation 

inside the porous space was mainly located at distal and proximal sites and resulted in direct 

bone-titanium contact (Figure 8G). Direct bone-titanium contact was not found throughout 

the entire bone-titanium interface. In some areas, a cartilage-like zone was observed (Figure 

8E). Fibrous tissue infiltration was occasionally seen inside pores devoid of newly formed 

bone and within the remaining gap of nearly completely bridged defects (Figure 8F). No 

remnants of colloidal gelatin gels were detected, and no signs of foreign body reaction or 

inflammatory response were observed.

5. Mechanical evaluation

All grafted femurs broke at approximately 50% of the force required to break the intact 

contralateral femurs, but fracture force and ultimate displacement did not show statistical 

Figure 8: Histological sections of porous titanium implants.
Representative transversal histological sections of the porous titanium implants containing unloaded (A), FGF-2 (B), 
BMP-2 (C) or BMP-2/FGF-2 (D) gels after twelve weeks as well as high magnification views (E,F, and G) of the areas 
as depicted in figure D. Titanium appears in black whereas bone appears in purple. Scale bar = 1mm.

Johan van der Stok - Binnenwerk.indd   112 01-04-15   10:46



Porous titanium implants incorporated with growth factor-loaded gelatin gels 113

C
ha

pt
er

 7

significant differences between the groups (Table 4). The observed fracture location, how-

ever, differed substantially. Femurs grafted with implants containing unloaded gels broke 

at the bone-implant interface (2/5) or through the porous titanium implants (3/5). Similar 

fracture locations were observed for implants containing FGF-2 gels. In contrast, BMP-2 

group consistently broke at the bone-implant interface (4/4) and the BMP-2/FGF-2 group 

fractured consistently (5/5) through the host bone at ~3 mm distally from the titanium-bone 

interface.

Discussion

Porous titanium implants have recently received increasing attention as a new biomaterial 

that can act as an osteoconductive scaffold that provides direct mechanical support in large 

bone defects at weight-bearing sites 282. Advanced additive manufacturing methods, such as 

SLM, allow precise and reproducible production of porous titanium with full control over 

the structural design. Thereby the structural design can now be fine-tuned so that porous 

titanium implants offer optimal mechanical and structural conditions required for bone 

regeneration 319. However, porous titanium implants remain bioinert and thereby lacks the 

ability to provide strong biological cues that can enhance bone regeneration. This lead to 

the hypothesis that when GF-loaded colloidal gelatin gels are incorporated into porous tita-

nium implants this would result in a biologically active and mechanically strong composite 

biomaterial that can enhance bone regeneration of large bone defects.

Incorporation of colloidal gelatin gel was easily obtained (Figure 1C and D) owing to 

shear-thinning and self-healing capacity of the gels, shown by fast recovery from severe 

network destruction during rheological testing (Figure 2). Moreover, the gels used were pre-

viously shown to exhibit a strong capacity for controlled and sustained delivery of multiple 

GFs by employing different subpopulations of gelatin nanospheres of different cross-linking 

Table 4. Fracture locations of the three-point bending tests

Gels Fracture
Force

(N)

Ultimate
Displacement

(mm)

Fracture location Bending
Stiffness
(N/mm)

Maximum
Moment
(N.mm)

Host bone Bone-
implant 
interface

Implant

Unloaded 119±71 2.5±0.9 2/5 3/5 104±19 50±30

FGF-2 122±72 1.9±0.7 3/5 2/5 105±21 51±30

BMP-2 157±69 2.7±0.9 4/4 109±52 66±29

BMP-2/FGF-2 111±38 2.9±1.0 5/5 100±28 47±16

Intact femurs 254±55 0.9±0.3 428±161 107±24
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densities. Cross-linking densities of gelatin nanospheres resulted in a rapid delivery of FGF-2 

and a sustained delivery of BMP-2, whereas the gelatin gel is resorbed in four weeks 39.

Generally, this in vivo study confirms the load-bearing and osteoconductive properties 

of porous titanium implants, as well as the biological efficacy of GFs delivery by nanostruc-

tured colloidal gelatin gels. The presence of colloidal gels inside the porous space during 

the first four weeks did not seem to hamper bone regeneration, because total BVs measured 

in defects grafted with porous titanium implants that contained unloaded gels were similar 

to total BVs measured in empty porous titanium implants that were used in our previous 

study 319. Although direct bone-titanium contact was observed in all groups, occasionally 

cartilage-like tissue was formed at parts of the interface (Figure 8E). This cartilage-like tis-

sue may indicate that micromotion had been possible at some areas between the titanium 

implant and surrounding tissues. Although bone healing generally benefits from a certain 

degree of micromotion, excessive micromotion is known to inhibit bone calcification at 

fracture union site 332. This could also explain the fact that, although grafting with titanium 

implants containing BMP-2/FGF-2 gels or BMP-2 gels resulted in almost complete bridging, 

none was fully bridged (Figure 8F). Inability to bridge the defect can likely be overcome by 

using a more rigid plate.

Incorporation of BMP-2/FGF-2 gels resulted in significantly more bone after twelve 

weeks than incorporation of unloaded gels. However, no significant differences in total 

BV were observed between different GF-loaded gels. Based on previous studies related 

to BMP-2 delivery in 6mm cortical bone defects in rat femurs, a BMP-2 dosage of 3µg per 

defect was considered safe and efficient in stimulating osteogenesis 253, 333. The stimulatory 

effect of BMP-2 gels became apparent during the early stages of bone healing (0-8 weeks), 

as reflected by significantly more bone at four and eight weeks compared to unloaded 

gels (Figure 6A). This effect was also observed in a previous in vivo study, where BMP-2 

gels in rat femoral condyle defects led to significant enhancement of bone formation 39. 

Bone regeneration slowed down after eight weeks, which may be explained by complete 

depletion of the pool of progenitor cells in and around the bone defect site that are capable 

of differentiating into osteoblasts upon BMP-2 stimulation.

On the other hand, rapid delivery of 0.6µg FGF-2 per defect resulted in comparable 

amounts of bone formed after twelve weeks as the sustained delivery of a five times higher 

doses of BMP-2. This stresses the potent stimulatory effects of low dose FGF-2 (nanograms) 

on bone regeneration in vivo 334. Although FGF-2 is expected to be delivered rapidly from 

colloidal gelatin gels used 39, stimulatory effects were more profound during later stages of 

bone healing (4-12 weeks) (Figure 6A). It was not possible to elucidate the exact mechanism 

of action of FGF-2 in this study, but since FGF-2 stimulates proliferation of progenitor cells, it 

can be speculated that FGF-2 contributed to an expanded pool of osteoprogenitor cells that 

subsequently can undergo osteogenic differentiation resulting in more bone formation in a 

later phase 334, 335. In addition, angiogenic effects of FGF-2 can potentially lead to enhanced 
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vascularisation which may become crucial in continuation of bone regeneration after four 

weeks 336, 337. Finally, despite the absence of significant differences in total BV at twelve 

weeks between BMP-2 gels and FGF-2 gels, significantly more bone was observed within 

the medullary canal (inner BV) with FGF-2 gels (Figure 7C) suggesting that the proliferative 

effect of FGF-2 acts stronger on endosteal rather than periosteal cells 338.

BMP-2/FGF-2 gels incorporated into titanium implants resulted in continuous increase in 

total BV. Total BV after twelve weeks was not statistically different compared to BMP-2 gels 

or FGF-2 gels, but significantly more bone was formed outside the porous titanium implants. 

This could be explained by the higher availability and/or more efficient attraction of osteo-

progenitor cells from surrounding tissues at the outer side of titanium implants compared to 

inner region. More interesting is the fact that in a previous study colloidal gelatin gels loaded 

with 1:1 dose ratio of BMP-2 and FGF-2 (2µg per defect) had inhibitory effects on in vivo 

bone regeneration 39. This inhibitory effect was likely caused by overdosing FGF-2 relative to 

BMP-2. Similar observations on combined delivery of BMP-2 and FGF-2 indicate that higher 

doses of FGF-2 (micrograms) with lower or equal doses of BMP-2 generally hampered bone 

formation 329, 339, 340. In line with our results, using a 5:1 dose ratio of BMP-2:FGF-2, a lower 

doses of FGF-2 (nanograms) in combination with higher doses of BMP-2 (micrograms) is 

found to stimulate osteogenesis 341, 342.

Mechanical strength of grafted femurs was assessed using three-point bending tests, 

which aimed to evaluate the strength of the interface between porous titanium implants and 

adjacent host bone. The absence of significant differences in maximum force suggests that 

only a limited amount of bone ingrowth is effective for complete biomechanical integration 

of porous titanium implants with adjacent host bone (Table 4). The compression strength 

of porous titanium implants used here is 14MPa (Table 2). This low strength can explain 

the fractures that occurred within the titanium implants or at the bone-implant interface 

when the applied force of the indenter (3mm width) exceeded 100N. The fracture location 

of femurs grafted with porous titanium implants containing BMP-2/FGF-2 gels is particu-

larly interesting because BMP-2/FGF-2 gels consistently shifted the weakest link from the 

bone-implant interface towards the host bone at point ~3mm distally of the implant. This 

observation suggested that the extensive bone formed outside the porous titanium implants 

incorporated with BMP-2/FGF-2 gels could further strengthen mechanical properties of the 

implants. Overall, the fact that grafted femurs could already sustain bending forces up to 

50% of that required to break an intact femur after twelve weeks, shows the potential of 

porous titanium implants for grafting large weight-bearing bone defects.
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Conclusions

In the current study, porous titanium implants were reinforced with nanostructured colloidal 

gelatin gels loaded with BMP-2 and/or FGF-2 to graft critical-sized cortical femoral bone 

defect in rats. Results clearly demonstrated stimulatory effects of time and dose controlled 

delivery of BMP-2, FGF-2, or both on bone regeneration. Most defects grafted with porous 

titanium implants containing BMP-2/FGF-2 gels or BMP-2 gels were almost completely 

bridged after twelve weeks. BMP-2/FGF-2 gels resulted in significantly more bone outside 

the porous titanium implants. The stimulatory effect of delivery of merely 0.6µg FGF-2 per 

defect was similar to delivery of a five-fold higher dose of BMP-2 (3µg per defect). Although 

three-point bending tests did not show significant differences in fracture force, the pattern 

of fracture locations indicated that BMP-2/FGF-2 gels enhanced the titanium-bone interface 

strength thereby shifting the weakest point from the titanium-bone interface to towards the 

surrounding femoral bone. In summary, incorporation of nanostructured colloidal gelatin 

gels capable of time and dose controlled delivery of FGF-2 and BMP-2 into porous titanium 

implants offers a mechanically strong and biologically active composite biomaterial suitable 

for grafting large bone defects.
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Abstract

Regeneration of load-bearing segmental bone defects is a major challenge in trauma and 

orthopaedic surgery. The ideal bone graft substitute is a biomaterial that provides immedi-

ate mechanical stability, while stimulating bone regeneration to completely bridge defects 

over a short period of time. Therefore, selective laser melted porous titanium, designed and 

fine-tuned to tolerate full load-bearing, was filled with a physiologically concentrated fibrin 

gel loaded with bone morphogenetic protein-2 (BMP-2). This biomaterial was used to graft 

critical-sized segmental femoral bone defects in rats. As a control, porous titanium implants 

were either left empty or filled with a fibrin gels without BMP-2. We evaluated bone regen-

eration, bone quality and mechanical strength of grafted femurs using in vivo and ex vivo 

µCT scanning, histology, and torsion testing. This biomaterial completely regenerated and 

bridged the critical-sized bone defects within eight weeks. After twelve weeks, femurs were 

anatomically re-shaped and revealed open medullary cavities. More importantly, new bone 

was formed throughout the entire porous titanium implants and grafted femurs regained 

more than their innate mechanical stability: torsional strength exceeded twice their original 

strength. In conclusion, combining porous titanium implants with a physiologically concen-

trated fibrin gels loaded with BMP-2 improved bone regeneration in load-bearing segmental 

defects. This material combination now awaits its evaluation in larger animal models to 

show its suitability for grafting load-bearing defects in trauma and orthopaedic surgery.
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Introduction

A major challenge in trauma and orthopaedic surgery is to successfully repair load-bearing 

segmental bone defects 8. This often requires the use of bone grafts or bone graft substitutes 

to improve bone regeneration by providing an osteoconductive matrix, offering mechanical 

support, or an osteoinductive and/or osteogenic stimulus 281. The golden standard bone graft 

is still autologous bone 10, but the amount of bone that can be harvested is limited and 

associated with complications in 10-40% 12. These disadvantages motivate the development 

of biomaterials that can be used as bone graft substitutes 280.

A biomaterial that has the potential to become a bone graft substitute is porous titanium 
35, 282, 320. Nowadays, porous titanium can be manufactured using additive manufacturing 

techniques such as selective laser melting (SLM) 262. This enables the design of porous 

titanium so that its structure and mechanical strength remains suitable to function as a 

load-bearing osteoconductive matrix in segmental bone defects 319. Osseointegration of 

titanium is optimized through relatively simple chemical and heat treatments that alter the 

surface chemistry and (nano-) topography 300. Thereby the bioinert titanium surface changes 

into a bioactive surface that allows spontaneous apatite formation and stimulates prolifera-

tion and osteogenic differentiation of osteoprogenitor cells 292. This surface-treated porous 

titanium forms a load-bearing osteoconductive matrix, but stimulating bone regeneration 

and adequate bridging of segmental bone defects may be further improved by addition of 

effective biological stimuli (i.e. osteoinductive cytokines) 291, 319.

Bone morphogenetic proteins (BMPs) such as BMP-2 and BMP-7 play a major role in 

bone regeneration as osteoinductive cytokines 29. Their osteoinductive effects have been 

established in a wide range of species, varying from mice and rats to humans 343. BMP-2 

and BMP-7 have received FDA approval for use in trauma and orthopaedic surgery 344, but 

their clinical success is limited 345. This might be because a supra-physiological dosage of 

BMP needs to be loaded onto an absorbable collagen sponge to reach an effect 220. This high 

dose has been associated with adverse effects including bone tissue overgrowth, ectopic 

bone formation, inflammation, and even carcinogenicity 346, 347. To overcome this, numer-

ous slow-release systems have been developed. Interestingly, these slow-release systems, 

allowing for controlled release of BMP-2 during several weeks, do not resemble the natural 

bone regeneration process in which BMP-2 is mainly released during the first few days 5, 348.

Bone regeneration starts with the formation of a fibrin clot, often referred to as the fracture 

haematoma. This fibrin clot forms the natural binding reservoir for osteoinductive cytokines 

such as BMP-2 5, 349 and is formed through conversion of fibrinogen by thrombin. Fibrinogen 

is synthesized in its high molecular weight form, but occurs as a mixture together with 

partially degraded low molecular weight forms in circulation 350. Fibrin gels, made from 

physiological fibrinogen concentrations (2-4mg/L), are highly permeable to cells 350. But at 

these physiological concentrations, fibrin gels are soft and therefore not suitable for most 
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clinical applications. As a consequence, commercially available fibrin sealants contain very 

high fibrinogen concentrations (50-100mg/L) 351 at the cost of seriously compromising the 

favorable cellular permeability of these gels. When incorporated into porous titanium, the 

use of physiologically concentrated fibrin gels becomes feasible as the metal frame ensures 

mechanical support, then. The surface-treated porous titanium implants may even improve 

the network organization of fibrin fibers 352.

