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1. General introduction

1. BACKGROUND
The United Nations has declared the years 2000-2010 the "Bone and Joint Decade"
to draw attention to the increasing impact musculoskeletal disorders have on
individual quality of life as well as on economics in society and to promote research
in this particular field 12 . In the United States of America alone, about 6.3 million
fractures are diagnosed each year, associated with remarkably high costs. In fact,
in 2005 more than 500.000 bone graft procedures were performed in the United
States costing approximately $ 2.5 billion3. Bone graft procedures are used in
the treatment of osseous discontinuity defects caused by congenital skeletal
abnormalities, trauma, oncologic surgery and failures of physiologic osteosynthesis".
In addition, spinal arthrodesis, fixation of dental or orthopaedic prostheses and
contour augmentation are also considered as applications. The disciplines involved
are plastic and reconstructive surgery, orthopaedic surgery, dental implantology,
maxillofacial and craniofacial surgery.

2. PHYSIOLOGY OF BONE REGENERATION
2.1. Regeneration cascade
A fracture or bone defect normally results in a cascade of tissue responses58
(Figure 1), which intend to remove tissue debris, restore vascularity and construct
bony matrices to finally attain consolidation of the deficiency. Initially a hematoma
is formed in the defect area containing red blood cells, platelets and fibrin. The
interleukines and growth factors released, recruit cells needed for the repair
process, such as lymphocytes, macrophages, osteoclast precursors and stem cells.
Within a few days the blood coagulum is replaced by granulation tissue, containing
inflammatory cells, fibroblasts, collagen and invading capillaries. Maturation of this
granulation tissue generates connective tissue with collagen fibers, increasing the
stiffness of the callus. The type of subsequent bone healing, intramembranous or
endochondral, depends on local strain (degree of motion within the fracture gap) and
stress magnitudes leading to cartilage formation in zones of hydrostatic pressure
and small strains910. Mineralization of both, fibrous tissue and fibrocartilage, results
in the formation of cancellous bone structures. With the deposition of lamellar bone
in the voids, compact bone is finally formed. Subsequent to the repair process,
bone does not become a static tissue. It keeps restoring its capacity to bear load by
a continuous process of remodeling.

2.2. Cell types
Bone remodeling is associated with three major cell types i.e. osteoblasts,
osteocytes and osteoclasts, with close coordinated cellular activity to maintain
bone homeostasis" (Figure 2).
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Figure 1.
Phases of bone regeneration (1) hematoma (2)
granulation tissue: (3) connective tissue: (4) bone
(apatech.com)

Osteoblasts
Osteoblasts play a role in new bone formation. More specific they synthesize
proteins of the organic bone matrix and arrange matrix fibrils7. Their expression
of alkaline phosphatase leads to osteoid mineralization. In addition, osteoblasts
release growth factors and osteoblast-derived factors, the latter

mediating

osteoclast resorption 12 ' 3 . In the mature skeleton, osteoblast progenitor cells are
present in bone marrow, periosteum and endosteum 57 , but may also derive from
the peripheral circulation, surrounding blood vessels (pericytes) and developing
blood vessels14.

bone lining cells

osteoclasts

formation by osteoblasts

(£i-C£)
resorption by osteoclasts

Figure 2
Cycle of bone turnover (scq.
ubc ca)

Osteocytes
Osteocytes are transformed osteoblasts entrapped in mineralized bone matrix57.
The osteocyte is considered to be an orchestrator of bone remodeling; its principal
function is to sense mechanical strain and subsequently act to regulate osteoclast
and osteoblast activity7 '5. In addition to this, they synthesize and mineralize osteoid
matrix and are regulators of the phosphate metabolism.
Osteoclasts
Osteoclasts derive from hematopoietic stem cells and differentiate through the
colony-forming unit for granulocytes and macrophages (CFU-GM), which also give
rise to macrophages and monocytes713. Their main role is to participate in bone
resorption, but osteoclasts also contribute to the stimulation of osteoblastic cells
to form bone16. Further, they regulate hematopoietic stem cell movement from the
bone marrow to the bloodstream and are secretory cells that participate in immune
response13·17.
Under normal physiological conditions the process of bone repair as described
above will be sufficient to retain structure and function in small defects. However in
deprived situations or in critical-sized bone defects that can not heal spontaneously
additional factors are needed.

3. BONE GRAFT MATERIALS
3.1. Autograft
Autogenous bone grafts are still the gold standard for bone graft materials as this
bone transplantation within the same individual embraces four main characteristics
an ideal graft should encompass. These characteristics include1819: (1) bioactivity,
the ability to bond to the surface of bone without fibrous tissue intervention; (2)
osteoconduction, the ability to act as a scaffold for bone growth, permitting
growth on its surface; (3) osteoinduction, the capability to induce differentiation
of pluripotent cells into bone forming osteoprogenitor cells and (4) osteogenesis,
new bone formation by osteoblastic cells within the graft. Donor sites for nonvascularised bone autografts are the iliac crest, rib, distal radius and olecranon.
In addition, vascularised free bone flaps can be created from the radial forearm,
fibula, iliac crest and scapula20. For maxillofacial applications, bone can also be
harvested from the chin and/or retromolar area of the mandible21. Notwithstanding
the theoretical potential of autografts, these are linked with serious limitations. The
osteogenic capability of the graft is rapidly depleted as most cellular components do
not survive the transplantation22. Further, the amount of available autogenous bone
is restricted and grafting can even be impossible in elderly, pediatric patients or in
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patients with metastatic disease22. The resection might be associated with donor
site morbidity including delayed wound healing, hematoma, injuries of arteries and
nerves, injury to the ureters, hernia formation, fracture, joint instability, chronic pain,
sensory abnormalities, cosmetic defects, tumor transplantation, motor weakness
and a disturbed automatism in gait202224.

3.2. Allograft
Another treatment opportunity for large bone defects is the use of allografts, i.e.
human cadaveric bone obtained via the bone bank. It can be prepared in fresh,
frozen or freeze-drled forms of cortical or cancellous bone24. Fresh allografts are
no longer used clinically for safety reasons. Allografts have been associated with
the risk of viral transmission (HIV, hepatitis), bacterial infection, malignancy, toxins
and systemic disorders, such as rheumatoid arthritis and autoimmune disease22. Its
immunogenic reaction is indefinite as compared to soft tissue transplantation, but
antigenicity is present25. Processing (freezing, freeze-drying, demineralizing and
sterilization) of allografts can lower the risk of disease transmission and rejection
but also weakens the biological and mechanical properties2224. Further, the efficacy
of allografts is associated with complications, including infection, fracturing and
non-union2627.

3.3. Synthetic graft
An alternative for autografts and allografts is the use of synthetic biomaterials.
Estimating the amount of PubMed publications per year, the last ten years there has
been a significant increase in interest for synthetic bone grafts, exceeding the number
of publications dealing with autografts and allografts (Figure 3). Numerous types of
synthetic bone graft substitutes have been described over the years, including18
bioactive glasses2829, polymers30 and calcium-based ceramics or cements 283 ' 32 . Of
these, the calcium phosphate (CaP) compounds are of major interest because of
their similarity to the mineral component of bone. Several calcium phosphates can
be distinguished, based on differences in chemical properties, physical forms and
geometry. Subtle differences in these parameters can have a serious effect on the
biological outcome33. CaP products frequently used in the biomedical field comprise
of bone filler materials in the form of granules, blocks and cements34.