The aim of the current study was to develop a biomaterial capable of improving bone 

regeneration of segmental bone defects: osteoconductive load-bearing porous titanium filled 

with physiologically concentrated fibrin gels releasing BMP-2. For this novel combination, 

the BMP-2 releasing fibrin gel was prepared from purified high molecular weight (HMW) 

fibrinogen, since HMW fibrinogen increases angiogenesis in vitro and in vivo. 350. To deter-

mine whether the angiogenic HMW fibrin gel alone is capable of increasing bone regenera-

tion, porous titanium implants were also filled with HMW fibrin gels without BMP-2 and 

compared to unfractionated (UNF) fibrin gels. Porous titanium implants incorporated with 

the three above described fibrin gels were compared to empty porous titanium implants in a 

critical-sized load-bearing segmental femur defect in rats using in vivo (4, 8, and 12 weeks) 

and ex vivo (after 12 weeks) µCT scans, histology, and biomechanical torsion tests.

Materials and methods

1. Porous titanium implants

Porous titanium implants were produced from Ti6Al4V ELI powder (ASTM B348, grade 23) 

using selective laser melting (SLM, Layerwise N.V., Leuven, Belgium). The implants were a 

copy of the replaced femoral bone segment and had a height of 6mm, a maximum outer 

diameter of 5mm and a minimal inner diameter of 1.3mm (leaving an open medullary 

canal). The porous architecture was based on a dodecahedron unit cell with a strut width of 

120µm and an average pore size of 500µm to result in 55mm3 porous volume. All implants 

underwent a post-production alkali-acid-heat treatment consisting of (1) immersion in a 

5M aqueous NaOH solution at 60°C for 24h; (2) immersion in water at 40°C for 24h; (3) 

immersion in 0.5mM HCl at 40°C for 24h; (4) heating to 600°C at a rate of 5°C/min in 

an electric furnace at ambient air pressure, keeping the temperature at 600°C for 1h, and 

subsequent natural cooling 292. Reproducibility of porous implant architecture (e.g.pore size, 

titanium strut thickness and porosity) was verified by µCT (SkyScan 1076; Bruker micro-CT 

N.V., Kontich, Belgium).

2. Fibrin gel preparation

Fibrin gel preparation was done exactly the same as previously described 350, 353. Briefly, 

plasminogen-rich unfractionated human fibrinogen (Chromogenix, Mölndal, Sweden) was 
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dissolved in Tris buffer (10mM Tris/HCl, pH 7.4) to a concentration of 5mg/mL. Saturated 

(NH4)2SO4 was slowly added to a final concentration of 19% (v/v) and the solution was 

mixed for 30 minutes at room temperature prior to centrifugation for 10 minutes at 2,000 x 

g. Repetition of this precipitation step resulted in a HMW fibrinogen pellet (~99% purity), 

which were dissolved in 5mL of saline and then dialyzed against M199 culture medium, 

as was the UNF fibrinogen. Purity was determined using standard non-reducing sodium 

dodecylsulfate polyacrylamide gel electrophoresis and concentrations were calculated 

using the molar extinction coefficient of fibrinogen (E1% 280 nm for fibrinogen is 15.8). The 

preparations were stored in single-use aliquots at ~80ºC until further use.

In a custom-made mold, the porous titanium implants were filled with 55µL of either 

HMW fibrinogen (2mg/mL, HMW-Fb) or UNF fibrinogen (2mg/mL, UNF-Fb) which were 

clotted with 0.5IU/mL of thrombin (Global Siemens Healthcare, Erlangen, Germany) dis-

solved in a 4.5mM calcium chloride buffer (Baxter, Utrecht, Netherlands) in a 8.5:1 ratio. 

HMW fibrin gels with BMP-2 (HWM-BMP-Fb) were made by adding 3µg BMP-2 (Shanghai 

Rebone Biomaterials Co., China) in 1mM saline solution to the HWM fibrinogen solution 

before clotting. Prior to implantation, after clotting the fibrin-filled implants were wrapped 

in Parafilm® and incubated for 15-18h at 6°C to allow completion of crosslinking of the 

fibrin networks.

3. Scanning electron microscopy (SEM)

To determine filling efficacy and to characterize the structure of the fibrin networks polymer-

ized from HMW and UNF fibrinogen, SEM was used as follows: implants were filled with 

fibrin gels and fixed in 3% glutaraldehyde for 24h and rinsed with sodium phosphate buffer 

(0.1M, pH 7.2-7.4; Merck). Samples were then consecutively dehydrated in ascending alco-

hol concentrations (30%, 50%, 70%, 90% v/v) with three final incubations in 100% ethanol 

for 10 minutes each. Probes were critical-point-dried in liquid CO2 and then sputtered with 

a 30nm gold layer. Samples were analysed in FEI/Philips XL 30 FEG ESEM (Philips) in a high 

vacuum environment.

4. Load-bearing segmental bone defects

Critical-sized segmental bone defects were made in the femurs of 40 male 16-weeks-old 

Wistar rats (446±32g). Rats were divided into four experimental groups receiving porous 

titanium implants filled with HMW-BMP-Fb, HMW-Fb, UNF-Fb or were left empty (empty). 

The Animal Ethics Committee of the Erasmus University approved the study and Dutch 

guidelines for care and use of laboratory animals were followed. Before surgery, rats received 

subcutaneous injections of antibiotics (enrofloxacin, 5mg/kg body weight) and pain medica-

tion (buprenorphine, 0.05mg/kg body weight). Surgery was performed aseptically under 

general anaesthesia (1-3.5% isoflurane). The right femur was exposed through a lateral skin 

incision and separation of underlying fascia. Using three proximal and three distal screws, 
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a 23x3x2mm polyether ether ketone (PEEK) plate was fixed to the femur anterolateral plane 

(RISystem, Davos Platz, Switzerland). Periosteum was removed over 8mm of the mid-

diaphyseal region before a 6mm cortical bone segment was removed with a wire saw and a 

tailor-made saw guide. Subsequently, a porous titanium implant was implanted press-fit into 

the defect. Finally, fascia and skin were sutured. Subcutaneous injection of pain medication 

(buprenorphine, 0.05mg/kg body weight) was given twice a day for the following three days. 

Rats were sacrificed after twelve weeks with an overdose of pentobarbital (200mg/kg body 

weight).

5. μCT evaluation

Bone regeneration was measured by in vivo µCT scans (SkyScan 1076; Bruker micro-CT 

N.V., Kontich, Belgium) at four, eight, and twelve weeks and by ex vivo µCT scans on iso-

lated grafted femurs at the end of the experiment. Rats were kept under general anaesthesia 

(1-3.5% isoflurane) during in vivo µCT scans at 35µm resolution (95kV, 105µA current, 

1.0mm Al/0.25mm Cu filter, and 0.75 degree rotation step, 14 minutes scan). Ex vivo µCT 

scans were acquired at 18µm resolution (95kV, 100µA current, 1.0mm Al/0.25mm Cu 

filter, and 0.5 degree rotation step). µCT scan images were reconstructed using volumetric 

reconstruction software NRecon version 1.6.6 (Bruker micro-CT N.V., Kontich, Belgium).

Bone regeneration was expressed as bone volume (BV), which was measured at four 

specific regions: 1) total BV: the total volume of bone formed within the 6mm defect; 2) 

porous BV: the bone formed inside the porous space of the titanium implants; 3) outer BV: 

the bone formed outside the porous titanium implants; and 4) inner BV: the bone formed 

in the medullary canal of the implants. BV values were measured using CTAnalyser version 

1.13 (Bruker micro-CT N.V., Kontich, Belgium). First the specific region was selected, then 

the titanium and its border artefacts was excluded from images using a global threshold with 

a value between titanium and bone and removal of an extra 35µm border (size of one pixel) 

surrounding the titanium. Subsequently the bone was extracted by using a second global 

threshold that differentiated between bone and soft tissue. The global threshold values were 

chosen on visual inspection and were kept constant for all scans. Bone bridging was assessed 

on ex vivo scans with DataViewer 1.4 (Bruker micro-CT N.V., Kontich, Belgium). Complete 

bone bridging was defined as bridging of three or more cortices, which was determined by 

visual inspection. Bone bridging was quantified by measuring the shortest remaining gap 

size between bone formed at the proximal and distal size of the 6 mm bone defect.

6. Histological evaluation

Histology was performed on two femurs per group that represented the mean of the whole 

group. To select these two femurs, all ten grafted femurs were sorted according to their 

total BV after twelve weeks and the two femurs closest to the averaged value were cho-

sen. Harvested femurs were fixed in 10% neutral buffered formalin solution for two days, 
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dehydrated in ascending alcohol concentrations (70 to 100% v/v), and finally embedded in 

methyl methacrylate (MMA). Sections of ~20µm were obtained using a diamond saw (Leica 

SP1600, Rijswijk, The Netherlands) and stained with basic fuchsine 0.3% (w/v) solution and 

methylene blue 1% (w/v) solution to stain bone red and fibrous tissue blue, respectively. 

Serial sections were then screened for bone formation, bone-implant contact and bone 

bridging.

7. Biomechanical tests

Mechanical strengths of grafted femurs were measured by a torsion test conducted on the 

remaining eight femurs of each group. Three contralateral femurs, serving as a reference of 

intact femurs, were included as controls. After harvesting the femurs, soft tissues and PEEK 

plate were carefully removed. Specimens were kept in 10% neutral buffered formalin solu-

tion for two days, minimizing the effects of formalin conservation on mechanical properties 
299, and then transferred to PBS. Subsequently, both ends of each femur were embedded 

in a cold-cured epoxy resin (Technovit 4071, Heraeus Kulzer, Germany). On the upper 

clamping side, a Cardan joint was used to ensure pure rotation without bending. The lower 

sides were simply fixed. Tests were performed until failure with a rotation rate of 0.5°s-1 

using a static mechanical testing machine that could apply a maximum torque of 450N.mm 

(Zwick GmbH, Ulm, Germany). Torsional strength (maximum torque to failure, N.mm) was 

determined.

8. Statistics

Statistical analyses were performed using SPSS Statistics 20.0 (SPSS, Inc.). Data are presented 

as means with standard deviations. One-way analysis of variation (ANOVA) and subsequent 

post hoc pairwise comparisons with Bonferroni adjustment were used to test for differences 

between the four groups. A power calculation (β-value >0.80, SD ~25%) was made to find 

a true difference in total BV of at least 35%. Based on this calculation, n=10 was required. 

A p-value <0.05 was considered statistically significant.

Results

1. Porous titanium implants incorporated with fibrin gels

Porous titanium implants were produced using SLM in the anatomical shape of the surgi-

cally removed cortical bone segment (Figure 1A). The implants had a porosity of 85% and 

a pore size ranging from 460-670µm (Table 1). The alkali-acid-heat treatment resulted in a 

titanium oxide layer with an irregular nano-scale features (Table 1). Macroscopic inspection 

and SEM analyses verified that the pores of the titanium implants were completely filled 

with fibrin gel (Figure 1A-B). The protein fibers of both fibrin gels attached intimately to the 
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surface-treated titanium (Figure 1C). In addition, SEM showed clear differences between 

HMW-Fb and UNF-Fb gels with respect to their nanofiber structures: as compared to the 

fiber network formed by unfractionated fibrinogen, resulting in a much denser structures 

with smaller average pore diameters and thinner fibers (Figure 1D), polymerisation of high 

molecular weight fibrinogen appeared to form a more open network with relatively thicker 

fibers (Figure 1E).

2. Load-bearing segmental bone defects

All rats were able to tolerate weight-bearing activities immediately after surgery; the 

implantation sites healed without complications and all animals remained healthy during 

the follow-up.

Table 1. Properties of porous titanium implants 

Titanium implant

Titanium thickness 165±43µm
Pore size 577±146µm (range 460–670µm)
Porosity 85%
Pore volume 55mm
Compression strength 14MPa
Young’s modulus 0.4GPa
Surface area / volume 0.034µm
Surface composition Oxygen 35%

Titanium 60%
Vanadium 2%
Aluminium 3%

Surface topography
(SEM)
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2.1  μCT evaluation

Porous titanium implants with HMW-BMP-Fb gels effectively stimulated bone regenera-

tion (Figure 2). Within four weeks, bone regeneration had occurred throughout the entire 

length of the porous titanium implants and after eight weeks bridging of the defect was 

complete. Only minimal bone regeneration was observed in those defects grafted with 

HMW-Fb containing porous titanium implants and consequently failed to bridge (Figure 2). 

The load-bearing segmental defects grafted with HMW-BMP-Fb containing porous titanium 

implants fully restored the original bone architecture after twelve weeks (Figure 2 and 3). 

Incorporation of HMW-Fb or UNF-Fb did not seem to outperform the empty porous titanium 

implants (Figure 3).

Quantitative analysis of regenerated bone, based on in vivo µCT scans, showed that 

the total BVs of the HMW-BMP-Fb group increased at each time point and reached an 

average of 65.1±14.9mm3 after twelve weeks (Figure 4A). This was significantly higher than 

A B C

D E

Figure 1: SEM images of fibrin loaded porous titanium implants.
Macroscopic overview, and enlarged details, of a fully fibrin-filled implant (A, B). The fibrin fibers are tightly bound 
to the implant surface (C). The fiber network resulting from unfractionated fibrinogen is rather dense with thin 
fibers (D). The fibrin network from HMW fibrinogen reveals an opener, better permeable, structure with slightly 
thicker fibers (E).
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all the three control groups. Neither the total BV of the HMW-Fb (37.7±26.4mm3) group 

nor that of the UNF-Fb (32.1±13.4mm3) group was significantly different from the total BV 

of the empty group (33.7±16.8mm3) (Figure 4A). Also the porous BV and outer BV of the 

HMW-BMP-Fb group were significantly higher than that of all three control groups (Figure 

4B-C). After twelve weeks, 51±8% of the available pore space of the titanium implants with 

HMW-BMP-Fb gels was filled with regenerated bone, twice as much as in the HMW-Fb 

(24±18%) and UNF-Fb (21±5%) group, respectively. The inner BV of the HMW-BMP-Fb 

group (3.9±1.6mm3) significantly increased as compared to the control groups after four 

weeks. Contrary to the HMW-Fb and UNF-Fb groups, the inner BV of the HMW-BMP-

Fb decreased over time (3.1±1.3mm3 at 8 weeks and 2.6±1.3mm3 at 12 weeks) and even 

became significantly less than in the inner BV of the HMW-Fb group (Figure 4D).
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Figure 2: Representative longitudinal μCT scans illustrating the bone regeneration process.
In vivo scans of defects grafted with porous titanium implants incorporated with high molecular weight fibrin with 
BMP-2 (HMW-BMP-Fb group) and high molecular weight without BMP-2 (HMW-Fb group) after four (A1-2), eight 
(B1-2) and twelve weeks (C1-2) as well as ex vivo after twelve weeks (D1-2). In the HMW-BMP-Fb group rapid 
bone regeneration throughout the complete length of the defect is observed already after four weeks (A1, arrows). 
Between eight and twelve weeks, the cortex and medullary canal (indicated by ‘m’) are restored in their original 
shape (B1, C1, and D1). In the HMW-Fb group, bone regeneration is only observed at the proximal and distal side 
of the porous implants (A2, arrows); this bone is predominantly situated in the medullary canal and insufficiently 
bridging the defect (D2). Distally from the titanium implants, bone resorption is observed between eight and 
twelve weeks (asterisk). Bar indicates 1mm.
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Bone bridging, determined on ex vivo µCT scans at twelve weeks, was only seen in the 

cortical defects grafted with porous titanium implants filled with HMW-BMP-Fb gels (Figure 

5). Seven defects were completely bridged, and the average remaining gap size in the three 

defects that were not bridged was 0.8±0.1mm (Figure 6A). The remaining gap size in the 

other three experimental groups was 1.8±1.6mm (HMW-Fb group), 1.9±0.9mm (UNF-Fb 

group) and 1.8±1.4mm (empty group), respectively.