3.3.1. CaP ceramics
CaP ceramics are defined as solid compounds in the form of granules or blocks
produced by the application of heat, at times along with pressure (sintering)28.
Different types of CaP ceramics are classified, including hydroxyapatite (HA),
beta-tricalcium phosphate (ß-TCP) or the combination, termed biphasic calcium
phosphate (BCP), amorphous calcium phosphate (ACP), carbonated apatite (CA)
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Number of PubMed publications
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allografts and biomaterials from
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and calcium deficient HA (CDHA)28. CaP ceramics have been used in dentistry
and orthopaedics since the 1970s and 1980s respectively33 and several products
are nowadays commercially available, such as Biosorb®, Calcibon®, Ceraform,
ChronOS, Endobon®, Interpore, Pro-Osteon®, Triosite, Vitoss, Conduit™ TCP and
Biosel®28.
Material properties
Many positive properties35 are reported for CaP ceramics, including bioactivity,
direct bone bonding and osteoconductivity. However, disadvantages also exist. The
material is brittle due to a lack in elastic and plastic deformation, consequently34
weight-bearing clinical conditions are less suitable18134. In addition, degradation of
sintered CaP ceramics is low28. Degradation of the ceramics depends on several
factors including composition (most dissolution for ACP and least for HA), particle
size, porosity, surface area/topography and crystallinity35. The introduction of
porosity increases the degradation rate of the ceramics, but also influences
mechanical strength negatively. Overall, the crystalline architecture in most cases
prohibits complete resorption of the ceramic28. Another disadvantage of ceramics is
the difficult peroperative handling property. Due to the fixed form, the material can
migrate easily and is difficult to shape in accordance with the defect. This problem
might be solved by using a CaP cement, as discussed in detail later (see section
3.3.2), or a composite of ceramic granules in polymer36, which can be injected In
situ and reshaped within the hardening time.

ι-ι

Porosity
Pores in a ceramic allow for the penetration of fluids (microporosity) or the entry
of cells (macroporosity), necessary for nutrient supply, bone ingrowth and ceramic
dissolution/degradation. The microporosity of CaP ceramics might be considerable
small or practically absent due to impaction after sintering or high pressure needed
in the production process34. Macropores can be induced in ceramics, using several
techniques. Salt crystals or polymeric microparticles/mold can be leached or burned
out during the sintering process of a ceramic, leaving a macroporeus structure28.
Also the use of a foaming agent, like polyurethane or hydrogen peroxide can
produce porosity inside a ceramic37. Macropores with a minimum size of ±100 μΐη
are fundamental for cell and nutrient distribution 3839 . Pore sizes of more than 300
μηπ and large diameter geometry are recommended for the formation of capillaries38.
No optimal pore size or architecture for ceramics can be given, as this depends
on several factors, including physical-chemical and biological material properties,
application site (vascularization, defect size, load bearing)34and the required
outcome (bone regeneration or augmentation).

3.3.2. CaP cements
CaP cements consist of a mixture of powder (calcium and/or phosphate salts) and
liquid, which forms a paste that settles at room/body temperature as a result of
entanglement of the newly formed crystals. Before setting the paste can be molded
in a desired shape or the paste can be directly injected into a bone defect and
harden in situ, thereby providing a seamless contact to the surrounding bone which
is undoubtedly favorable above CaP ceramics in granule or block form. Since
CaP cements were invented by Brown and Chow in the early eighties40, numerous
formulations with variable success have been described. In general, there are two
main groups of CaP cements, depending on the end product of the setting reaction:
apatite and brushite. Apatite cements set into HA, CA or CDHA and have good
mechanical properties as compared to the faster degrading brushite cements that
have brushite as end product 2841 . Several CaP cements have been approved by the
Federal Drug Administration for clinical use, such as BoneSource®, Norian'SRS55
cement, Biobon®, Calcibon®, ChronOS Inject™, Biopex, Cementek®and Mimix™28.
Material properties
The major advantage of CaP cements is their injectability and easy manipulation
as mentioned before. In addition, the cements have shown to exhibit excellent
bone bonding and biocompatibility with trabecular as well as cortical bone 4 2 4 3 .
A disadvantage of the cement, however,
biodégradation

behavior344345.

Cements

is its limited biomechanical and
are

weak

under

tensile

forces,

consequently its use is restricted to non-load bearing applications. Non-porous
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cements show poor degradation, which only takes place superficially in layer by
layer46. The degradation rate can be improved by increasing the porosity of the
cement, as in this way, the passive (dissolution) as well as the active (cellular)
resorption is increased. Prehardened porous CaP cement revealed to have good
osteoconductive properties47'19.
Porosity
Similar as for ceramics, macroporosity has to be introduced in CaP cements to
obtain a degradable material. In contrast to sintered ceramics, CaP cement already
possesses a nanoporosity enabling fluid infiltration, but which is insufficient for
tissue entry28. To create macroporeus CaP cement a gas bubble method was used
during the setting process by the addition of sodium bicarbonate50. However with
this method, the cement was due to setting problems no longer directly injectable
into a bone defect. In addition, the created pores were large and irregularly shaped,
leading to a very low compressive strength of the cement28. A technique to create
macroporeus injectable CaP cement is the inclusion of biodegradable microparticles
and thereby creating a composite material. The rationale for this method is that
the microparticles will initially stabilize the paste but will also during time degrade,
leaving macropores behind. Examples are the inclusion of mannitol crystals51,
albumin52, gelatin53 and poly(DL-lactic-co-glycolic acid) (PLGA)5456. The latter will
now be discussed more in detail.
PLGA / CaP cement composites
PLGA is a biodegradable polymer used clinically in suture material and is considered
biocompatible5758. The polymer degrades by random hydrolysis into non-toxic
lactic and glycolic acids, which are eliminated from the body through respiration
and excretion in the urine5459-60. PLGA degradation is influenced by several factors
such as polymer chain length, lactic to glycolic ratio, molecular weight, morphology
and additives 5456576061 . Composites of PLGA and CaP cement have shown to
be biocompatible and to form macroporeus scaffolds after polymer degradation
in previous in vitro studies or in non-critical sized animal models48·54556263. The
use of PLGA as source for porogens offers the additional possibility that these
microparticles can be used as a delivery vehicle for drugs and growth factors in
order to further enhance the bone regenerative effect of the CaP cement6465.

4. OSTEOINDUCTION
For bone formation in critical-sized or poor healing defects and in deprived local
physical conditions, the osteoconductive property of CaP biomaterials might not
be sufficient and osteoinductive behavior is required6667. Osteoinduction refers
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to the recruitment of immature, pluripotent cells and the stimulation of these
cells to differentiate into osteoprogenitor cells of the bone-forming lineage19. The
principle behind the process of osteoinduction is not completely understood. The
osteoinductive behavior of a graft material is characterized by its capability to induce
bone formation in extra-skeletal ectopic sites, as in an orthotopic site it is difficult
to differentiate between osteoinduction and osteoconduction. The osteoinductive
behavior of CaP biomaterials can be induced by application of growth factors
such as rhBMP-2 as described in section 5.1. Moreover, plain CaP ceramics
and cements with osteoinductive potential have been described in literature6869,
which is obviously preferable above the expensive growth factor application.
An important element in the differentiation process to bone forming cells is the
microenvironment, in which not only the chemistry of the biomaterial but also its
geometry plays a role70. Factors that influence osteoinductivity are: chemistry7173,
sintering temperature7074, material dissolution74, macro- and microporosity7072:73;75;76
and implant size72. Besides this, the applied animal model is also important, with
wide variations between individuals7779.