2.2 Histological evaluation

Bone quality, assessed using light microscopy, showed that in the HMW-BMP-Fb group 

bone was formed almost exclusively at the site of the original cortex and an intimate contact 

between the regenerated bone and the titanium implant was found throughout the entire 

length of the defect (Figure 7D vs. A-C). In the HMW-Fb (Figure 7C), UNF-Fb (Figure 7B) 

and empty groups (Figure 7A), bone formation occurred predominantly at the distal and 

proximal sites of the titanium implants that were close to the adjacent cortical bone. This 

bone formation never extended throughout the entire length of the porous implant. The 

remaining gaps in the defects were rather filled with amorphous fibrous tissue (Figure 7A, B, 

and C). Strikingly, in the HMW-BMP-Fb group an open medullary cavity was observed after 

twelve weeks (Figure 7D), whereas in all control groups bone formation was blocking the 

medullary cavity (Figure 7A-C).

Ti - empty Ti - UF-fibrin Ti - HMW-fibrin Ti - HMW-fibrin - BMP-2

A B C D

Figure 3: Representative transversal ex vivo μCT images of grafted segmental femur defects.
Titanium implants and fixation screws appear in black, whereas bone appears in dark grey. In the empty (A), UNF-
Fb (B) and HMW-Fb (C) groups; bone regeneration is predominantly seen at the proximal and distal third of the 
porous titanium implants. Some new bone has formed inside the porous implants, but most of the newly formed 
bone is seen in the medullary canal. In the HMW-BMP-Fb group (D), bone regeneration extended throughout the 
entire porous titanium implants, bridging the defect. Bone formed inside the porous implant, and no bone has been 
formed inside the medullary canal. Black bar indicates 1mm.
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Figure 4: Longitudinal quantification of bone regeneration.
In vivo µCT scans after four, eight and twelve weeks; total BV (A); defined as all bone formed within the 6 mm 
defect. Outer BV (B), defined as bone formed outside the titanium implants. Porous BV (C), defined as bone formed 
inside the porous space of the titanium implants. Inner BV (D), defined as bone formed in the medullary canal of 
the titanium implants. Values are expressed as mean and SD (n=10 per group), and a one-way ANOVA test followed 
by a post-hoc Bonferroni correction was performed to test for statistical significant difference at each time point. 
A p-value <0.05 was considered as statistically significant, vertical bars indicate the significant differences found 
between the groups.

Figure 5: Illustration of bone bridging. 
Representative 3D µCT images showing the average extend of bone bridging of the empty (A), UNF-Fb (B), HMW-
Fb (C), as well as the HMW-BMP-Fb (D) group. Porous titanium implants appear in transparent grey, whereas bone 
appears in dark grey.
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Figure 6: Bone bridging and mechanical 
strength. 
The remaining gap size after twelve weeks 
was used to indicate bridging success (A). 
Mechanical femoral strength after implantation 
of porous titanium implants measured by tor-
sion testing (B). As a positive control, three con-
trol femurs were included to provide a reference 
of a normal strength of femurs during torsion 
testing . Values are expressed as mean and SD, 
and a one-way ANOVA test followed by a post-
hoc Bonferroni correction was performed to test 
for statistical significant differences at each time 
point. A p-value <0.05 was considered as statis-
tically significant, horizontal bars indicate signifi-
cant differences between groups.

Figure 7: Histological evaluation of bone bridging.
Representative transversal sections of femur defects twelve weeks after implantation of porous titanium implants; 
empty (A), or incorporated with UNF-Fb (B), HMW-Fb (C) or HMW-BMP-Fb gels (D). Magnification reveals re-colo-
nization of the medulla with small round-shaped cells of a typical bone marrow stroma appearance. Sections are 
stained with basic fuchsine and methylene blue. Basic fuchsine stains bone purple, methylene blue stains fibrous 
tissue blue. Black bar indicates 1mm.

Johan van der Stok - Binnenwerk.indd   131 01-04-15   10:46



132 Chapter 8

2.3 Biomechanical evaluation

Femurs of the HMW-BMP-Fb group reached a significantly higher maximum torque than 

the three control groups (Figure 6B). The specimens were more than twice as strong as 

control femurs (248%) and six femurs of this HMW-BMP-Fb group were able to resist the 

maximum torque (450N.mm) without breaking. Femurs of the HMW-Fb group did not differ 

in maximum torque from the femurs of the UNF-Fb or empty group. The average maximum 

torques were 60% (HMW-Fb group, 86±29N.mm), 51% (UNF-Fb group, 75±20N.mm), and 

53% (empty group, 77±53N.mm), respectively, of the average maximum torque measured 

for control femurs (146±19N.mm) (Figure 6B).

Discussion

An ideal biomaterial that can be used as a bone graft substitute should be able to fully 

regenerate and bridge load-bearing segmental bone defects within a short period of time 
280. Our combination of surface-treated porous titanium with BMP-2 containing physiologi-

cally concentrated fibrin gels fully regenerated segmental bone defects in rat femurs (Figure 

2 and 5) and fully recovered their mechanical strength (Figure 6). Moreover, combining 

osteoconductive titanium with an osteoinductive BMP-2 releasing fibrin gel resulted in 

“guided” bone regeneration; i.e. new bone was formed throughout the porous titanium 

implants (Figure 2) to specifically restore the cortex to its native anatomical shape and well 

as the medullary canal (Figure 3 and 7D).

Biomaterials used for load-bearing segmental defects should offer sufficient support to 

withstand mechanical loading 281. A material with such mechanical properties is titanium, 

and solid titanium implants have been very successfully used in trauma and orthopaedic 

surgery over the past decades 354. However, the notable biomechanical mismatch between 

solid titanium implants and surrounding bone frequently leads to stress-shielding, subse-

quent bone resorption and implant loosening 355. This limitation can be overcome by using 

mechanically optimized porous titanium implants 271, 356, the development of which greatly 

benefited from the introduction of additive manufacturing techniques. Techniques such as 

selective laser melting (SLM) 262, 357, 358, electron beam melting (EBM) 270, 359, 360 or similar 

additive manufacturing techniques 265, 317 allow for a personalized, anatomical implant 

design and control of its structural and mechanical properties alike. Our SLM-based, femur-

shaped implants possessed mechanical properties within the physiological range of the 

host bone, while its fully interconnected porous structure is considered to be within the 

range required for osteoconduction (Table 1) 319. Furthermore, the fatigue properties of the 

porous implants indicate that the biomechanical support is temporary 290. The implants were 

therefore capable of offering sufficient mechanical support in vivo, while stimulating bone 

regeneration through osteoconduction in the segmental bone defects 252, 319.
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In addition to mechanical support, biomaterials should also offer a surface that facilities 

osseointegration, i.e. intimate apposition of bone matrix onto the implant surface 361. The 

bone-implant interface of most metallic biomaterials including titanium usually consists 

of an interfacial fibrous-like layer (also called laminae limitantes) 361. The formation of this 

fibrous-like layer can be avoided by relatively simple treatments that have been shown to 

improve osseointegration of solid titanium implants 277. We optimized the treatment of the 

porous titanium implants used in this study 292, to not only improve apatite formation and 

cellular attachment, but also cell proliferation and osteogenic differentiation of osteopro-

genitor cells 292.

Bone graft substitutes should also be able to induce bone regeneration, which can be 

induced by a variety of bone morphogenetic proteins (BMPs), including BMP-2 and BMP-7 
362. BMP-2 is mainly released during the first few days of the natural bone regeneration 

process, and BMP-7 plays a more important role during the later phase 5. Both BMP-2 and 

BMP-7 received FDA-approval 220, but their use in humans is currently heavily debated 363. 

Although the osteoinductive effect of BMP-2 has been demonstrated in a wide variety of 

species (including rats, rabbits, dogs, sheep and non-human primates) 364, it is often argued 

that one must be cautious in assuming that stromal cells from other species may serve as 

models for inducible osteogenesis in human marrow stromal cells 365. BMP-induced side 

effects, including cyst-like bone formation and soft tissue swelling, are likely caused by 

supra-physiological dosages used in humans 363 and these adverse effects were recently 

reproduced in a similar in vivo model as used in this study with BMP-2 concentrations that 

exceeded 20µg per defect 253, 333. In contrast, a dose between 2.5 and 10µg was found to 

be safe and effective for various other BMP release systems including alginate-based 366, 

poly-L-lactic acid (PLLA)-based 367 or silk-based 368 scaffolds. Based on these results we used 

3 µg BMP-2 per implant. Furthermore, Schmoekel et al. demonstrated that with less soluble 

nonglycosylated BMP-2, the required cytokine dose could even be further reduced 369.

Surface-treated porous titanium was loaded with BMP-2 through incorporation in 

physiologically concentrated fibrin gels. This is different from fibrin gels that have been used 

in trauma and orthopaedic surgery as “fibrin glue”, as these sealants are made of highly 

supra-physiological fibrinogen concentrations 351. This supra-physiological concentration 

(50-100 mg/L) ensures quick and effective clotting, and is therefore primarily used as a 

haemostatic agent. Supra-physiological fibrinogen concentrations were also used to deliver 

BMP-2 in several bone defect models 369-379. Schützenberger et al. showed that fibrin gels 

outperformed the currently clinically used absorbable collagen sponges as BMP-release 

properties of fibrin, in contrast to those of collagen, allow to use 85% less cytokine without 

compromising the regenerative success 380. However, the high fibrinogen concentration of 

these supra-physiologically concentrated fibrin glues have a limiting effect on cell mobil-

ity and ingrowth 381, 382. In vivo, fibrin constitutes only 0.25% of the volume of a blood 

clot 383, which was mimicked in the current study by preparing fibrin gels of physiological 
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concentrations (2-4mg/L). It is tempting to speculate that at these concentrations, fibrin 

fibers form a more open network that more effectively promoted cell migration and cell 

ingrowth 384. This open network structure and fibrin fiber adherence was perfectly supported 

by the surface-treated porous titanium (Figure 1C). This temporary fibrin network is not 

expected to remain intact in vivo for more than a few days 376, but the results obtained in this 

study suggest that this is sufficient to adequately induce bone regeneration. Our approach 

mimics physiological fracture healing, during which BMP-2 is entrapped in the spontane-

ously formed fracture haematoma to induce differentiation of mesenchymal stromal cells 

into osteoblasts 385. These osteoblast subsequently start to produce more BMP-2 and other 

important osteogenic cytokines to reach a maximum activity after 4-7 days 386.

Physiologically concentrated fibrin gels prepared from HMW fibrinogen were expected 

to improve bone regeneration, as compared to gels prepared from UNF fibrinogen, because 

HMW fibrinogen has been shown to promote angiogenesis in vitro and in vivo in our earlier 

studies 350. UNF fibrin gels contain 30% low molecular weight fibrinogen and, compared to 

100% HMW fibrinogen, contamination with more than 10% of LMW fibrinogen gradually 

decreased the formation of tube-like structure in vitro in a dose-depend manner 350. How-

ever, implants with HMW-Fb gels alone did not enhance bone regeneration and performed 

similar to implants with UNF-Fb gels or empty porous titanium implants (Figure 2 and 5). 

BMP-2 release from the fibrin gel is apparently providing the only osteoinductive stimulus, 

Figure 8: Direct comparison between BMP-2 
release from fibrin and gelatin on bone re-
generation.
In the same in vivo model, using the same type of 
porous titanium implants and same batch of BMP-2, 
results from using HMW-BMP-Fb gels (this work) or 
gelatin nanosphere gels252 were compared. Using 
gelatin nanosphere gels loaded with 3 µg BMP-2 pre-
dominantly led to bone regeneration outside or inside 
the porous titanium implants (A1) without bridging 
the entire defect (B1). In contrast, HMW-BMP-Fb gels 
(loaded with the same dose of BMP-2) led to complete 
bridging with restoration of the medullary canal (A2) 
and the cortex (B2). Bar indicates 1mm.
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while HMW-Fb may still improve cell migration and angiogenesis. Whether using HMW-Fb 

to release BMP-2 is indeed better than using UNF-Fb because it improves cell migration 

or angiogenesis cannot be answered here and is a limitation of our study. But HMW-fibrin 

gels with BMP-2 clearly outperformed previously used gelatin-based nanosphere gels with 

BMP-2 252, indicating the type of BMP-2 carrier is of crucial importance. Although gelatin 

gels were capable of a sustained release of BMP-2 39, this resulted in bone regeneration that 

mainly occurred around and inside the porous titanium implants (Figure 8; A1). In addition, 

bone regeneration in that study did not lead to bridging of the grafted defects within twelve 

weeks (Figure 8; B1). The mechanical strength also reached only up to only 50% of the 

original strength in that study 39. In contrast, physiological fibrin gels with low doses of 

BMP-2 boosted bone regeneration in the present study and completely bridged the majority 

of the grafted defects within four weeks (Figure 8; B2), filling up more than 50% of the 

porous volume of the titanium implants with regenerated bone. Twelve weeks following the 

surgery, the grafted femurs were already more than twice as strong as their original strength 

(i.e. control femurs Figure 6).

Conclusion

In this study the developed a new biomaterial combination capable of stimulating complete 

bone regeneration in load-bearing segmental defects in rat femurs. This optimal combina-

tion enabled quick bone regeneration within four weeks and full restoration of the original 

bone functionality and anatomical shape in this pre-clinical model. Since all used methods 

have been used separately in trauma and orthopaedic surgery, this combination should be 

evaluated in a large animal model or a clinical trial and this might result in an efficient bone 

graft substitute to graft load-bearing segmental bone defects in trauma and orthopaedic 

surgery.
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Abstract

Grafting bone defects or atrophic non-unions with mesenchymal stromal cells (MSCs)-based 

grafts is not yet successful. MSC-based grafts typically use undifferentiated or osteogenically 

differentiated MSCs and regenerate bone through intramembranous ossification. Endochon-

dral ossification might be more potent but requires chondrogenic differentiation of MSCs. 

Here, we determined if chondrogenically differentiated MSC (ch-MSC) pellets could induce 

bone regeneration in an orthotopic environment through endochondral ossification. Undif-

ferentiated MSC pellets (ud-MSC) and ch-MSC pellets were generated from MSCs of human 

donors cultured on chondrogenic medium for respectively three (ud-MSC) and 21 (ch-MSC) 

days. A 6mm femoral bone defect was made and stabilised with an internal plate in 27 

athymic rats. Defects were left empty for six weeks to develop an atrophic non-union before 

they were grafted with ch-MSC pellets or ud-MSC pellets. µCT scans made four and eight 

weeks after grafting showed that ch-MSC pellets resulted in significantly more bone than 

ud-MSC pellets. This regenerated bone could completely bridge the defect, but the amount 

of bone regeneration was donor-dependent. Histology after seven and fourteen days showed 

slowly mineralising pellets containing hypertrophic chondrocytes, as well as TRAP-positive 

and CD34-positive cells around the ch-MSC pellets, indicating osteoclastic resorption and 

vascularisation typical for endochondral ossification. In conclusion, grafting critical-sized 

femoral bone defects with chondrogenically differentiated MSC pellets led to rapid and 

pronounced bone regeneration through endochondral ossification and may therefore be 

a more successful MSC-based graft to repair large bone defects or atrophic non-unions. 

But, since bone regeneration was donor-depend, the generation of potent chondrogenically 

differentiated MSC pellets for each single donor needs to be established first.
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Introduction

Bone development and fracture repair occur through intramembranous or endochondral 

ossification 387. In intramembranous ossification, mesenchymal stromal cells (MSCs) dif-

ferentiate directly into osteoblasts that form bone. In endochondral ossification, MSCs 

differentiate into chondrocytes, which form a cartilage template 4. Chondrocytes within 

this template become hypertrophic and start to secrete cytokines such as vascular endo-

thelial growth factor (VEGF), and enzymes like alkaline phosphatase (ALP) and proteases 

(e.g. matrix metalloproteinases (MMPs)). Together, these factors stimulate vascularisation 

and mineralization of the cartilage template, which is subsequently resorbed by attracted 

osteoclasts and replaced by bone. Which type of ossification predominantly occurs in 

fracture repair is highly dependent on biomechanical conditions. Absence of motion results 

in intramembranous ossification, although this is only capable of bridging small gaps (200-

500µm), whereas micromotions stimulate endochondral ossification, through which larger 

fracture gaps are regenerated 7.

Despite modern treatment, fracture repair remains insufficient or impaired in 10% of 

all fractures resulting in non-unions or persistent bone defects 8. Bone defects and atrophic 

non-unions can be treated with bone grafts, for which the current gold standard material 

is autologous bone 44. However, harvesting autologous bone results in a high morbidity 

rate (10-40%) 12, 17, and the amount that can be harvested is limited. These disadvantages 

fuelled the development of bone graft substitutes. Ideally a bone graft substitute should 

consist of a biodegradable material that offers direct mechanical support and functions as an 

osteoconductive scaffold that facilitates bone regeneration. Also the material should provide 

osteogenic and angiogenic stimuli to enhance bone regeneration and vascularisation 222. 

Bone graft substitutes currently available for clinical use mainly rely on osteoconductive 

properties 23. Only in a small case-series, an osteoconductive bone substitute has been 

combined with MSCs to graft bone defects 388. But so far the clinical success of MSC-based 

grafts remains disappointing 389. This may be because those MSC-based grafts contained 

undifferentiated or osteogenically differentiated MSCs and thus stimulated intramembranous 

ossification. Differentiation of MSCs towards chondrocytes, and thereby aiming to stimulate 

endochondral ossification, may be a more successful strategy 390.

Chondrogenically differentiated embryonic stem cells 391, embryonic chondrocytes 392 

or MSCs 393 can undergo hypertrophy and secrete factors similar to those normally secreted 

by hypertrophic chondrocytes during endochondral ossification (e.g. VEGF, MMP-13, and 

ALP). In vivo, chondrogenically differentiated MSCs can form bone through endochondral 

ossification after ectopic implantation in mice 391, 394-396. But ectopic implantation does not 

fully reflect the complex environment of a bone defect or an atrophic non-union. In an 

orthotopic environment, bone regeneration starts with a low-grade inflammatory phase 255, 

under low-oxygen tensions 397, and is continuously exposed to biomechanical stimuli. All 
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these factors are known to affect MSCs differentiation and survival 398. In this study, we 

therefore made critical-sized femoral bone defects in rats, and left these defects untreated 

for six weeks to establish an atrophic non-union. Subsequently the defects were grafted 

with chondrogenically differentiated MSC pellets to determine whether chondrogenically 

differentiated MSC pellets remain capable of endochondral ossification in this orthotopic 

environment. We hypothesized that grafting with chondrogenically differentiated MSC pel-

lets enhances bone regeneration and used grafting with undifferentiated MSC pellets as 

a control. Bone regeneration was evaluated with the use of µCT scanning, histology and 

immunohistochemistry.

Materials and methods

1. Isolation and expansion of human bone marrow cells

Human bone marrow derived MSCs of three donors (donor 1: female, 75 years, donor 2: 

female, 77 years, donor 3: female, 55 years) were obtained during total hip arthroplasty 

after informed consent and approval of the local medical ethical committee (METC 2004-

142). Bone marrow aspirates were taken from the great trochanter. Heparinized aspirates 

were seeded at a density of 30 to 100*106 nucleated cells per T175 flask. After 24h, 

non-adherent cells and cell debris were washed out. MSCs were further expanded in low-

glucose Dulbecco�s modified Eagle medium (DMEM) with 10% fetal calf serum (Lonza) 

supplemented with 50µg/mL of gentamicin, 1.5µg/mL of Fungizone (all Invitrogen), 0.1 mM 

of L-ascorbic acid 2-phosphate and 1ng/mL of fibroblast growth factor � 2 (Instruchemie). 

Cells were cultured at 37°C under humidified conditions and 5% carbon dioxide (CO2). 

Medium was changed twice a week. When cultured cells neared confluence, they were 

trypsinized using 0.05% trypsin and replated at a density of 2,000cells/cm2. Cells from the 

third passage were used for pellet cultures.

2. Culturing of chondrogenically differentiated MSC pellets and undifferentiated 
MSC pellets

After detachment of cells with 0.05% trypsin, 0.5mL of medium, containing 200,000 cells, 

was put in a polypropylene tube. Tubes were centrifuged for 8m at 120g. Undifferentiated 

MSC (ud-MSC) pellets and chondrogenically differentiated MSC (ch-MSC) pellets were 

maintained for respectively three and 21 days on high-glucose DMEM, supplemented 

with 50µg/mL of gentamicin, 1.5µg/mL of Fungizone (Invitrogen), 0.1mMl-ascorbic acid 

2-phosphate, 40µg/mL L-proline, 1mM of sodium pyruvate (Sigma-Aldrich), 1:100 ITS (BD 

Biosciences), 10ng/ml of TGF-β1 (R&D Systems), and 100nM of dexamethasone (Sigma-

Aldrich). After maintaining ud-MSC pellets and ch-MSC pellets for respectively three and 21 

days, they were directly used for implantation.
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3. Animal experiment

Twenty-seven skeletally mature male RNU rats (Charles River) were used as experimental 

animals (361±36g body weight). When the animals were 16-weeks-old a critical-sized 

femoral bone defect was made by removal of 6mm cortical bone, while stabilized with an 

internal fixation plate. Six weeks later, in a second surgical procedure, bone defects were 

grafted with ch-MSC pellets (n=15) or ud-MSC pellets (n=12). The Animal Ethics Committee 

of the Erasmus University approved the study (ECM 1493) and Dutch guidelines for the care 

and use of laboratory animals were applied.

4. Surgical procedures

Prior to surgery, prophylactic antibiotics (enrofloxacin, 5mg/kg body weight) and pain medi-

cation (buprenorphine, 0.05mg/kg body weight) were administered. Surgical procedures 

were performed aseptically under general anaesthesia (1-3.5% isoflurane).

During the first surgical procedure, a critical-sized femoral bone defect was made as fol-

lows: the right femur was exposed through a lateral skin incision and division of underlying 

fascia. A 23mm long polyetheretherketone (PEEK) plate was fixated to the anterolateral plane 

of the femur using three proximal and three distal screws (RatFix, RISystem). Periosteum was 

removed over approximately 8mm of the mid-diaphyseal region before removal of 6mm 

cortical bone. Bone was removed with a tailor-made saw guide and a wire. Fascia and skin 

were sutured in layers using Vicryl 5-0. Antibiotic medication was continued for two days 

post-surgery, and pain medication was continued for three days.

- 6 weeks
(1st surgery)

0 weeks
(2nd surgery)

A B

C

Defect Grafting

Figure 1: Femur bone defect model.
Critical-sized femur defect with PEEK plate fixation  and transversal µCT images directly after removal of 6mm corti-
cal bone and after six weeks (A). Fibrous tissue that was removed from the defect (B) before six ch-MSC pellets 
were used to graft the defect (C).
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During the second surgical procedure, six weeks later, critical-sized bone defects were 

grafted with ch-MSC or ud-MSC pellets as follows: the right femur was again exposed 

through a lateral skin incision and division of underlying fascia. After full exposure of the 

femur, none of defects had bridged and the defect was filled with fibrous tissue (Figure 

1A-B). After debridement and trimming of bone edges at proximal and distal side, defects 

were grafted with six ch-MSC or ud-MSC pellets (Figure 1C). Pellets were contained inside 

the defect by closure through intramuscular sutures (Vycril 5-0). Subsequently fascia and 

skin were sutured. Antibiotic medication was continued for two days post-surgery, pain 

medication was continued for three days. Rats were killed by an overdose pentobarbital.

5. μCT evaluation

Bone regeneration was followed longitudinally by in vivo µCT scans, acquired under 

general anaesthesia (1-3.5% isoflurane). A timeline was acquired by scanning one rat of 

ch-MSC-group and one rat of ud-MSC-group every week, while the remaining rats (n=8 per 

group) only underwent scans at four and eight weeks to quantify bone regeneration. µCT 

scans were made with a SkyScan 1176 scanner (Bruker micro-CT) using a 35µm resolution 

protocol (65kV, 385µA current, 1mm Al filter, and 0.5 degree rotation step, resulting in a 7 

minute scan). CT images were reconstructed using volumetric reconstruction software NRe-

con version 1.5 (Bruker micro-CT). Bone volume (BV) was quantified within the 6mm defect 

after segmentation of calcified tissue from non-calcified tissue using a global threshold. This 

global threshold was determined based on visual inspection and was kept constant for all 

scans.

6. Histological and immunohistochemical evaluation

Histology and immunohistochemistry was done on ch-MSC and ud-MSC pellets cultured in 

vitro (n=3 per donor) and on grafted femoral bone defects after three, seven and fourteen 

days (n=2 ch-MSC-group, n=1 ud-MSC-group at each time point) and after eight weeks 

(n=8 per group). Pellets and grafted femurs were fixed in 10% neutral buffered formalin 

solution for two days. Grafted femurs were decalcified in 10% EDTA in PBS solution (pH = 

7.4) for six weeks. Finally, all specimens were dehydrated in graded ethanol solutions (70 to 

100%) and xylene before embedding in paraffin. Six-µm paraffin sections were cut with a 

microtome (Leica RM2135). Pellets were stained with haematoxylin-eosin (H&E) and thio-

nin, and immunostained for collagen II, collagen X and VEGF. Grafted femurs were stained 

with H&E, thionin, and tartrate-resistant acid phosphatase (TRAP), and immunostained for 

collagen II and CD34.

Collagen II is a marker for chondrogenic differentiation and collagen X is a marker for 

hypertrophy. Antigen retrieval for collagen II was performed through 30m incubation of sec-

tions with 0.1% pronase in PBS, while antigen retrieval for collagen X required 0.1% pepsin 

in 0.5M acetic acid (pH = 2.0) for two hours. Both collagen II and collagen X stainings 
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continued with incubation with 1% hyaluronidase in PBS for 30 minutes. Non-specific 

binding sites were blocked with 10% goat serum in PBS and sections were stained overnight 

with primary antibodies against collagen II (II/II6B3 antibody, 1:100, Developmental Studies 

Hybridoma Bank, Iowa City, IA, under contract N01-HD-6-2915 from the National Institute 

of Child Health and Human Development) or collagen X (1:30, X53, Quartett, Berlin, Ger-

many). To allow the use of monoclonal mouse antibodies on human constructs grafted in a 

nude rat, we used a method described by Hierck et al 399. An alkaline-phosphatase-conjugated 

secondary antibody was used followed by incubation with Neu Fuchsin substrate (Chroma) 

to demonstrate alkaline-phosphatase activity with a red staining. The positive control for 

collagen II was bovine cartilage, and for collagen X we used known hypertrophic pellets. An 

isotype control was taken along as negative control for both stainings.

VEGF is an angiogenic growth factor, and after microwave treatment in 10mM citric 

acid buffer pH 6.0, sections were blocked with 5% BSA in PBS for 10 min and incubated 

overnight at 4°C with VEGF antibody (sc-152, Santa Cruz Biotechnology Inc) diluted in 

5% bovin serum albumin (BSA) in PBS. Secondary antibodies against human IgG were 

conjugated with peroxidase (Dako). CD34 is an endothelial cell marker indicating vessel-

structures, and antigen retrieval for CD34 was performed through 30m incubation with 

0.1% trypsin (Sigma). Non-specific binding sites were blocked with 10% NGS and sections 

were incubated with primary antibody against rat CD34 (R&D Systems). A biotinylated 

rabbit antibody followed by alkaline phosphatase conjugated streptavidin and incubation 

with Neu Fuchsin substrate (Chroma) was used to visualize positive staining. Slides were 

counterstained wit haematoxylin. The positive control for VEGF was human skin and an 

isotype control was taken along as negative control.

7. Release of angiogenic cytokines

Secretion of angiogenic cytokines was measured in culture medium taken of the ch-MSC 

and ud-MSC pellets at the day of implantation using a human cytokine angiogenic multiplex 

chemiluminescent ELISA (Cat. No. 150251HU, Quansys Biosciences). This angiogenic 

multiplex measures angiotensin II (Ang-2), fibroblast growth factor-2 (FGF-2), hepatocyte 

growth factor (HGF), interleukin-8 (IL-8), platelet derived growth factor-BB (PDGF-BB), tis-

sue inhibitor of metalloproteinase 1 and 2 (TIMP-1 and TIMP-2), tumor necrosis factor-α 

(TNFα), and vascular endothelial growth factor (VEGF). Multiplex chemiluminescent ELISA 

kits were performed according to the manufacturer’s instructions and the plate was imaged 

using Kodak Digital ScienceTM Image Station 440CF system (NEN Life Science Products, 

Inc., Boston, MA, USA). Angiogenic cytokine concentrations were calculated using Q-view 

software® (Quansys Biosciences).
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8. Statistics

The design of this study was aimed to find at least a duplication in the BV formed within 

the 6mm defect. The standard deviation of BV formed was estimated to be ~50% based on 

previous work 252, 319, 400. A simple power calculation using a students’ t-test with a β-value 

of 0.8 indicates that both groups should consist of a minimal of five rats. The final decision 

to use eigth rats per group accounted for loss of animal (e.g. failure of fixation material to 

stabilize the defect) or loss of donors (e.g. insufficient of unsuccessful chondrogenic dif-

ferentiation of MSCs). Statistical analyses were performed using SPSS Statistics 20.0 (SPSS 

Inc, Chicago, Ill). The data are presented as means with standard deviation. Mixed models 

analysis was used to test for statistical differences between ch-MSC-group and ud-MSC-

group, while correcting for donor effect using MSC donor as random factor. A p-value less 

than 0.05 was considered a statistically significant difference.