5. ADDITIONAL FACTORS
CaP biomaterials can be used as a carrier for additional factors to enhance the
stimulation of bone formation in critical-sized defects and deprived situations of
infection or poor vascularisation. Of the supplements, bone morphogenetic proteins
are an important group and will be described separately in section 5.1. The addition
of antibiotics to CaP cements has shown to combine local drug distribution with
bone formation, which can be effective in the treatment of osteomyelitis8081. Also
hormones8283, anticancer drugs8485 and anti-osteoporotic agents8687 have been
investigated as therapeutic application to CaP biomaterials. Finally, growth factors8 88
such as transforming growth factor-ß (TGF-ß), platelet-derived growth factor
(PDGF)89, insulin-like growth factor (IGF)90, vascular endothelial-derived growth
factor (VEGF)91 and fibroblast growth factor (FGF)92 are examined as biological
active agents to improve the bone regenerative property of CaP scaffolds. The
bioactivity of these additional factors is not only dependent of its intrinsic activity,
but also of its release profile from the scaffold (see section 5.2).

Also the inclusion of osteoprogenitor cells into CaP scaffolds has been explored
over the last decade9395, thereby providing a synthetic osteogenic bone graft.
However, the source of stem cells in bone marrow is limited and has to be cultureexpanded96. Further, the addition of cells to the scaffold can be difficult due to a
chemically unstable environment and mixing process28.

ι/

5.1. Bone Morphogenetic Protein
The transforming growth factor-ß (TGF-ß) superfamily comprises a large number
of molecular related growth and differentiation factors (TGF-ß's and Bone
Morphogenetic Proteins (BMP)), that play a important role during embryogenesis
and postnatal tissue repair97. Up till now, at least 20 different BMP's have been
identified98. A subset of these individual proteins are able to initiate the cascade of
bone formation97,99. The sequence of events induced by BMP's include Chemotaxis,
migration, proliferation and mainly differentiation of mesenchymal stem cells,
providing increased numbers of osteoblasts capable of forming bone97100·101. The
preferred method for obtaining BMP is the use of recombinant DNA biotechnology'00.
This process offers unlimited supply and control over purity and reproducibility by
producing single BMP molecules. In particular, BMP-2 and BMP-7 (OP-1) have
been extensively studied in various preclinical studies'00 and recently also in clinical
trials10'. Products for commercial use are available nowadays. BMP has strong
osteoinductive potential but its clinical use is restrained by the lack of a suitable
delivery system that maintains BMP at the defect site for sufficient time and with
appropriate dose as described in the next section.

5.2. Release profile
The biological effect of growth factors and other supplements to CaP scaffolds
is dependent on its carrier and consequent delivery, dosage and maintenance of
activity102. Carriers increase the retention of the protein at the treatment site for
a sufficient time to allow for activity and subsequently can provide a scaffold for
bone growth' 03 ' 04 . Sintered CaP ceramics and cements can bind strongly to growth
factors/proteins, thereby creating a non-optimal release pattern28. Consequently,
high non-physiological doses must be applied to the scaffolds to obtain a positive
tissue response102. In general, sintered CaP ceramics reveal an initial burst release
due to elution of not-bound protein, which is not seen in cement-like compounds.
Both materials then show a specific release profile dependent on type of growth
factor, carrier and implant site28. The incorporation of delivery systems for growth
factors in CaP scaffolds, such as PLGA, gelatin or collagen can create composites
with controlled sustained release28. A sustained delivery results in faster and more
complete bone repair, as confirmed by Woo et a/105 for rhBMP-2 release from
PLGA microspheres in rabbit calvarial defects as compared to immediate release
of rhBMP-2. In addition, the total applied dose might be reduced in a sustained
release system, which is cost effective.

6. OBJECTIVES OF THIS THESIS
The work described in this thesis is realized by a collaboration between the
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department of Periodontology & Biomaterials and the department of Plastic &
Reconstructive Surgery of the Radboud University Nijmegen Medical Center.
The research of the group aims at developing bone graft substitutes for the
reconstruction of osseous defects. CaP based bone substitutes are investigated
for their osteoconductive and osteoinductive behavior with or without the addition
of supplements. In addition, animal models are explored to obtain a reliable model
for bone regeneration. The overall aim is to obtain an economically acceptable
material that has excellent peri-operative handling properties with a good fit to the
bone defect and that is resorbed and replaced by autologous bone in a controlled
manner. It is hypothesized that CaP cement can fulfil such a role.
The research described in this thesis was part of this project and covers the
following subaims:
1.

Comparison of the in vivo osteoconductive and degradation behavior of two
types of CaP ceramics.

2.

Investigation of the in vivo osteoinductive potential of macroporeus CaP
cement.

3.

Exploration of a critical-size defect model in the radius of rabbits and
determining the influence of PLGA degradation on bone regeneration.

4.

Investigation of the in vivo kinetic and biological activity of rhBMP-2 released
from different loaded PLGA/ CaP cement composites.

5.

Investigation of the influence of molecular weight of the polymeric microparticles
included in PLGA/CaP cement composites to the in vivo implant degradation
and bone formation.

6.

Investigation of the bone stimulating effect of conventional drugs applied to
bioactive bone cement.
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1. INTRODUCTION
Large bone defects, caused by tumor excision, trauma, infection or congenital
abnormalities are a significant cause of morbidity and a difficult problem to manage
in patients. Autogenous bone grafting (bone transplantation within the same
individual) is regarded as the gold standard in the treatment of these bone defects,
but is linked with serious limitations. The amount of available autogenous bone is
restricted, while the resection itself might be associated with disabling complaints
at the harvest site'. Another treatment opportunity for large bone defects is the
use of allografts, i.e. human cadaveric bone obtained via the bone bank. Allografts
have been associated with the risk of viral transmission (HIV, hepatitis) and with
complications such as infection, fracturing and non-union2·3. Thus, both autografts
and allografts show some limitations for clinical application. Synthetic bone graft
substitution is the alternative and already used in approximately 10% of bone graft
procedures performed worldwide4.
Calcium phosphate (CaP) ceramics as synthetic bone graft substitute are of major
interest because of their similarity to the mineral component of bone. CaP based
bone graft materials have proven to be helpful in bone healing in clinics since the
early seventies5. Several CaP ceramics can be distinguished, based on differences
in chemical properties such as calcium to phosphate ratio, crystallinity, sintering
and physical forms such as granules/blocks, coating or cement or geometry
like porosity6. It has to be noted that subtle differences in these parameters can
have a serious effect on the biological outcome 78 . For biomedical applications,
hydroxyapatite (HA) and tricalcium phosphate (TCP) or the combination, termed
biphasic calcium phosphate (BCP), are most frequently used.
HA is prepared by precipitation and subsequent sintering of CaP salts at
temperatures above 1000°C 56 . It has a stoichiometric Ca to Ρ ratio of 1.67, which
is equal to bone mineral. TCP exists in two phases, a- and ß-TCP, dependent
on sintering temperature and humidity. The Ca to Ρ ratio is 1.5, which is similar
to amorphous biological precursors to bone. Both forms show dissolution and
cellular resorption, but ß-TCP is more stable and less soluble. This in comparison
to pure HA, that can be considered as unresorbable, unless the particle size is
small enough for cellular phagocytosis. Accordingly, the extent of degradation of a
biphasic calcium phosphate is related to the quantity of ß-TCP in the total mixture
with HA9.
Though many positive properties5 such as bioactivity, direct bone bonding and
osteoconduclivity are reported for calcium phosphate compounds,
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disadvantages