Results

1. Culturing and characterization of ch-MSC or ud-MSC pellets

Ch-MSC pellets were 2-3mm in diameter and contained hypertrophic chondrocytes sur-

rounded by an extensive extracellular matrix (Figure 2, A1). This extracellular matrix 

contained high levels of GAGs, collagen II and collagen X, indicated by thionin staining 

and collagen II and X immunostainings (Figure 2, B1-D1 respectively). VEGF was mainly 

positive in and around the cells, but not in the extracellular matrix (Figure 2, E1). Ud-MSC 

Figure 2: Histology of ch-MSC pellets and ud-MSC pellets before implantation.
Histology of ch-MSC pellets (A1) and ud-MSC pellets (A2): ch-MSC pellets were bigger and generated more ex-
tracellular matrix than ud-MSC pellets, bar indicates 500µm. Detailed views showed that the extracellular matrix 
of ch-MSC pellets is rich of GAGs (B1), collagen II (C1) and collagen X (D1), indicating that ch-MSC pellets had 
undergone hypertrophic chondrogenic differentiation. VEGF was predominantly found in and around the cells (E1). 
Ud-MSC pellets generated little to none extracellular matrix and had not undergone chondrogenic differentiation 
(B2, C2, and D2). VEGF was found throughout the pellets (E2). Bar indicates 50µm.
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pellets were ~1mm in diameter and contained densely packed cells without substantial 

extracellular matrix (Figure 2, A2). Cells had not undergone chondrogenic differentiation as 

no GAGs, nor collagen II or collagen X were observed on thionin staining and collagen II 

and X immunostainings (Figure 2, B2-D2 respectively). VEGF was also produced by ud-MSC 

pellets and was mainly found in and around the cells (Figure 2, E2). Per donor, approxi-

mately 180-200 pellets were cultured from passage three human derived MSCs, which can 

theoretically result in 0.8–2.7cm3 of ch-MSC pellets.

2. μCT evaluation

Two weeks after grafting the defects, ch-MSC pellets started to mineralize whereas no 

mineralization of ud-MSC pellets was observed (Figure 3). Mineralization of ch-MSC pel-

lets started around the pellets and progressed towards the centre. Mineralized pellets also 

integrated with bone formed at the cortical bone edges. In one defect grafted with ch-MSC 

pellets of donor 1, bone formation was capable of completely bridging this defect within 

four weeks (Figure 4). Once this defect was bridged, the original bone architecture was 

restored through bone remodelling. In other defects grafted with ch-MSC pellets of donor 1 

or donor 3, a minimal gap (<0.5mm) remained visible after eight weeks (Figure 5A). Defects 

grafted with ch-MSC pellets of donor 2 or with ud-MSC pellets showed little bone formation 

and defects were not bridged.

Bone quantification showed that grafting bone defects with ch-MSC pellets led to 

significantly more bone regeneration than grafting with ud-MSC pellets (p=0.041) (Figure 

5B). After four and eight weeks, average BV of all defects grafted with ch-MSC pellets was 

1 week
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Figure 3: Repeated μCT scans of defects grafted with ch-MSC pellets or ud-MSC pellets of 
donor 1.
Ch-MSC pellets mineralize after two weeks, and integrate with adjacent cortical host bone at four weeks. Ud-MSC 
pellets did not show mineralization throughout the eight week follow-up. Bar indicates 1mm.
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almost twice as much as defects grafted with ud-MSC pellets (4 weeks 33.1±18.8mm3 

versus 17.8±8.6mm3, 8 weeks 41.8±24.7mm3 versus 24.2±12.2mm3). This effect was donor 

dependent, ch-MSC pellets of donor 1 and 3 resulted in BVs of 39.6±9.7mm3 (donor 1) and 

53.8±10.7mm3 (donor 3) after four weeks and 53.8±19.5mm3 (donor 1) and 63.2±0.8mm3 

(donor 3) after eight weeks. But grafting defects with ch-MSC pellets of donor 2 only resulted 

in 13.3±12.4mm3 BV after eight weeks, which was not more than grafting with ud-MSC 

pellets (25.1±6.6mm3). Compared to donor 2, ud-MSC pellets of donor 1 and 3 resulted in 

similar BVs and were 36.7±5.2mm3 and 13.8±0.1mm3 respectively.

4 weeks 8 weeks

m
c

c

Figure 4: Remodelling of mineral-
izing ch-MSC pellets
Remodelling of mineralized pellets (4 
weeks) restoring the original cortex and 
medullary canal (8 weeks) of the defect 
grafted with ch-MSC pellets of donor 1 
that showed complete bridging. Black ar-
row heads depict border of ch-MSC pel-
lets, ‘c’ indicates the newly formed cortex 
and ‘m’ indicates the ongoing restora-
tion of the medullary canal. Bar indicates 
1mm.
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Figure 5: μCT images of defects grafted with ch-MSC or ud-MSC pellets of all three donors 
after eight weeks.
Defects grafted with ch-MSC pellets of donor 1 and 3 show more bone formation than grafting with ud-MCS pel-
lets, but defects grafted with ch-MSC pellets of donor 2 showed did not show more bone formation than defects 
grafted ud-MSC pellets of donor 2 (A). Bar indicates 1mm. Bone volumes measured in 6mm bone defect after four 
weeks and eight weeks (B).
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3. Histological evaluation

Grafted ch-MSC pellets were clearly visible in the defect after seven and fourteen days 

(Figure 6, A1-2). They formed a cartilage template that bridged the defect. After seven days, 

ch-MSC pellets were surrounded by a number of cell layers (Figure 6, B1, C1, and D1). At 

this time, some vessel-forming activity was detected around the ch-MSC pellets (Figure 6, 

F1: arrows), without substantial osteoclast activity (Figure 6, E1). After fourteen days, the car-

tilage template was reduced in size (Figure 6: B1, C1, and D1) and more osteoclast activity 

was observed along the edges of the remaining ch-MSC pellets (Figure 6, E2: arrows). Areas 

of osteoclast activity were accompanied by vessel-forming activity and vessel-like structures 

(Figure 6, F2: arrows). Grafted ud-MSC pellets also remained visible up to fourteen days, but 

did not form a cartilage template inside the defect (Figure 7, A1-2). After seven and fourteen 

days, ud-MSC pellets had not undergone chondrogenic differentiation (Figure 7, B1-2, C1-2 

and D1-2) and were surrounded by a high number of small round cells. After seven and 

fourteen days, there was no osteoclast activity (Figure 7, E1-2) but in the surrounding tissue 

substantial vessel-forming activity was observed (Figure 7, F1-2: arrows).

After eight weeks, grafted ch-MSC pellets were almost completely resorbed and replaced 

by bone (Figure 8, A1 and B1). Bone close to the remaining gap consisted of woven bone 

and some small areas of vessel-forming activity were found in the proximity of the fracture 

gap (Figure 9, A1 and C1: arrows), while the remaining gap consisted of cartilage tissue 

(Figure 9, B1). In defects grafted with ud-MSC pellets, no cartilage tissue nor remnants of 

ud-MSC pellets were observed (Figure 8, A2 and B2), and the remaining gap was filled with 

fibrous tissue (Figure 9, A2 and B2). Within this fibrous tissue, vessel-forming activity was 

clearly observed (Figure 9, C2: arrows). In both groups, bone observed on histology showed 

a good correlation with bone seen on corresponding µCT images (Figure 8, C1-2).

Figure 6: Histology of bone defects grafted with ch-MSC pellets after 7 and 14 days.
Defect grafted with ch-MSC pellets after 7 and 14 days (A1-2), bar indicates 500µm. Detailed views show that ch-
MSC pellets were surrounded by a number of cell layers (B1-2) and that the extracellular matrix remained rich of 
GAGs (C1-2) and collagen II (D1-2). Osteoclast activity was observed after 14 days (E1-2: arrows) and some vessel-
forming activity was found in the surrounding host tissue (F1-2: arrows), bar indicates 250µm.
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Ch-MSC pellets of donor 2, which did not stimulate bone regeneration (Figure 5), were 

smaller in size (~0.5mm) and contained more closely packed cells than ch-MSC pellets of 

donor 1 (Figure 10, A1-2) or donor 3. Cell nuclei of ch-MSC pellets of donor 2 seemed viable 

(Figure 10, C2), but the cell nuclei of ch-MSC pellets of donor 1 and donor 3 were smaller 

or had shrunk and more empty cell lacunae were observed throughout the extracellular 

matrix (Figure 10, C1). Ch-MSC pellets of donor 1 and 2 had both undergone chondrogenic 

Figure 7: Histology of bone defects grafted with ud-MSC pellets after 7 and 14 days.
Defect grafted with ud-MSC pellets after 7 and 14 days (A1-2), bar indicates 500µm. Detailed Detailed views show 
that ud-MSC pellets were surrounded by small round cells (B1-2). Ud-MSC pellets did not form an extracellular 
matrix containing GAGs (C1-2) or collagen II (D1-2), indicating that ud-MSC pellets had not undergone chondrogenic 
differentiation. No osteoclast activity was observed (E1-2), but widespread vessel-forming activity was found in the 
surrounding host tissue (F1-2: arrows), bar indicates 250µm.
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bone defect grafted 
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eight weeks.
Bone defects grafted with 
ch-MSC pellets and ud-MSC 
pellets on corresponding 
µCT images (A1-2) were 
stained with respectively 
H&E (B1-2) or thionin (C1-
2). Bone tissue is indicated 
with ‘b’, cartilage tissue is 
indicated with ‘c’ and fibrous 
tissue is indicated with ‘f’. 
Asterisk marks area showed 
in more detail in figure 9. Bar 
indicates 1mm.
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differentiation and consisted of hypertrophic chondrocytes (Figure 10, D1-2 and E1-2), but 

the extracellular matrix of ch-MSC pellets from donor 2 appeared less structured than the 

extracellular matrix of ch-MSC pellets from donor 1 (Figure 10, B1-2).





 










 





  

  

  



 





  




Figure 9: Detailed his-
tology of bone defects 
grafted with ch-MSC 
pellets or ud-MSC pel-
lets after eight weeks.
Bone defect grafted with 
ch-MSC pellets or ud-MSC 
pellets were stained with 
respectively H&E (A1-2), 
thionin (B1-2) and CD34 im-
munostaining (C1-2). Bone 
tissue is indicated with ‘b’, 
cartilage tissue is indicated 
with ‘c’ and fibrous tissue 
is indicated with ‘f’. Arrows 
indicate vessel forming ac-
tivity. Bar indicates 250µm.

Figure 10: Histology of ch-MSC pellets of donor 1 and 2.
The ch-MSC pellets of donor 1 were bigger than ch-MSC pellets of donor 2 (A1-2). Bar indicates 500µm. Detailed 
views showed that ch-MSC pellets of donor 1 formed a more structured extracellular matrix (B1-2 and C1-2), 
although the extracellular matrix of both donors contained collagen II (D1-2) and collagen X (E1-2), indicating that 
MSC of both donors had undergone hypertrophic chondrogenic differentiation. Bar indicates 50µm.
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4. Release of angiogenic cytokines

Release of hTIMP-1 and PDGF-BB is not shown because release of hTIMP-1 exceeded the 

upper quantification limit (3000pg/ml) and release of PDGF-BB did not exceed the lower 

quantification limit (1000pg/ml) of the assay. Ch-MSC pellets of all three donors released 

hVEGF, hTIMP-2, hAng-2, hTNFa, hFGF, and hHGF (Figure 11). Cytokine release of ch-MSC 

pellets of donor 2 was not different from the cytokine release of the ch-MSC pellets of donor 

1 and 3. Compared to ud-MSC pellets, less VEGF was released by ch-MSC pellets and no 

hIL-8 release was observed.

Discussion

Grafting bone defects and atrophic non-unions with MSC-based grafts is believed to hold 

great potential 401, but so far clinical results are rather disappointing 389. Therefore, instead of 

stimulating intramembranous ossification with undifferentiated or osteogenically differenti-

ated MSCs, some papers advocate to stimulate endochondral ossification with chondro-

genically differentiated MSCs 393, 395, 396. In our study, grafting of critical-sized femoral bone 

defects that were left untreated for 6 weeks with chondrogenically differentiated MSC pellets 

was found to result in significantly more bone than grafting with undifferentiated MSC pel-

lets (Figure 3 and 5) and we showed that this bone was formed through endochondral 

ossification (Figure 6). Grafting with chondrogenically differentiated MSC pellets can result 

in bone regeneration capable of completely bridging the defect (Figure 4). However, the 

effect of chondrogenically differentiated MSC pellets is donor-depend (Figure 5).

The complex orthotopic environment that can be encountered during insufficient or 

impaired fracture repair 402 were simulated using a critical-sized femoral bone defect model 
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Figure 11: Angiogenic cytokine release.
Angiogenic cytokines released from ch-MSC and ud-HTC pellets in culture medium retrieved before grafting the 
bone defects.
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that was grafted after six weeks. During the first six weeks, untreated defects formed an 

atrophic non-union and the remaining fracture gap was filled with fibrous tissue (Figure 

1C). Grafting these defects with chondrogenically differentiated MSC pellets resulted in 

large amounts of bone formation through endochondral ossification (Figure 5B). Although 

extensive bone regeneration was observed in defects grafted with chondrogenically dif-

ferentiated MSC pellets of donor 1 and 3, only one defect was completely bridged after 

eight weeks (Figure 4). The inability to bridge the other defect is may be explained by a 

suboptimal method of fixation, because the µCT images of these defects show the formation 

of a hypertrophic non-union with a typical horse-shoe or elephant-foot configuration (Figure 

5 and 8) 403, and the remaining fracture gap contained cartilage tissue (Figure 8 and 9). 

Although a longer follow-up might have resulted in union, hypertrophic non-unions are 

usually well treated by providing increased stability over the non-union 404.

Similar to previous ectopic implantations 391, 394-396, we used immunocompromised 

animals to avoid host-versus-graft reactions against human MSCs. This raised the relevant 

question whether chondrogenically differentiated MSC pellets remain capable of initiating 

endochondral ossification in an immunocompetent host. Chondrogenically differentiated 

MSCs of rat origin have shown to remain capable of initiating endochondral ossification 

when implanted in immunocompetent rats 394, 405. The use of rat MSCs makes it also possible 

to gain more insight in the influence of a specific immune response of the host to implanted 

chondrogenically differentiated MSC pellets. Specific immune responses may be the driving 

factor in the bone regeneration observed, because during endochondral ossification bone 

regeneration is preceded by osteoclast-mediated degradation of the cartilage template. 

Osteoclasts are monocyte-derived cells. Furthermore, chondrogenically differentiated MSC 

pellets that were exposed to IL-1β, a pro-inflammatory cytokine, showed enhanced accu-

mulation of MMP-13 and increase levels of released stromal cell-derived factor-1, which 

resulted in more osteoclast recruitment and faster bone regeneration 406.

Obtaining high yields of MSCs is an important generate sufficient chondrogenically 

differentiated MSC pellets to be used in clinical applications. MSCs that are capable of 

undergoing chondrogenic differentiation can be obtained from various tissues including 

bone marrow, fat, muscle, synovium, periosteum 407. Bone marrow derived MSCs, used 

here, have more chondrogenic potential than fat derived MSCs 408 or muscle derived MSCs 
407. Bone marrow derived MSC can be obtained by a simple percutaneous procedure, and 

the yield of MSCs obtained can be improved when a concentration device is used that 

centrifuges a larger volume of bone marrow 409. Furthermore, the proliferation of obtained 

MSC can be enhanced by supplementing in vitro culture media with FGF-2, or other factors 

such as platelet-derived growth factor, ascorbic acid and epidermal growth factor 410. More 

MSCs result in a higher volume of chondrogenically differentiated MSC pellets that can 

be generated. But with the culturing protocol that we used here, we were able to generate 

around 200 chondrogenically differentiated MSC pellets per donor. Theoretically this can 
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result in 2.7 cm3 pellet volume, and is similar to volumes in which commercially available 

bone substitutes are sold 411. Although this volume may not be sufficient or requires the 

use of additional bone substitutes to graft large bone defects in humans (>2cm), it might 

already be enough to graft the much smaller fracture gap that is typically seen in an atrophic 

non-unions (<2mm) 403.