also exist. The material is brittle due to a lack in elastic and plastic deformation610.
Therefore, weight-bearing clinical conditions are impossible. Besides mechanical
strength, the success of a synthetic alternative for autogenous bone grafting
depends on its degradative properties. For optimal regeneration, the degradation
rate of the bone graft substitute should equalize the rate of bone formation". A slow
degradation rate can result in persistence of foreign material. On the other hand,
the material should persist long enough to maintain bioactive elements at the site
of implantation responsible for bone regeneration8.
In conclusion, differences in chemical-physical properties of CaP bone graft
substitutes influence their osteoconductive and biodegradative behavior, both
important in bone regeneration. In the present study two types of CaP ceramics
were compared, porous ß-TCP (Conduit'" TCP Granules) and a biphasic CaP bone
void filler (Biosel®). We hypothesized that both implant materials would have a
positive effect on bone regeneration and that porous ß-TCP would show a higher
amount of degradation. Histological studies and fluorescence technique were used
to evaluate osteoconduction and degradation in sheep trabecular bone.

2. MATERIALS AND METHODS
2.1 Materials
Conduit™ TCP and Biosel18 (DePuy CMW, Blackpool FY4 4QQ, England) were
used as CaP bone graft substitutes in this study. Conduit'" TCP consists of
irregular granules of pure ß-tricalcium phosphate, with a diameter of 1.5-3 mm.
The interconnected porosity of this ceramic is about 70%, with pores of 1-600 μηη
in diameter. Biosel® is a biphasic ceramic, composed of hydroxyapatite (75%) and
tricalcium phosphate (25%). It is presented as 3 mm cube-shaped particles and has
an interconnected porosity of approximately 70%. The pore size ranges from 200
to 500 μηη. Both ceramics were sterilized by gamma irradiation at a minimum dose
of 25kGy.

2.2 Animal model and implantation procedure
Nine mature (age 2-3 years), female Dutch sheep, weighing about 40-60 kg, were
used as experimental animals. The animals were housed in a stable. National
guidelines for the care and use of laboratory animals were respected.
The operation was performed under general inhalation anesthesia, induced by
an intravenous injection of pentobarbital and maintained with isoflurane in 100%
oxygen. The sheep were controlled with a heart monitor during the operation.
Finadyne® was given peri-operative for pain-relieve and continued for 2 days

after the operation. Antibiotic prophylaxis consisted of Albipen® 15% 3mL/50kg
pre-operatively and Albipen® LA 7.5 mL/50kg 1 and 3 days postoperatively. Both
administered subcutaneously.
The implants were placed bilateral into the trabecular bone of the femoral medial
condyles. Therefore, the animals were immobilized on their back and the legs were
shaved and disinfected with povidone-iodine. A longitudinal incision was made on
the medial surface of the femur and the condyle was exposed by blunt dissection.
Two holes with a diameter of 6 mm and depth of 9 mm were drilled under continuous
cooling with saline, using a dental bur (Elcomed 100, W&H Dentalwerk Burmoos,
Austria). The distance between the defects was at least 1 cm. First a 2.3 mm pilot
hole was drilled. Subsequently, this defect was gradually widened using drill bits
of increasing sizes (2.8 mm, 3.4 mm, 3.8 mm, 4.4 mm, 5.1 mm and 5.7 mm) to a
final diameter of 6 mm. The drill holes were rinsed with saline to eliminate bone
debris and were tamponated with gauzes for several minutes to stop bleeding.
Meanwhile, the location of the defects was marked, using three small titanium pins
(Stabilok, Fairfax Dental, Ireland) at each side of the drill holes. The defects were
then filled with one of the two materials (Conduit'" TCP or Biosel®), according to a
balanced split plot design to ensure a complete randomization (Figure 1). Finally,
the subcutaneous tissues and skin were closed in layers with resorbable continuous
3-0 Vicryl® sutures. The surgical procedure was identical on both sides. The implant
period was 3, 12 and 26 weeks. In total 36 femoral bone defects were filled with
either Conduit™ TCP or Biosel® (n=6 for each implant and time period).

Two sheep of the 12-week implantation period received in vivo fluorochromes.
Tetracycline

(yellow),

calcein

(green)

and

alizerin-complexon

(red)

were

Figure 1.
Conduit " TCP (C) and
Biosel" (B) implanted in a
6 mm 0 trabecular bone
defect in a sheep medial
femoral condyl
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administered subcutaneously at 25mg/kg body weight, respectively 1, 3 and 6
weeks postoperative.

2.3 Histological and histomorphometrical analysis
At the end of the implantation time the sheep were sacrificed by an overdose of
Nembutal® given intravenously. The femoral condyles were retrieved immediately
and were cut with a diamond saw into smaller samples suitable for histological
processing. The specimens were then fixed in phosphate-buffered formaldehyde
solution (pH=7.4), dehydrated in increasing ethanol concentrations (70%-100%) and
embedded (non-decalcified) in methylmethacrylate (MMA). After polymerization,
thin sections were prepared in a transverse direction to the axis of the implant using
a modified sawing microtome technique. The sections were stained with methylene
blue and basic fuchsin. At least three sections of each implant were morphologicaly
examined by light microscopy (Leica Microsystems AG, Wetzlar, Germany). Two
additional unstained sections of the fluorochrome-labeled specimens were prepared
and analyzed with a reflectant fluorescence microscope equipped with an excitation
filter of 470-490 nm (Leica Microsystems AG, Wetzlar, Germany).
In addition, all sections were quantitatively scored using computer based image
analysis techniques (The Leica® Qwin Pro-image analysis system, Wetzlar,
Germany). From digitalized images with a transverse overview of the defect
(magnitude 1.6x), the following parameters were determined within the region of
interest (ROI), i.e. the surface of the whole defect with a diameter of 6 mm:
1.

Ceramic surface area, expressed as a percentage of the total surface of the
ROI, to evaluate the degradation of the implanted ceramics. As a starter point

Figure 2.
The subdivision of the Region
of Interest into three circles
(inner, middle and outer), each
with a diameter of 1 mm, to
evaluate bone distribution with
histomorphometry.
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for this degradation, histological sections of identical control defects in epoxy
filled with Conduit™ TCP or Biosel® were used.
2.

Total bone area surface, defined as a percentage of the whole defect surface.

3.

Bone area surface in three regions. The region of interest was divided into three
circles (inner, middle and outer), each with a diameter of 1 mm, to evaluate the
bone distribution (Figure 2). The surface of bone in these three separate fields
was expressed as a percentage of the surface of each circle.

The measurements of three sections for each sample were averaged.

2.4 Statistical Analysis
All statistical analyses were performed with GraphPad* Instat 3.05 software
(GraphPad Software, San Diego, CA), using an unpaired Mest and one-way
analysis of variance (ANOVA) with Tukey-Kramer multiple comparisons test.