VEGF is known to play a key role in endochondral ossification 412 and the release of 

VEGF could also be to the driving factor through which chondrogenically differentiated 

MSC pellets can initiate endochondral ossification. VEGF was indeed produced and 

released by chondrogenically differentiated MSC pellets of all three donors (Figure 11), but 

endochondral ossification did not occur after grafting with chondrogenically differentiated 

MCS pellets of donor 2 (Figure 5). The release of VEGF from chondrogenically differentiated 

MSC pellets was also less than from undifferentiated MSC pellets at the moment of implanta-

tion (Figure 11). The cumulative release of VEGF from the chondrogenically differentiated 

MSC pellets, however, might still be superior after in vivo implantation due to prolonged 

cell survival in low-oxygen environment of the hypertrophic chondrocytes. But the CD34 

immunostaining performed on grafted defects after seven and fourteen (Figure 6 and 7) 

and after 8 weeks (Figure 9) did not suggest that a lot of vessel-forming activity was taking 

place around chondrogenically differentiated MSC pellets. Vessel formation, however, may 

have been more controlled and synchronised with the bone formation compared to vessel 

formation upon grafting with undifferentiated pellets. This possible spatiotemporal role of 

VEGF in endochondral ossification upon grafting with chondrogenically differentiated MSC 

pellets warrants further investigation in longitudinal in vivo setting.

Bone regeneration was after grafting bone defects with chondrogenically differentiated 

MSC pellets was donor-depend (Figure 5), and this has also been observed after subcuta-

neous implantation 393, 394. The non-potent chondrogenically differentiated MSC pellets of 

donor 2 did contain hypertrophic chondrocytes that produced VEGF, similar as the potent 

chondrogenically differentiated MSC pellets of donor 1 and 3 (Figure 8) and there was no 

clear difference in the release of angiogenic cytokines between the donors (Figure 11). The 

only difference between the non-potent and the potent chondrogenically differentiated MSC 

pellets that we could find was their size (Figure 8), non-potent pellets were smaller and 

contained less extracellular matrix. This may indicate an important role for the extracellular 

matrix that is generated by chondrogenically differentiated MSC pellets, but on the other 

hand it has also been suggested that hypertrophic chondrocytes undergoes a transformation 

into bone 394, 395, 413. Determining the exact composition of the extracellular matrix gener-

ated by chondrogenically differentiated MSC pellets of a larger number of different donors 

followed by an in vivo implantation to assess their potency to form bone and to determine 

the survival of these hypertrophic chondrocytes in vivo may provide valuable new insights 

in the mechanism through with chondrogenically differentiated MSCs initiate endochondral 

ossification and may help to develop protocols to generate potent pellets of each donor.
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Conclusion

In conclusion, grafting critical-sized femoral bone defects that were left empty to establish 

an atrophic non-union with chondrogenically differentiated MSC pellets leads to signifi-

cantly more bone regeneration than grafting with undifferentiated MSC pellets in athymic 

rats. With chondrogenically differentiated MSC pellets, bone regenerates rapidly through 

endochondral ossification, and through bone remodelling leading to restoration of the cor-

tex and the intramedullary space. When this MSC-based approach can be optimized such 

that sufficient and potent chondrogenically differentiated MSC pellets can be generated for 

each single patient, grafting with chondrogenically differentiated MSC pellets may become a 

successful clinical treatment for bone repair in atrophic non-unions and large bone defects.
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Conclusion and general discussion 

The use of bone grafts is over three centuries old. In 1668, a Dutch surgeon named Job van 

Meek’ren described the repair of a cranial bone defect in a soldier with a piece of skull 

from a dog 414. Although this bone graft was quite successful, it was removed two years 

later because this soldier wanted to return to the church, not due to long term failure of the 

graft. In succession of Meek’rens first bone graft, Albee introduced autologous bone grafts 

in the beginning of the 20th century 415. Autologous bone grafts have been very successful 
10, but their disadvantages including donor site morbidity and limited availability stimulated 

the development of bone graft substitutes. The majority of these bone graft substitutes are 

calcium-based, polymer-based or metal-based biomaterials and the aim of this thesis was to 

determine their potential for trauma and orthopaedic surgery applications.

Definitions and bone defect models

Determining the potential of a biomaterial for trauma and orthopaedic-related indica-

tions is difficult because there are no well-defined quantitative tests to compare different 

biomaterials (Chapter 2). In general, the properties of a biomaterial are described with 

the following criteria: osteoconduction, osteoinduction and osteogenicity 9. These terms 

describe properties of a biomaterial in a qualitative manner, and require evaluation of the 

biomaterial in at least two different in vivo experiments 364. Osteoconduction is determined 

by grafting a critical-sized bone defect. A critical-sized bone defect was originally defined as 

“the smallest size bone defect in a particular bone and species of animal that will not heal 

spontaneously during the lifetime of the animal” 416. If bone regeneration of a critical-sized 

bone defect can be improved through grafting with a biomaterial, then this biomaterial 

is called osteoconductive. However, false claims are often made as many studies lack an 

empty control group that confirms the critical-size of the defect (Chapter 2). Osteoinductive 

or osteogenic properties are determined through implantation of the biomaterial of interest 

in an ectopic side (e.g. subcutaneously or intramuscular) 364. If bone is formed in or around 

the biomaterial following implantation, it will be called osteoinductive or osteogenic. The 

distinction between osteoinductive and osteogenic properties is subtle and depends on the 

presence of bone forming cells within the implanted biomaterial. Osteogenic biomaterials 

already contain bone forming cells, whereas osteoinductive biomaterials contain stimuli 

(e.g. various growth factors) that attract these bone forming cells from the surrounding tissue 
364. So the terms osteoinduction and osteogenicity give insight to the mechanism of action 

of a biomaterial, but are also not suitable to determine their potential in relevant clinical 

situations.

To determine the application potential of a biomaterial in a relevant clinical situation 

where bone regeneration is insufficient (large defects) or impaired (atrophic and hyper-

trophic non-unions or osteomyelitis) a sufficient animal model that closely mimics these 
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conditions is required. Although large animal models like goat and sheep more closely 

resemble human bone 417, we chose to use a critical-sized femur bone defect model in rats. 

This is also a frequently used model 402 which is a close representation of the biological and 

biomechanical conditions that influence bone regeneration during insufficient or impaired 

bone healing. It also enabled us to easily visualize bone healing in a non-invasive manner 

with the use of in vivo µCT scanning.

Biomechanical conditions have an important influence on bone regeneration. An 

unstable environment leads to the formation of a hypertrophic non-union, whereas the 

complete absence of motion leads to the formation of an atrophic non-union 404. This makes 

the degree of biomechanical stabilization in any bone defect model an important variable. 

In this thesis, adequate stabilization was obtained with rat-specific fixation plates that 

completely bridged the created segmental bone defects. This fixation plate results in better 

control over the mechanical environment than previously described fixation by an external 

frame or by an intramedullary nail 402. However, the degree of mechanical stabilization 

showed a substantial variation 418. This variation made our experiments prone to committing 

a type-II statistical error (false negatives) and thereby small differences between the inves-

tigated biomaterials might have been mistakenly disqualified. Reducing the mechanical 

variation through further development of rat-specific fixation method remains therefore a 

necessary topic of future research.

Longitudinal follow-up of bone regeneration using in vivo µCT scanning is an excellent 

non-invasive method to visualize bone regeneration and adaptation 419. Bone quantification 

through in vivo µCT scanning has been shown to be almost as accurate as histomorphologi-

cal methods 314, even in the presence of titanium 420. Moreover, in vivo µCT scanning allows 

for repeated measurements in a single animal. This does not only provide valuable insight 

into changes in bone volume or bone structure throughout time, but also reduces the num-

ber of animals necessary to detect statistical significant differences between experimental 

groups. Furthermore, bone volumes may be calculated within specific regions of interest. 

This enabled us to determine how much bone was formed within the pores of a biomaterial 

(Chapter 5 to 8). Currently, in vivo µCT scans are predominantly used to discriminate bone 

tissue from soft tissue. The next step is to develop a means to discriminate angiogenesis from 

bone regeneration in vivo. Vasculature can already be visualized on ex vivo µCT scans with 

the use of intravascular solidifying contrast agents 421. However, new intravascular contrast 

agents in combination with faster in vivo µCT scans may open up the opportunity to visual-

ize angiogenesis in vivo 422. In vivo visualization of angiogenesis in a bone defect model 

would be a valuable new tool, because angiogenesis is believed to be a crucial and often 

limiting factor in the repair of large bone defects 423.
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Conclusion and general discussion 

Calcium-based materials

The investigated calcium-based biomaterials in Chapter 2, 3 and 4 can be categorized 

into calcium phosphates (subdivided into ceramics and cements), calcium sulphates and 

bioglass.

Calcium phosphate-based ceramics are obtained by thermal treatment in a process 

called sintering (Chapter 2). This sintering process forms a solid porous material, and most 

commercially available products are therefore provided in granules or blocks. Whether 

sintering results in the formation of a hydroxyapatite (HA) or a tricalcium phosphate (TCP) 

determines the resorption properties of the ceramic. HA ceramics are inert, but TCP ceram-

ics can undergo gradual resorption following osteoclastic activity.

Calcium phosphate ceramics are claimed to be osteoconductive, but only two out of 

seven commercially available products provided an optimal porous structure for bone 

ingrowth 211. In addition, the ability to enhance bone regeneration of the investigated 

osteoconductive HA and TCP ceramics was minimal (Chapter 4). Although TCP ceramic 

performed a little better than HA ceramics, the results of this TCP ceramic was especially 

disappointing considering that this TCP ceramic was claimed to be as good as autologous 

bone by others 243. If a calcium phosphate ceramic is selected, it is also important to consider 

their poor mechanical strength (compression strength <20MPa). Calcium phosphate ceram-

ics are not unsuitable to be used in defects that are subjected to substantial mechanical 

loading. Grafting bone defects with ceramics should therefore be combined with additional 

osteosynthesis materials to provide mechanical stability. Although this raises the question 

whether these stabilized bone defects require bone grafting to achieve bone bridging 424, 

425. Clinical indications in which calcium phosphate ceramics have been described are 

restricted to metaphyseal bone defects tibia, and calcaneal, radial or humeral fractures. But 

the current level of evidence of these studies mainly consists of case-series (level IV) and 

case-reports (level V). Proponents of calcium phosphate ceramics often claim there is level I 

evidence, however this study used TCP ceramics in combination with autologous bone 426, 

and does not evaluate TCP ceramics as a standalone bone graft substitute. Therefore more 

clinical studies remain necessary to determine the potential of calcium phosphate ceramics 

in trauma and orthopaedic surgery.

Calcium phosphate-based cements consist of calcium phosphate powders that are mixed 

with a reagent liquid to form an injectable paste that solidifies through an isothermal reac-

tion. Cements generally form a dense structure with limited porosity that does not exceed 

more than 5%. Based upon the calcium phosphate powders used, the cement sets into an 

apatite or a brushite. Apatites and brushites are both calcium minerals, however their dif-

ferent chemical composition affects the resorption rate as well as their mechanical strength. 

Brushite-based cements resorb quickly, usually within three to six months, but they also 

possess little to no mechanical strength 427. Apatite-based cements resorb very slowly and 
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complete resorption can take more than ten years, but their mechanical strength is within 

the range of trabecular bone. Only apatite-based cements and not brushite-based cements 

are used to graft trauma or orthopaedic-related bone defects. Literature is available on graft-

ing metaphyseal bone defects that occur in humerus, radius, femur, tibia and calcaneus 

fractures, but also here the level of evidence mainly consists of case-series (level IV) and 

case-reports (level V). However, there are also a few clinical controlled trials (level II) that 

use calcium phosphate cements. For distal radius fractures, contradictory outcomes of using 

apatite-based cements to augment the fracture have been published. The study of Cassidy 

et al 169 claims a better functional outcome after six weeks, but Jeyam et al 182 stopped their 

trial because of more complications, pain and a worse functional outcome in the group 

receiving the apatite-based cement. In proximal tibia fractures, the use of apatite-based 

cements is claimed to be better than using autologous bone 218 or other bone graft substitutes 

(calcium phosphate ceramics, allografts and demineralized bone matrix) 428. Grafting with 

apatite-based cements reduced the degree of joint surface depression, which might reduce 

the risk of post-traumatic osteoarthritis after proximal tibia fractures.

Calcium sulphate is produced through heating gypsum, resulting in a dry powder. Adding 

water to this powder results in an exothermic reaction leading to crystallization and harden-

ing of the calcium sulphate. The formed solid structure dissolves quickly after implantation 

(within 6 to 12 weeks) and provides no mechanical support. Therefore calcium sulphates 

are rarely used to fill up bone defects in order to enhance bone regeneration but they might 

be useful to treat infected fractures sites since they can be impregnated with antibiotics 216. 

Bioactive glasses are hard, solid (non-porous) materials, which can be made resorbable 

through varying the proportions of sodium oxide, calcium oxide and silicon dioxide. Bioac-

tive glass offers more mechanical strength than calcium phosphate cements 3, but so far they 

are only used to fill bone defects resulting from vertebral fractures 429.

Metal-based materials

The metal-based biomaterial evaluated in this thesis was titanium. Since titanium offers 

excellent mechanical properties 35, our aim was to develop a bone graft substitute with suit-

able biological and biomechanical properties for grafting large weight-bearing bone defects.

Porous titanium implants were produced using selective laser melting (SLM), an additive 

manufacturing technique that was first described in 2006 by Hollander et al 262. This additive 

manufacturing technique enabled us to tailor the design of porous titanium implants (Figure 

1) and allowed for precise control over the highly porous titanium structures, using only very 

fine titanium struts (~160µm). Through altering the titanium strut thickness, the mechanical 

strength of the porous titanium implants can be varied from mechanical properties compa-

rable to trabecular bone to those comparable to cortical bone 290. Although it is difficult to 
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define the optimal mechanical properties of a bone graft substitute material on forehand, 

porous implants should be strong enough to sustain loading but not overly stiff to avoid 

stress shielding 3. In order to function as a osteoconductive matrix, porous titanium implants 

were designed with pores sizes that ranging from 460 to 670µm, which is within the range 

of pore sizes that are should result in optimal osteoconductive properties 211.

The developed porous titanium implants underwent an additional alkali-acid-heat treat-

ment to optimize their surface chemistry and topography. This alkali-acid-heat treatment was 

first described by Takemoto et al 276 and they showed that the acquired surface chemistry that 

consisted of a titanium oxide layer resulted in osteoinduction. The formation of this titanium 

oxide layer after alkali-acid-heat treatment was confirmed for the produced porous titanium 

implants and this modified surface chemistry and topography improved the proliferation of 

pre-osteoblastic cells and the expression of osteogenic genes in vitro 292. In addition, others 

have also shown that this surface treatment positively affects the organization of the fibrin 

network that forms upon blood-implant contact 352. Further supported by two systematically 

conducted reviews that show the advantage of increasing the surface roughness of titanium 
277, 430, there is a strong rationale for applying this additional surface treatment to porous 

titanium implants.