3. RESULTS
3.1 Macroscopica! evaluation
All nine sheep tolerated the surgical procedure well and remained in good health
during the experimental periods. At the end of the implantation time, a total of 36
implants could be retrieved. Macroscopically there were no signs of inflammation
or adverse tissue reaction. Radiographs were made of all retrieved samples. The
radiographs revealed that at 3 weeks of implantation the Conduit'" TCP and Biosel"5
material was easily to discern from the surrounding bone. At 12 and 26 weeks of
implantation, this difference was more difficult to notice (Figure 3). Apparently, bone
ingrowth had proceeded in and around the materials, which limited discrimination.

A. 3 weeks

B. 12 weeks

Figure 3.
X-ray at 3 and 12 weeks implantation time of defects filled with Conduit " TCP (A) and Bioser(B) After 12
weeks, the materials were more difficult to distinguish from bone as compared to 3 weeks implantation
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Figure 4.
Representative light microscopic sections with a transverse overview of the defects filled with Conduit™
TCP Granules and Biosel' after 3, 12 and 26 weeks implantation time Methylene blue and basic fuchsm
staining Original magnification 1.6x.

33

Figure 5.
Photomicrograph of bone formation at
the interface of Biosel' after 3 weeks
implantation time. (C) ceramic; (Ob)
osteoblast zone; (O) osteoid layer; (B)
bone: (Ct) loose connective tissue.
Methylene blue and basic fuchsin
staining. Original magnification 10x

Figure 6.
Loose ceramic particles were observed
in the bone marrow that surrounded the
remaining Conduit™ material at 12 weeks
implantation time. (C) ceramic; (Cp)
ceramic particle: (Bm) bone marrow; (B)
bone. Methylene blue and basic fuchsin
staining Original magnification 20x

3.2 Histology
The CaP granules were clearly visible in the created bone defects at all implantation
times. The light microscopical evaluation revealed a very uniform bone reaction for
all specimens within the same group at the various implantation times.
Implantation time: 3 weeks
Representative light microscopic sections are depicted in Figure 4A. All drilled
holes were found to be filled with Conduit™ TCP or Biosel® material. However, the
filling percentage differed between both materials. Several blocks of Conduit'" were
captured in each section, while for Biosel* each section contained only one block.
The macropores in both materials were visible and size of the pores was different
for both materials with larger pores in Biosel®. There were no obvious signs of
ceramic degradation in Biosel8, whereas Conduit™ showed minimal degradation at
the surface.
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Figure 7.
After 12 weeks implantation time, a
tight contact existed between the bone
and Conduit" TCP surface Cellular
response to the material is limited. (C)
ceramic; (B) bone: (Bm) bone marrow.
Methylene blue and basic fuchsin
staining Original magnification 20x

Figure 8.
Multinucleated giant cells (arrow) can
be observed at the surface of Biosel'
not covered by bone, after 12 weeks
implantation (C) ceramic, (B) bone.
Methylene blue and basic fuchsin
staining Original magnification 20x.

The defect walls of the drilled holes could easily be seen. More contact existed
between Conduit™ and the defect wall as compared to Biosel"0. Bone formation
started at the defect walls and had a woven bone-like appearance. This newly
formed bone was characterized by the presence of a layer of osteoid lined with
osteoblasts (Figure 5). At places were contact existed between the bioceramic
blocks and the drill wall, woven bone was guided over the ceramic surface. Bone
was deposited directly at the ceramic surface without intervening fibrous tissue.
For both materials, the major part of the drill hole was filled with coagulum. This
coagulum did penetrate into the porosity of the Conduit'" and Biosel® material. In
contrast to Conduit'", not all pores of the Biosel® were filled with coagulum. The
cellularity of the coagulum was very limited in both materials, only occasionally
macrophages and giant cells were seen.
Implantation time: 12 weeks
At 12 weeks of implantation, bone ingrowth into the defects had significantly
proceeded compared with 3 weeks (Figure 4B). For all defects, the drill wall could
still easily be discerned. A clear difference existed in degradation behavior and
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bone formation between Conduit'" and Biosel®.
The Conduit'" material was clearly degraded compared with the three-week
specimens. Nevertheless, a significant part of the material was maintained. At
locations where the Conduit'" was in tight contact with bone tissue, degradation
could not be associated with an increased cellular response. In contrast, non-bone
covered material showed some cellular activity. Further, a significant amount of loose
ceramic particles were observed in the fat tissue (bone marrow) that surrounded the
remaining Conduit'" material (Figure 6). The defects filled with Conduit™ TCP were
almost completely penetrated with bone. In areas where no material was present,
also no bone formation was observed. Evidently, the bone ingrowth was based on
osteoconduction over the ceramic surface. Bone growth had also proceeded into
the pores of the Conduit'" material. A tight contact existed between the bone and
ceramic surface without the presence of an intervening fibrous layer (Figure 7). The
newly deposited bone did still not have the same "maturity" as the bone at some
distance of the defect.

In contrast to the Conduit'" TCP material, Biosel® showed no sign of degradation. In
areas where Biosel® was not covered by bone, an increased cellular response was
observed. Multiple inflammatory cells and foreign body giant cells were covering
the Biosel® surface (Figure 8). Occasionally, osteoclast-like cells were present.
In the bone defects that were filled with Biosel® also bone ingrowth had occurred
(Figure 48). However, bone fill was less compared with the Conduit™ material.

Figure 9.
Fluorochrome
labels
show bone tormatlon
from the surface of the
implant (Biosel1) to the
center. (C) ceramic;
(Ca) calcein staining
at 3 weeks (green);
(A) alizerin-complexon
staining at 6 weeks
(red) Tetracycline
(T)
staining administered
1 week postoperative
(yellow) is only seen
at the drill defect wall
Original magnification
10x
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Bone was only present in areas where Biosel® was present, frequently only as a
thin layer covering the material. Clearly, bone formation around Biosel 8 was due
to osteoconduction. Bone had grown into the Biosel® porosity. Bone marrow-like
tissue was seen in areas where no bone was present. The newly formed bone was
not completely mature. No intervening fibrous tissue layer was observed between
the ceramic surface and the overgrowing bone.
The fluorochrome labeled sections of the 12-week specimens confirmed that indeed
bone formation had started at the drill defect wall. Subsequently, bone was guided
over the ceramic surface. The sequential administered fluorochrome labels could
be identified as colored bands, starting direct at the implant surface and proceeding
into the pores (Figure 9). The sections also showed that active remodeling around
the ceramic materials had occurred.
Implantation time: 26 weeks
Remodeling of the ingrown bone had proceeded (Figure 40). The bone was very
mature and could hardly be discerned from original trabecular bone (Figure 10). As
a consequence of the remodeling, bone was only seen in areas where Conduit'"
or Biosel® was present. Otherwise, large empty cavities were found that contained
bone marrow-like tissue.
The degradation of the Conduit'" TCP had continued. Nevertheless, the material
had not completely disappeared. Cellular activity was observed in areas that were

Figure 10.
After 26 weeks of
implantation the remodeling of bone around
Conduit'" TCPGranuies
had continued Organized lamellar bone
with marrow spaces
is
shown
Ceramic
particles
are
found
between tat cells in
the bone marrow (C)
ceramic, (Cp) ceramic
particle
(B)
bone;
(Bm)
bone marrow.
Methylene blue and
basic fuchsin staining
Original magnification
20x.
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Figure 11.
Photomicrograph
of
Biosel' at 26 weeks of
implantation. Surface
degradation associated
with inflammatory and
multi-nucleated
giant
cells can be observed
(C) ceramic: (B) bone;
(Mc)
multinucleated
giant cells. Methylene
blue and basic fuchsin
staining. Original mag
nification 40x

not covered with bone. Occasionally, large multinucleated cells were seen. In the
bone marrow, loose ceramic particles were still noticed in between fat cells (Figure
10).
The Biosel® material was for the major part maintained. Inside the porosity,
complete Haversian systems were observed. In areas where no bone was present,
the material was covered with large multinucleated cells (Figure 11). In these areas,
some surface degradation of the bioceramic was seen.

3.3 Histomorphometry
The histomorphometncal results of the Conduit'" TCP Granules and Biosel®
implants can be found in Tables l-lll. It must be noted that the sections of the 3-week
implantation time were all excluded from the histomorphometncal analyses. Because

Table I
Ceramic Degradation Expressed as Percentage of CaP Material Present in the Defect Area.

% Material
: Material
j Conduit TCP ™
Biosel*

At Implantation
14 ± 3
13 + 4

Material
Conduit TCP ™
Biosel"

At 12 weeks
44 ±10
34 + 13

i

Data Represent the Mean and Standard Deviations

50

At 12 weeks
: 14±4
] 16 ± 4

I
At 26 weeks
5 ±3
16 ± 4

% Bone
; At 26 weeks
T46±8
ί 37 ± 8

|
|

•
|

of the large amount of callus tissue in these sections the histomorphometrical
parameters could not well be distinguished.
To evaluate the degradation of the implanted ceramics, the percentage of the
defect filled with ceramic was quantified per implantation time (Table I). As starting
point for this degradation, the degree of ceramic filling in identical control defects in
epoxy was used. Both implant types showed an equal mean percentage of ceramic
filling in the defect area of these control defects (14 ± 3 % for the Conduit™ TCP
Granules and 13 ± 4 % for Biosel®). Conduit™ TCP degraded significant during
implantation. Between 12 and 26 weeks of implantation, the amount of material was
reduced with about 64% (p<0.01). Biosel®, in contrast, did not show degradation
within the 26-week implantation period.

2

Besides degradation, the osteoconductive behavior of both ceramic types and the
quantity of newly formed bone in the defects was evaluated. These data are shown
in Table II. Although the data suggest the existence of differences in bone formation
between both implants, this was not confirmed by statistical testing.
In addition to the bone formation in the total defect, the percentage of bone in
the equivalent inner, middle and outer region of the defect was calculated (Table
III). After 12 weeks of implantation, there was no significant difference in bone
distribution over the regions in both groups. Bone formation was uniform over the
whole defect, with a tendency of more bone in the outer region for both ceramics
(p=0.063 for Conduit™ and p=0.051 for Biosel®). Interestingly, after 26 weeks a
difference in bone distribution between both groups was seen. Conduit™ TCP still
showed an uniform distribution of bone over the three regions, while in the defects
filled with Biosel® the outer region significantly (p<0.02) overscored the central
bone formation.
Table II
Bone Formation Expressed as Percentage of Total Detect Area
% Bone at 12 weeks
Middle Region
Outer Region
Inner Region
Material
39 ± 15
Conduit TCP ™
37 ± 11
49 ± 9
Biosel"
ί 32 ±11
23 ± 12 ]
1 41 ±15
Data Represent the Mean and Standard Deviations
Table III
Bone Formation Expressed as Percentage of Three Defined Circular Regions Covering
the Total Defect Area.
0
o Bone at 26 weeks
:
Middle region
Outer Region
i Material
1 Inner region
47 ± 8
j Conduit TCP™
| 48 ± 1 0
i 45±9
Biosel
"| 27 ± 7
| 43 ± 10
| 31 ± 4
Data Represent the Mean and Standard Deviations
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4. DISCUSSION
One of the parameters influencing the bone regenerative outcome of a synthetic
calcium phosphate bone graft substitute is its phase composition and calcium to
phosphate ratio. Therefore, in the present study a ceramic of ß-TCP (Conduit '"
TCP) and of biphasic CaP (Biosel®) with a HA to ß-TCP ratio of respectively 7525 percent, were compared in trabecular bone in sheep at 3, 12 and 26 weeks
implantation time. The degradation of Conduit

TU

TCP was found to be significantly

higher relative to BioseP, which did not degrade at all. Both implant materials were
osteoconductive, with a tendency of more bone formation in the Conduit '" TCP
group, after 26 weeks implantation time.
The most striking difference between the two ceramic types was their degradation
behavior. Starting with the same mean percentage ceramic filling, the volume
of ß-TCP significantly decreased with 64% after 26 weeks, while BCP remained
virtually untouched. Several pathways are involved in CaP ceramic degradation:
the material can be physically disintegrated, chemically dissolved or resorbed by
cellular activity12. Most ideally, the material degrades due to controlled dissolution
without cellular intervention, with degradation products having an osteopromotive
effect. The rate of such a controlled degradation should equalize the rate of bone
formation. In practice, however, chemical dissolution or physical disintegration
unaccompanied by cellular events can cause problems with random physical
degradation or long-term material resistance13. The latter can result in deformities
due to minor fractures in the implant itself or at the bone interface14. A controlled
cellular resorption is therefore seen as the second best form of degradation. In
addition, cellular ceramic resorption is thought to promote osteoblastic bone
formation via cytokine release or cell-cell contact, similar as in the bone remodeling
process1516. The principle of cellular resorption is based on material fragmentation or
dissolution12. Small ceramic fragments can be phagocytosed, while multinucleated
giant cells attach to larger fragments to initiate extracellular dissolution in a highly
acidic microenvironment caused by secretion products17. Cells involved are
macrophages and osteoclasts, both competent in phagocytosis while the latter are
also capable of resorbing the material extracellularly11·15·18.

In our study, BCP 75/25 (HA/ß-TCP ratio of 75/25) did not degrade within the
26 weeks implantation time, as assessed by histomorphometry, whereas ß-TCP
showed clear degradation. This is in agreement with Yamada et a/19, who found
osteoclast resorption lacunae with scanning electron microscopy in more soluble
pure ß-TCP and BCP 25/75 and not in pure HA or BCP 75/25. They hypothesized
that osteoclast resorption activity is influenced by ceramic solubility, in which HA the