First, the osteoconductive properties of the produced porous titanium implants were 

evaluated (Chapter 5). Grafting segmental defects with two different porous titanium 

implants resulted in more bone regeneration than leaving the defects empty, which confirms 

its osteoconductive properties. This finding is supported by several other groups that also 

designed and produced similar porous titanium implants using either the same manufactur-

ing method (selective laser melting) 268, 291, 431, 432 or other additive manufacturing techniques 
317, 359, 433-436. Although, the performance of porous titanium implants as an osteoconductive 

matrix was not sufficient to result in complete bridging of the segmental bone defects, the 

implants provided sufficient mechanical support and this resulted up to 50% restoration of 

the original femur strength after twelve weeks. However, reducing the stiffness of porous 

Figure 1: Example of porous titani-
um implant design.
Selective laser melting is an additive manu-
facturing technique that allows design of 
new implants such this acetabular cup.
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implants, which was hypothesized to lead to more deformation during implant loading and 

subsequently more mechanical stimulation to form bone 263, did not result in an improved 

outcome. In retrospect, not finding this difference is most likely related to the fact that the 

variability in loads transfer strongly depends on the degree of stability that is achieved after 

fixation 418.

The potential of porous titanium implants as a bone graft substitute was further explored 

through reinforcing the implants with osteoinductive stimuli. In Chapter 6, an osteoinductive 

peptide, called osteostatin, was added to the surface of porous titanium implants. Osteo-

statin is a small pentapeptide domain (107-111) of PTHrP and was used because its short 

sequence warrants its stability and a very small nanogram dose of this protein proved to be 

effective in stimulating bone regeneration in vivo 38. Osteostatin might act through altering 

the RankL/OPG system, which is a major signalling pathway that regulates the differentiation 

and function of osteoclasts 313, and the osteostatin coated porous titanium implants showed 

an increase of bone formation during the first four weeks after implantation. This might result 

in faster and better bone-implant integrity directly after implantation, which is known to be 

important for the long-term survival of non-resorbable implants 437, 438. But the osteoinduc-

tive stimulus provided through the release of osteostatin in our experiments was not potent 

enough to result in complete bridging of the grafted segmental defects.

Subsequently an alternative approach to reinforce porous titanium implants with osteoin-

ductive properties was explored. Growth factors were loaded into biogels that were incorpo-

rated into the porous space of the titanium implants. First we used a nanostructured colloidal 

gelatin gel that was found to be capable of a time and dose controlled delivery of multiple 

growth factors for a prolonged period 39 (Chapter 7). We showed that the single delivery 

of either 3µg dose of BMP-2 or a 0.6µg dose of FGF-2 significantly enhanced the bone 

regenerative capacity. A further increase in bone regeneration around the titanium implants 

was achieved through combining these two growth factors in a 5:1 ratio. Based on literature 

using BMP-2 in this defect model, a 3µg BMP-2 dosage can be considered safe and efficient. 

Further research is mandatory to determine if the use of this nanostructured colloidal gelatin 

gels can reduce the therapeutic dose necessary in humans because the therapeutic dose of 

BMP-2 in commercially available carrier materials (e.g. collagen sponges) is extremely high. 

The supraphysiological dose of BMP-2 is necessary because these carrier materials possess 

a poor capacity to control the BMP-2 release, but they are also associated with serious side 

effects that include bone tissue overgrowth, ectopic bone formation, inflammation and even 

carcinogenicity 363. Although incorporation of growth factor loaded gelatin nanosphere gels 

into porous titanium implants resulted in a long-term increase in bone regeneration, still this 

was not sufficient to bridge the grafted segmental defects.

In Chapter 8, a fibrin matrix was incorporated within the porous titanium implants 

because fracture healing naturally starts with the formation of a fibrin matrix, the so-

called fracture haematoma. This fibrin network functions as a natural binding reservoir of 
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numerous cytokines that include, next to BMP-2, also FGF-2, and VEGF. This network is 

highly permeable to cells and attracts neutrophils and macrophages 350 and forms through 

polymerisation of fibrinogen by thrombin. The results obtained after incorporating a BMP-2 

loaded fibrin network inside the porous titanium implants were striking. This resulted in 

quick and complete regeneration of the cortex. This bone regeneration was guided through 

the porous titanium implants that precisely preformed the cortical shape and resulted in 

full functional restoration of the grafted segmental bone defects. The grafted femurs with 

the regenerated bone around the porous titanium were twice as strong as intact femurs. 

These stunning results need to be further explained, but it is likely that an optimal balance 

was achieved between mechanical stabilisation of the defect through the use of the porous 

titanium implants in combination with an optimal biological environment created through 

augmenting the natural early phase of fracture healing, the fracture haematoma or fibrin, 

with an adequate dose of BMP-2. Thereby our goal to develop a bone graft substitute suit-

able to optimally graft a segmental bone defect in the rat seemed achieved. The next step 

would to be to evaluate the performance of the developed porous titanium implants in a 

human-size defect, which requires a new set of animal experiments in a larger animal such 

as goats or sheep.

Cell-based materials

Furthermore, we explored the potential of a cell-based approach to regenerate bone 

defects. In general, cell-based methods make use of mesenchymal stromal cells because 

these cells are considered to be the precursors of all musculoskeletal tissues including bone 

and cartilage 439. Usually, mesenchymal stromal cells are differentiated towards osteoblasts 

and then used to graft bone defects. This approach is already evaluated in a few clinical 

case-series, but their clinical success is still disappointing 389. This might be due to the fact 

that osteogenic differentiation mimics the process of intramembranous ossification, which is 

generally believed less efficient than endochondral ossification 324. Endochondral ossifica-

tion occurs after chondrogenic differentiation and starts with the formation of a cartilage 

template (or fracture callus). Through chondrogenic differentiation of mesenchymal stromal 

cells we mimicked the formation of this cartilage template (forming pellets of 1-3mm in 

diameter) and this effectively improved bone regeneration (Chapter 9). These exciting results 

were recently confirmed by Bahney et al 413 and its potential is more and more recognized 
440. However, several important issues still need to be addressed before a proof-of-principle 

study of this cell-based method may be conducted in humans. First of all, bone regeneration 

of chondrogenically differentiated MSC pellets was donor-dependent, which poses a risk 

that grafting may be unsuccessful. However, this donor-dependency might also help us to 

unravel the crucial factors through which chondrogenically differentiated MSCs can stimulate 
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endochondral ossification, since the properties of chondrogenically differentiated MSC pel-

lets of potent and non-potent donors can be extensively studied in vitro and in vivo. Another 

important question that needs to be addressed is whether survival of the chondrogenically 

differentiated MSCs is crucial in order to stimulate endochondral ossification. Bahney et al 
413 concluded that survival is crucial because they found that bone formed upon grafting 

with chondrogenically differentiated MSCs was of donor origin. This finding is contradictory 

to the general belief that in endochondral ossification the cartilage template is removed by 

invading osteoclasts and subsequently replaced with bone by surrounding osteoblast 4. In 

addition, it has recently been shown by Bourgine et al that devitalized chondrogenically 

differentiated MSC pellets can also stimulate endochondral ossification 441. Devitalized 

chondrogenically differentiated MSCs can simplify the utility of this cell-based method 

when allogeniec chondrogenically differentiated MSC pellets can generate similar results. 

Answering this question is the next step, since allogeniec chondrogenically differentiated 

MSC pellets can be made in unlimited amounts in GMP (good manufacturing practice) stem 

cell laboratories. This would make it possible to produce chondrogenically differentiated 

pellets as an off-the-shelf product and justifies a proof-of-principle study in humans to show 

if this method can really become a successful treatment for atrophic non-unions.

Concluding remarks

In conclusion, the repair of bone defects with bone grafts or bone graft substitutes remains 

a major challenge in trauma and orthopaedic surgery. Although the gold standard bone 

graft is still autologous bone, the expanding array of available bone graft substitutes offer 

the attending surgeon the option to choose alternative grafting materials. Selecting the most 

suitable bone graft substitute for each specific trauma and orthopaedic-related indication 

requires adequate knowledge of the biomaterial and its potential to regenerate bone defects. 

In this thesis we learned that evidence to support the use of calcium-based materials for 

non weight-bearing bone defects is limitedly available, and that these materials are not 

suitable for weight-bearing bone defects or atrophic non-unions. In a pre-clinical bone 

defect model, weight-bearing bone defects were successfully grafted with newly developed 

metal-based materials like porous titanium. Porous titanium is shown to offer a mechani-

cally strong osteoconductive matrix that can be equipped with osteoinductive gels. The best 

osteoinductive gel so far seemed to be a fibrin gel with a small dose of BMP-2. Furthermore, 

atrophic non-unions were successfully grafted with chondrogenically differentiated MSC 

pellets, mimicking the cartilage template of endochondral ossification. Chondrogenically 

differentiated MSC pellets not only stimulate bone regeneration but also direct adequate 

revascularisation. The development of these new biomaterials should be continued in large 

animal models to determine whether they can meet the standard for grafting weight-bearing 
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bone defects and atrophic non-unions in trauma and orthopaedic-related surgery in the 

future.
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Bone grafting, first established in the 19th century, has become a common procedure in 

trauma and orthopaedic surgeries in which bone defects are filled with bone grafts or bone 

graft substitutes 1. The current gold standard in bone grafting is the use of autologous bone 
44. Autologous bone has osteoconductive, osteoinductive, and osteogenic properties and 

is often harvested from the iliac crest 10. However, harvesting of this tissue is associated 

with complications in 1040% of patients 12 and the availability of autologous bone can be 

limited. These disadvantages have motivated the development of bone graft substitutes. The 

aim of this thesis was to critically evaluate the currently available and newly developed 

bone graft substitutes, and to determine their potential for bone grafting in trauma and 

orthopaedic surgery.

Bone graft substitutes currently used in trauma and orthopaedic surgery mainly consist of 

calcium-based materials. An overview of all calcium-based materials available in The Neth-

erlands was provided in Chapter 2, and calcium phosphate cements and ceramics were 

more specifically described in respectively Chapter 3 and 4. Calcium phosphate cements 

and ceramics have different structural, biological, and mechanical properties. Calcium 

phosphate cements are associated with a solid structure, with little to no pores. Conversely, 

calcium phosphate ceramics have a porous structure which can facilitate bone ingrowth. In 

general, calcium-based materials are brittle in nature. Although the compression strength of 

calcium phosphate cements is comparable to trabecular bone, the compression strength of 

calcium phosphate ceramics is somewhat less. Therefore both calcium phosphate cements 

and ceramics are only suitable to graft non weight-bearing bone defects in which adequate 

mechanical stabilization is guaranteed by the addition of osteosynthesis material. Both sub-

sets have been be used to graft metaphyseal bone defects that occur in several fractures, but 

the clinical level of evidence to use these bone graft substitutes for trauma and orthopaedic-

related indications is limited, and requires further evaluation in well-designed clinical trials.

To graft load-bearing bone defects, a new biomaterial based on porous titanium was 

developed. Porous titanium implants were produced using selective laser melting (SLM). 

This additive manufacturing technique enabled the design and precise production of porous 

implants (Chapter 5). Through adjusting the porous structure, the implants can be made 

strong enough to allow weight-bearing while still having a porosity up to 90 %. Graft-

ing weight-bearing segmental cortical femur defects in rats with porous titanium implants 

enhanced bone regeneration and resulted in a restoration of more than half of the original 

cortical bone strength.

The development of this porous titanium biomaterial was continued by exploration 

of different strategies to add osteoinductive stimuli. First, porous titanium implants were 

equipped with an osteostatin-coating (Chapter 6). Osteostatin is a small and stable 

pentapeptide domain (107-111) of PTHrP, which might have osteoinductive properties. 

Coating the porous titanium implants with osteostatin indeed improved bone regeneration, 

however this did not improve the mechanical strength of the grafted femur defects in rats. 
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Alternatively, porous titanium implants were incorporated with growth factor loaded gels. 

Growth factors with known osteoinductive properties such as bone morphogenetic protein 

2 (BMP-2) and fibroblast growth factor 2 (FGF-2) were loaded into two different gels. First, 

a nanostructured colloidal gelatin gel was used because this gel can control the delivery of 

multiple growth factors in a time and dose controlled manner (Chapter 7). Porous titanium 

implants loaded with BMP-2 or FGF-2 containing gelatin gels effectively improved bone 

regeneration. However, bone regeneration occurred mainly around and outside the porous 

titanium implants. Secondly, a physiologically concentrated fibrin gel was used as this 

mimics the fracture haematoma, the first phase of bone regeneration (Chapter 8). Porous 

titanium implants loaded with BMP-2 containing fibrin gels also effectively improved bone 

regeneration. Bone formed exactly within the porous titanium structure and efficient repair 

of the original cortex was observed. Bone regeneration was much quicker and better aligned 

within the implant than with previously used gelatin gels, and the majority of the femur 

defects were fully bridged within eight weeks. Consequently, complete restoration of the 

original femur strength occurred. Incorporating BMP-2 loaded fibrin gels was therefore the 

most effective strategy to add a strong osteoinductive stimuli to porous titanium implants.

To graft atrophic non-unions, we determined the potential of a new stem cell-based 

method. This stem cell-based method used mesenchymal stromal cells that were obtained 

from human donors. The mesenchymal cells are usually differentiated towards osteoblastic 

cells, thereby mimicking intramembranous ossification, which is generally believed less 

effective than endochondral ossification. To mimic endochondral ossification, we differenti-

ated mesenchymal stromal cells towards the chondrogenic pathway (Chapter 9). Through 

chondrogenic differentiation of mesenchymal stromal cells we created small spheres of 

chondrogenically differentiated MSCs. These spheres were used to graft atrophic non-unions 

in rats and were shown to effectively stimulate bone regeneration resulting in complete 

repair of the atrophic non-union. Therefore chondrogenically differentiated MSC spheres 

may prove an effective clinically successful strategy for atrophic non-unions.

In conclusion, currently available bone graft substitutes for trauma and orthopaedic 

surgery offer the surgeon a plethora of options, from which it may be difficult to choose 

the best suitable biomaterial. Non weight-bearing bone defects can be grafted with some 

of the existing calcium-based bone graft substitutes, whereas weight-bearing bone defects 

require the development of new (stronger) biomaterials. A biomaterial that shows great 

potential to graft weight-bearing bone defects in the future is porous titanium that can be 

applied in combination with active molecules that can be incorporated in the highly porous 

structure. Potential methodologies include the release of active molecules directly from the 

surface or release from a substrate (e.g. a gel) that is embedded within the pores. BMP-2 

embedded in fibrin gel incorporated in porous titanium provided excellent bone ingrowth 

and fully repaired weight-bearing cortical femur defects in the rat. Furthermore, a new stem-

cell based method, using chondrogenically differentiated MSCs, shows high potential to 
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enhance bone regeneration in atrophic non-unions in rats. Given their high potential for 

efficacy as demonstrated in this thesis, both porous titanium implants and chondrogenically 

differentiated MSCs are worthy of further investigation in large animal studies and clinical 

trials.
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Nederlandse samenvatting

Bottransplantatie, geïntroduceerd in de 19e eeuw, is uitgegroeid tot een veel gebruikte pro-

cedure in trauma en orthopaedische chirurgie 1. De gouden standaard voor bottransplantatie 

is het gebruik van lichaamseigen (autoloog) bot 44. Autoloog bot bezit osteoconductieve, 

osteoinductieve en osteogene eigenschappen en kan onder andere worden verkregen uit 

de bekkenkam 10. Echter, het verkrijgen van dit autologe bot kan aanleiding zijn tot kleine 

of zelfs grote complicaties in 10-40% van de patiënten 12. Daarnaast is de hoeveelheid 

beschikbaar autoloog bot beperkt. Deze nadelen hebben in de afgelopen decennia de 

ontwikkeling van botsubstitutiematerialen gestimuleerd. Botsubstitutiematerialen die ont-

wikkeld zijn bestaan voornamelijk uit calcium bevattende keramieken of cementen, of zijn 

gemaakt van polymeren of metalen. In dit proefschrift werd de bruikbaarheid van deze 

biomaterialen voor trauma en orthopaedische chirurgie geëvalueerd.