40

stable, insoluble component is. Interestingly, the resorption lacunae were smaller
in the more soluble ß-TCP. This suggests that the relation between solubility and
resorption is restricted to certain limits, probably because a high concentration
of released calcium ions results in inhibition of osteoclastic activity20. Cellular
resorption is not prevented in highly soluble materials, but the osteoclast resorption
cycle undergoes a faster shift from resorption to migration phase19. In contrast with
the findings of Yamada et al19, in our study the number of osteoclast-like cells was
higher in the BCP 75/25 group than in the ß-TCP group, although BCP did not
degrade. An explanation for this phenomenon is difficult to give, but can be related
to the relative lack of degradation resulting in an enhanced cellular attack, BetaTCP showed fragmentation and dissolution with some cellular intervention. Zerbo
et a/21 used immunochemistry to evaluate the cellular response to porous TCP. They
concluded that chemical dissolution was the predominant cause of TCP degradation
with a limited role for osteoclasts. As a consequence of the used MMA embedding
material, the present study did not allow the use of histological stains for the
presence of osteoclasts. Nevertheless, our results also suggest similar low cellular
degradation of ß-TCP, as observed by Zerbo et aF. Evidently, the initial degradation
of the in the current study used ß-TCP was due to dissolution associated with a
limited cellular response, indicating the good bone biocompatibility of the material.
In later implantation periods cellular degradation was also modest, but this does not
exclude their contribution in the degradation process. For example, the BCP 75/25
material also showed minimal degradation, although multinucleated cells were
covering the material surface. Both CaP ceramic materials ceramics consisted of
100 percent crystalline substance as assessed by X-Ray Diffraction. Based on just
the chemical composition, it was hypothesized that ß-TCP would be more soluble
than BCP 75/25. Also, due to the inclusion of ß-TCP, the solubility of BCP 75/25
was supposed to be higher than finally was observed. These findings emphasize
that the solubility of a material is not only dependent on its chemical composition,
but that also other parameters such as sintering temperature or surface area are
extremely important for the in vivo degradation/dissolution behavior of CaP ceramic
biomaterials.

Regarding bone distribution, ß-TCP showed equal bone formation over the whole
defect at all implantation times, while in the biphasic group bone distribution changed
and was mainly seen in the periphery of the defect at 26 weeks of implantation. A
similar change in bone volume in a non-critical sized bone defect was observed by
Lindhe and coworkers22, who studied the dynamics of bone tissue formation in tooth
extraction sockets in dogs. On day 30, mineralized bone occupied 88% of the socket
volume, while on day 180 this had decreased to 15%. We hypothesize that the
observed difference in bone distribution between the ß-TCP and biphasic particles
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can be explained by bone biomechanical principles. In bone regeneration, bone
remodeling depends on the structural stress pattern and the applied mechanical
loading 2324 . The creation of a bone defect disturbs the normal stress pattern, but
by the formation of callus tissue a repair mechanism is started, which finally results
in complete defect healing and recovery of the original stress pattern. On the other
hand, when a synthetic filling material is used to support the defect closure, this
material can cause a continuous interference of the stress pattern, which will affect
the remodeling process of the ingrown bone. However, when the used grafting
material is biodegradable, it will not only slowly disappear, but also allow the return
of a "normal" stress pattern resulting in a disappearance of this interfering effect. As
for the filling of our defects, materials with completely different degradation profiles
were used, this stress pattern phenomenon can be the cause of the different bone
distribution percentages.
In this study the effect of Ca to Ρ ratio on bone regeneration was studied. Besides
this other physicochemical properties have their influence such as crystallinity25,
granulometry26, sintering temperature27, elaboration conditions28 and morphological
characteristics as surface microstructure29 and porosity30. Besides Ca/P ratio, the
most essential difference between both implant types used in this study was their
size and form. It cannot be excluded that this dissimilarity in physical form caused
differences in bone regenerative factors. In addition, the use of cubes or granules
has difficult peroperative handling properties, such as migration of the material
and difficult shaping in accordance with the defect. Probably, this problem can be
solved by using a CaP cement, which can be injected in situ and reshaped within
the hardening time 31 . Gauthier et aP showed that an injectable cement composed
of BCP and polymer indeed was favorable compared to a BCP ceramic.
Overviewing the above, ß-TCP would be more advantageous as bone graft substitute
relative to biphasic CaP, as its degradation is significantly higher among with greater
and homogeneous distributed bone growth. Nevertheless, cellular degradation was
not convincing in ß-TCP. Our BCP 75/25 did show more multinucleated cells at
its surface, but even after 26 weeks implantation these cells were not capable to
degrade the ceramic. The bioactivity of biphasic CaP ceramics can be controlled
by varying the ratio of the more stable HA to the more soluble ß-TCP9. Therefore,
hypothetically the cellular degradation of ß-TCP can be improved by the inclusion
of HA, creating a BCP material with a low HA to ß-TCP ratio3335.
In conclusion. Conduit '" TCP degraded over time probably due to fragmentation
and dissolution and with some cellular intervention, whereas Biosel® did not degrade
within 26 weeks implantations time but did show multinucleated cells on its surface.

•12

The amount of new bone was higher in Conduit '" TCP, though not significant.
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1. INTRODUCTION
In the field of tissue engineering, bone substitutes are defined as having
osteoconductive, osteogenic or osteoinductive properties. Most Ideally, a material
possesses all characteristics, like an autograft does, but in practice the necessary
qualities depend mainly on the location and size of the bone defect. For a small
bone defect In a well-vascularised area an osteoconductive material will be
sufficient to act as a scaffold for bone ingrowth, leading to faster regeneration than
an untreated bone defect. On the other hand, in a bone defect of critical size, i.e. a
defect that can not heal spontaneously, osteoconductive graft material alone will not
be sufficient. In these kind of defects osteoinductive factors can be of importance'· 2 .
Osteoinductive property of the graft material Is also crucial when the local physical
conditions surrounding the bone defect are unfavorable, for instance in nonunion
bone fractures3.
Calcium phosphate cements as bone graft substitute are generally agreed to be
osteoconductive scaffold materials 46 . Their osteoinductive potential, however. Is not
often examined 7 , 0 . Osteolnduction refers to the recruitment of immature, pluripotent
cells and the stimulation of these cells to differentiate Into osteoprogenltor cells
of the bone-forming lineage11. The osteoinductive behavior of a graft material Is
characterized by its capability to induce bone formation In extra-skeletal ectopic
sites12. In an orthotopic site, it is difficult to differentiate between osteolnduction and
osteoconductlon".
The principle behind the process of osteolnduction is largely unknown, but there
Is a relation to specific chemical and structural material characteristics. For
example, known factors that Influence osteoinductivity are: chemistry 1315 , sintering
temperature9 16, material dissolution9, macro- and mlcroporosity 7 · 14 · 17 and implant
size14, but also the applied animal model is Important 18 · 19 .
In the present study, we hypothesized that macroporeus calcium phosphate cement
can induce bone In an ectopic site. Therefore the osteoinductive potential of this
material was investigated in a subcutaneous goat model.

2. MATERIALS AND METHODS
2.1 Materials
The powder component of the calcium phosphate (CaP) cement (Calcibon®, Biomet
Merck, Darmstadt, Germany) consisted of a mixture of 6 1 % α-TCP, 26% CaHP0 4 ,
10% CaCOj and 3% precipitated HA. An aqueous solution of Na 2 HP0 4 (2%) was
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Scanning electron micrograph of C0 2 -induced macroporous CaP cement under low (A) and high (B)
magnification.

added as the liquid component. To create a macroporous cement a C0 2 -induction
technique was performed by adding NaHC0 3 to the cement powder and using
NaH 2 P0 4 (8%) as second liquid component to obtain C 0 2 bubbles20.