In trauma en orthopaedische chirurgie wordt vooral gebruik gemaakt van calcium 

gebaseerde biomaterialen. Een overzicht van al deze biomaterialen die beschikbaar zijn 

als commercieel product in Nederland werd gegeven in Hoofdstuk 2 en in Hoofdstuk 

3 en 4 werden twee specifieke subgroepen (calciumfosfaat cementen en calciumfosfaat 

keramieken) meer uitvoerig bestudeerd. Calciumfosfaat cementen en keramieken hebben 

een verschillende structuur, en daarnaast ook verschillende biologische en mechanische 

eigenschappen. Over het algemeen zijn de mechanische eigenschappen van calcium 

bevattende botsubstitutiematerialen beperkt omdat deze biomaterialen broos zijn. Omdat 

calciumfosfaat cementen bestaan uit een massieve structuur, met weinig tot geen poriën is 

de compressiesterkte van calciumfosfaat cementen iets is hoger dan de compressiesterkte 

van calciumfosfaat keramieken. Calciumfosfaat keramieken hebben namelijk een poreuze 

structuur, met als voordeel dat deze botingroei zou kunnen bevorderen. Omdat de com-

pressiesterkte van zowel calciumfosfaat cementen en calciumfosfaat keramieken over het 

algemeen lager is dan die van trabeculair bot, kunnen deze calciumachtige biomaterialen 

alleen gebruikt worden voor niet-gewichtsdragende botdefecten. Calciumfosfaat cementen 

en keramieken worden gebruikt om metafysaire botdefecten op te vullen die voorkomen 

bij diverse botbreuken (bv. tibia plateau, distale radius en calcaneus fracturen). Maar het 

wetenschappelijke bewijs dat het gebruik van deze botsubstitutiematerialen in trauma en 

orthopaedische chirurgie leidt tot betere uitkomsten is beperkt tot level IV en V studies en 

vereist nader onderzoek in goed opgezette en gerandomiseerde klinisch onderzoeken.

Een nieuw botsubstitutiemateriaal om gewichtsdragende botdefecten te behandelen is poreus 

titanium. Deze nieuwe poreuze titanium implantaten konden worden gemaakt door middel 

van selective laser melting (SLM). Selective laser melting is een 3D-print techniek waarmee 

zeer nauwkeurig een vooraf ontworpen implantaat kan worden geproduceerd (Hoofdstuk 

5). Door deze techniek, in combinatie met de mechanische eigenschappen van titanium, 

kon er een volledig poreus titanium implantaat worden ontworpen dat sterk genoeg was 

voor gewichtsdragende botdefecten. De poreuze titanium implantaten werden vervolgens 

gebruikt om gewichtsdragende botdefecten in het femur van ratten mee te behandelen. Dit 
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resulteerde in betere botregeneratie en bijna de helft van de oorspronkelijke botsterkte was 

na twaalf weken hersteld.

De poreuze titanium implantaten werden op verschillende manieren voorzien van osteo-

inductieve stimuli om botregeneratie nog meer te stimuleren. Eerst werd het titanium 

oppervlak van de poreuze implantaten gecoat met osteostatine (Hoofdstuk 6). Osteostatine 

is een klein en stabiel pentapeptide (domein (107-111) van PTHrP) en dit peptide heeft 

osteoinductieve eigenschappen. De osteostatine coating verbeterde botregeneratie in de 

zin dat de botingroei iets sneller verliep, echter dit resulteerde niet in een verbetering van 

de botsterkte van de behandelde gewichtsdragende botdefecten in ratten. Daarom werden 

poreuze titanium implantaten vervolgens opgevuld met gelatine-achtige biogels. Deze 

biogels waren geladen met bone morphogenetic protein 2 (BMP-2) en/of fibroblast growth 

factor 2 (FGF-2). De speciale nanostructuur van de gelatine-achtige gel zorgde ervoor dat 

de dosis en de timing van de afgifte van deze twee groeifactoren kon worden gecontroleerd 

(Hoofdstuk 7). Ook deze methode verbeterde de botregeneratie, maar het nieuw gevormde 

bot bevond zich vooral rondom en niet zozeer binnen in de poreuze structuur van de 

titanium implantaten. Opnieuw werd er geen volledig herstel van de botsterkte bereikt. 

Daarom werden poreuze implantaten vervolgens gevuld met een ander soort biogel. Er 

werd gekozen voor een fibrinegel omdat dit overeen komt met de natuurlijke vorming 

van een fractuur haematoom, de eerste fase van fractuurgenezing (Hoofdstuk 8). Deze 

fibrinegels werden geladen met BMP-2 en dit resulteerde in een duidelijke verbetering 

van de botregeneratie in gewichtsdragende botdefecten in ratten. Met behulp van deze 

BMP-2 bevattende fibrine-gels werd bot geregenereerd binnen de poreuze structuur van 

de titanium implantaten en werden de botdefecten volledig overbrugd met nieuw gevormd 

bot. Dit nieuw gevormde bot, in combinatie met de titanium implantaten, resulteerde in een 

volledig herstel van de oorspronkelijke botsterkte binnen twaalf weken. Deze combinatie 

van poreuze titanium implantaten met BMP-2 geladen fibrinegels bleek de meest effectieve 

strategie om gewichtsdragende botdefecten in ratten te herstellen.

Voor de behandeling van atrofische non-unions werd de potentie van een nieuwe, op 

stamcel-gebaseerde methode, onderzocht (Hoofdstuk 9). Voor deze methode werd gebruik 

gemaakt van menselijke mesenchymale stamcellen. Voorheen werden deze mesenchymale 

cellen meestal gedifferentieerd tot osteoblasten omdat osteoblasten direct bot kunnen vor-

men. Deze manier van botregeneratie wordt ook wel intramembraneuze (of directe) ossifi-

catie genoemd. Echter deze vorm van botregeneratie is minder effectief dan endochondrale 

(of indirecte) ossificatie. Om botregeneratie door middel van endochondrale ossificatie 

te stimuleren hebben wij mesenchymale stamcellen gedifferentieerd tot hypertrofische 

chondrocyten. Chondrogene differentiatie van mesenchymale stamcellen resulteerde in 

de vorming van kleine ronde pellets met een diameter van 1-2mm. Deze pellets komen 

overeen met de kraakbenige fractuurcallus die ontstaat bij endochondrale verbening en  

bleken uiterst effectief om atrofische non-unions in ratten mee te herstellen.
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Concluderend is er reeds een veelvoud van botsubstitutiematerialen beschikbaar voor 

trauma en orthopaedische chirurgie. De beschikbare botsubstitutiematerialen zijn alleen 

geschikt voor niet gewichtsdragende botdefecten, en hiervoor is slechts beperkt weten-

schappelijk bewijs beschikbaar. De ontwikkeling van nieuwe botsubstitutiematerialen blijft 

daarnaast noodzakelijk om in de toekomst ook gewichtsdragende botdefecten of persiste-

rende atrofische non-unions te kunnen behandelen. In onze diermodellen werden gewichts-

dragende botdefecten succesvol behandeld met poreuze titanium implantaten gevuld met 

BMP-2 geladen fibrinegels en atrofische non-unions werden succesvol behandeld met de 

beschreven stamcel-gebaseerde methode. Gezien de goede resultaten van beide beschre-

ven methodes, verdient dit nader onderzocht te worden voor het gebruik in trauma en 

orthopaedische chirurgie.
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Tot slot wil ik alle mensen bedanken die mij hebben geholpen bij de totstandkoming van 

dit proefschrift.

Prof.dr.ir. H. Weinans, beste Harrie, ik ben je enorm dankbaar voor jouw grote vertrouwen 

in mij. Jouw onuitputtelijke enthousiasme voor de wetenschap heb jij op een geweldige 

manier overgedragen. Dit heeft mij gedurdende de afgelopen jaren gemotiveerd tot het 

doen van steeds meer onderzoek. Het was ook heel erg fijn om dagelijks met jou te mogen 

samenwerken, een fijnere supervisor had ik me niet kunnen wensen!

Prof.dr. J.A.N. Verhaar, beste professor,  ook u ben ik zeer dankbaar voor het vertrouwen en 

de oprechte interesse en betrokkenheid in mijn werk. Uw ervaren en deskundige klinische 

blik heeft ertoe bijgedragen dat verkregen resultaten konden worden vertaald naar toekom-

stige toepassingen in de trauma en orthopaedische chirurgie. Ik kijk er naar uit om in de 

nabije toekomst nog veel meer van u te kunnen leren over het vak orthopaedie!

Prof.dr. P. Patka, beste professor, ik wil u bedanken voor het feit dat u mij de kans heeft 

geboden om als onderzoeker aan de slag te gaan. Uw jarenlange expertise op het gebied 

van botgenezing en botsubstitutiematerialen heeft enorm geholpen bij de totstandkoming 

van dit proefschrift.

Dr. E.M.M. van Lieshout, beste Esther, bedankt voor de begeleiding en voor de altijd razend-

snelle feedback op mijn werk.

Dr. van der Jagt, beste Olav, zonder jou was dit proefschrift misschien wel nooit tot stand 

gekomen. Jouw bijdrage is onmisbaar omdat jij mij, toen we elkaar troffen in het Sint Francis-

cus ziekenhuis, in contact bracht met Harrie. Ik heb met veel plezier met jou samengewerkt 

en ik ben bovenal erg trots op de door ons bereikte resultaten. Ik hoop dat we in de nabije 

toekomst een vervolg kunnen geven aan dit boeiende werk.

Dr. Zadpoor, beste Amir, ik wil jou in het bijzonder bedanken voor alle begeleiding bij de 

totstandkoming van dit proefschrift. Je was altijd laagdrempelig beschikbaar voor feedback 

en je stond altijd open voor nieuwe ideeën. Je hebt enorm veel voor mij gedaan en het was 

fantastisch om met jou te werken aan het ontwikkelen van poreuze titanium implantaten. 

Een onderwerp waar ik graag met jou in de toekomst nog verder aan zou willen werken!

Beste Saber en Ruben, dankzij jullie enorme inzet en bovenal harde werk ontstond er een 

unieke samenwerking tussen de TU Delft, Layerwise en het Erasmus MC. Hierdoor ontstond 

een uiterst efficient team, maar bovenal droeg de samenwerking bij aan het plezier dat ik 

heb gehad tijdens het doen van al het onderzoek. Jongens, heel erg bedankt!
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Beste Holger, beste Erwin, ik wil jullie hier ook in het bijzonder bedanken omdat jullie 

enthousiasme, kennis en ervaring onmisbaar is geweest bij de totstandkoming van dit proef-

schrift. Jullie input is duidelijk zichtbaar in meerdere hoofdstukken en daar ben ik jullie 

beiden zeer dankbaar voor!

Collega’s, stuk voor stuk ook vrienden, ik wil jullie ook graag bedanken. Michiel, Rintje, 

Jasper, dat we ieder een andere voetbalclub aanmoedigen stond een zeer fijne tijd op het 

lab niet in de weg. In het bijzonder dank voor de vele (te) gezellige vrijdagavonden in 

Boudewijn! Marianne, super gezellige collega, ik vind het mooi dat het onderzoek naar 

nieuwe botsubstitutiematerialen momenteel voortzet in Utrecht, succes! Marjan, super leuk 

dat je me achterna bent gegaan naar het Maasstad ziekenhuis, altijd fijn om even met jou 

van gedachten te wisselen. Angela, je was een fantastische master student, dank voor al je 

inzet en werk met osteostatin. Sandra, bedankt voor al jou hulp bij de laatste loodjes! En dan 

volgt er een hele lijst met stuk voor stuk fijne collega’s: Anna, Belle, Gerben, Gerjo, Guus, 

Job, Lizette, Maarten, Marloes, Max, Mieke, Mirthe, Nienke, Nicole, Roberto, Tijs, Tom, 

Yvonne, Vincent, Wendy en Wu.

Daarnaast heb ik het geluk gehad te mogen samenwerken met diverse zeer enthousiaste 

en kundige onderzoeksgroepen buiten het Erasmus MC. Huanan Wang en Sander Leeu-

wenburg van de Radboud Universiteit, Nijmegen. Daniel Lozano and Pedro Esbrit of the 

Instituto de Investigación Sanitaria-Fundación Jiménez Díaz, Madrid. Anindita Ganguly en 

Jan de Boer van de Technische Universiteit, Twente. Yoke Chin Chai en Jan Schrooten van 

de Katholieke Universiteit, Leuven. Stuk voor stuk hebben jullie een belangrijke bijdrage 

geleverd aan dit proefschrift.

Vrienden van de Kantelaar, jullie hebben helemaal niets bijgedragen aan dit proefschrift. 

Toch mogen jullie absoluut niet in dit dankwoord ontbreken, omdat jullie stuk voor stuk 

zulke unieke en waardevolle vrienden voor mij zijn. Dank voor de vele legendarische 

avonden waarop ik voor even kon ontsnappen aan de dagelijkse kommer en kwel van het 

onderzoek doen. Ik hoop dat er nog vele mooie avonden mogen volgen!

Klaas Hartholt, bedankt dat je mijn paranimf wilde zijn! Doordat ik jouw promotie als 

paranimf van dichtbij mocht meemaken, wist ik wat er op me af zou komen de laatste 

maanden. Samen was het altijd gezellig in de verder toch wat suffe gang van het Z-gebouw 

in het Erasmus MC.

Sjaak Kodde, ook jij bedankt dat je mijn paranimf wilde zijn! Samen delen we veel mooie 

herinneringen en omdat wij samen onze eerste publicatie schreven in 2006 in Londen, 
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moest jij hier natuurlijk ook bij zijn. Na Londen beleefde ik samen met jou het absolute 

hoogtepunt van mijn studietijd: een half jaar coassistent zijn op de beroemde Trauma Unit 

van het Groote Schuur ziekenhuis in Kaapstad. Gelukkig blijven we naast goede vrienden 

ook nog eens collega’s in een schitterend vak!

Als laatste wil ik mijn familie bedanken. Pa en ma, jullie zijn een stelgeweldige ouders! Het 

is altijd fijn om thuis te komen in Maasdijk. Het feit dat jullie altijd bereid zijn om even een 

handje te helpen met de dagelijkse dingen, is een grote steun geweest. Hierdoor kon ik dit 

proefschrift met volle overgave schrijven. Het gemak waarmee jullie iets voor een ander 

doen is uniek, ik doe mijn best om hierin op jullie te mogen lijken. Ingrid en Lianne, jullie 

hebben beide dezelfde motivatie en inzet voor jullie eigen werk, en dat is super mooi om te 

zien! Ik wil jullie, en tegelijkertijd ook Arwin, bedanken voor jullie steun de afgelopen jaren.

And finally, Niamh, I want to thank you for walking into the lab on the 16th floor of the 

Erasmus Faculty Building that ordinary day in 2012! From that day onwards you’ve been a 

great support and motivation to get this PhD thesis done! I also want thank you and your 

family for welcoming me in Ireland and introducing me to all the traditional habits including 

the occasional relaxing drink of a big pint in the pub. Pòg mòr!
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