2.2 Preparation of macroporous implants
A 2 mL syringe was closed at the tip with a plastic stopper and filled with 1 g CaP
powder, 0.1 g NaHCOj and 240 μ ι Na 2 HP0 4 (2%). After mixing for 15 s in a mixing
device (Silamat®, Vivadent, Schaan, Liechtenstein), 300 μΐ NaH 2 P0 4 (8%) was
added and the syringe was shaken again for 0.5 s. Thereafter, the paste was injected
in cylindrical moulds of 6 mm diameter and 12 mm height. The implants were air
dried at 50 0 C for 1 h. Afterwards the surface of the implants was sandpapered to
ensure a standardized height of 12 mm. Finally, the implants were removed from
the moulds and sterilized by autoclaving at 121 0C for 15 min. In this way, 24 sterile
implants were prepared (Figure 1). Previously it was shown that the total porosity
of the cement was 59.8%, with a macroporosity (pore diameter 10-300 μπι, average
150 μπι) of 20.2% and microporosity (pore diameter < 10 μίτι) of 39.6% 20 .

2.3 Animal model and implantation procedure
Four mature (age 2-4 years) female Saanen goats, weighing about 45 kg were
used as experimental animals. Prior to the study, blood samples were taken to
ensure that the goats were Caprine Arthritis Encephalitis free. The animals were
housed in a stable. National guidelines for the care and use of laboratory animals
were observed.
The implants were placed subcutaneous on both sides of the vertebral column.
Surgery was performed under local anaesthesia using Lidocain 2%. Antibiotic
prophylaxis was administered subcutaneously: Albipen® 15% 3 mL/50 kg during the
operation and Albipen® LA 7.5 mL/50 kg 1 and 3 days, postoperative. The back

Figure 2.
A porous CaP cement Implant placed in a
paravertebral subcutaneous pocket in a goat

of the goats was shaved, washed and disinfected with povidone-iodine. The skin
was incised longitudinal for about 3 cm and a subcutaneous pocket was created
by blunt dissection. The implant material was then immediately delivered into the
pocket (Figure 2) and the skin was closed with resorbable 3-0 Vicryl® (Johnson
and Johnson, St. Stevens-Woluwe, Belgium) suture material. In this way, each goat
received in total six implants. Two goats were sacrificed after 90 days and two
after 180 days, by an overdose of Nembutal® (CEVA Sante Animale BV, Libourne,
France) given intravenously.

2.4 Physicochemical analysis
X-ray diffraction (XRD)

(Philips PW3710, Eindhoven, The Netherlands) was

performed of two retrieved cement samples of each implantation time (fixed in
phosphate-buffered formaldehyde 4%) and compared with the cement prior to
implantation. These specimens were then used for histological analysis.

2.5 Histological analysis
After sacrificing, the implants with surrounding tissues were retrieved immediately
and fixed in phosphate-buffered formaldehyde 4% (pH=7.4), dehydrated in increasing
ethanol concentrations (70%-100%) and embedded in methylmethacrylate. After
polymerization, thin (10 μηι) sections were prepared in a sagittal direction to the
outer surface of the skin using a modified sawing microtome technique. The sections
were stained with methylene blue and basic fuchsin. At least three sections of each
implant were examined with light microscopy (Leica Microsystems AG, Wetzlar,
Germany) in the magnification range of 2.5x and 40x at regular 450 μηι intervals.
A histological grading scale for soft-tissue implants2' was modified to evaluate the
tissue response of the zone surrounding the implant (reaction zone), the tissue
directly adjacent to the implant surface (interface) and the interstitial tissue in the
macropores of the implant. In addition, the degree of implant degradation was

scored as a percentage of the initial volume (Table I). Two experienced observers
(EB and CC) conducted the scoring, blinded for the implantation time and reached
consensus on the final score.

2.6 Statistical analysis
Statistical analysis was performed with SPSS (version 12.0.1, Chicago, USA),
using a Chi-Square test. Differences were considered significant at p-values less
than 0.05.

Table I
Modified Histological Grading Scale for Soft Tissues21
Evaluation
Response
Reaction
zone semiquantitatively

Capsule thickness:
1-4 coll layers
5-9 cell layers
10-30 cell layers
> 30 cell layers
Not applicable

Reaction zone
qualitatively

Reactive tissue is:
Fibrous, mature, not dense, resembling connective or fat
tissue in the noninjured regions.
Fibrous, but immature, showing fibroblasts and little collagen
Granulous and dense, containing both fibroblasts and many
inflammatory cells.
Consists of masses of Inflammatory cells with little or no
signs of connective tissue organization.
Cannot be evaluated because of infection or factors not
necessarily related to the material.

Interface
qualitatively

Interstice
qualitatively

Implant
degradation

Fibroblasts contact the implant surface without the presence
of macrophages or foreign body giant cells.
Scattered foci of macrophages and foreign body cells are
present.
One layer of macrophages and foreign body cells is present.
Multiple layers of macrophages and foreign body cells are
present.
Cannot be evaluated because of infection or other factors
not
necessarily related to the material.
Tissue in interstitium:
Shows signs of bone formation
Is fibrous, mature, not dense, resembling connective or fat
tissue in the noninjured regions.
Shows blood vessels, and young fibroblasts invading the
spaces, few macrophages may be present.
Shows giant cells and other inflammatory cells in abundance
but connective tissue components in between.
Is dense and exclusively of inflammatory type.
Cannot be evaluated because of infection or factors not
necessarily related to the material.
100%
>50%
<50%
0%
not applicable

Score
4
3
2
1
0
4
3
2
1
0
4
3
2
1
0

5
4
3
2
1
0
4
3
2
1
0

26 0 27.0 28.0 29.0 30 0 310 32.0 33.0 34.0 35.0 36.0 37 0 38.0 39.0
2Τ1»Β(·)

Figure 3.
X-ray diffraction pat
terns of the original
CaP
cement
and
of
the
explanted
cements at 3 and 6
months. The α-TCP
phase (T) had dis
appeared in the ex
planted
cements
and an apatite-like
structure (A)
was
formed

3. RESULTS
3.1 Macroscopica! evaluation
All goats passed the surgical procedures well and no problems were encountered
during the implantation times. After sacrificing, in total 20 implants could be
retrieved; for each implantation time 10 specimens. There were no signs of infection
or adverse tissue reaction. Of four specimens only a part was regained. Therefore
these specimens were excluded from analysis.

3.2 Physicochemical evaluation
In comparison to the nonimplanted cement, the α-TCP phase had disappeared in
the explanted cements and an apatite-like structure was formed, as determined by
XRD (Figure 3). There was no differences in diffraction pattern between the 3 and 6
months explanted cements.

3.3 Descriptive light microscopy
A uniform tissue reaction was seen between the specimens with the same
implantation time
Implantation time 3 months
Light microscopic analysis revealed that after 3 months of implantation the shape of
the implants had changed (Figure 4A). In general, about 35% of the initial implant
volume was still present, with a loss of the macroporeus structure. A medium-thick
fibrous capsule, containing a few inflammatory cells, surrounded the implant (Figure
4B). Throughout the implant an ingrowth of fibrous tissue was seen, with scattered
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Figure 4.
Porous CaP cement after
3 months subcutaneous
implantation under low (A)
and high (Β,Ο magnification
The implant is covered
by a medium-thick fibrous
capsule
containing
few
inflammatory cells. Figure
4C shows the central part of
the implant Nondegraded
cement
particles
are
covered by inflammatory
and multinucleated giant
cells. Methylene blue and
basic fuchsin staining
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Figure 5.
Porous CaP cement after 6
months subcutaneous im
plantation under low (A) and
high (B) magnification. The
implant is surrounded by
a thin layer of fibroblasts
The interstice of the cement
consisted of fibrous tissue
with occasional inflammatory
cells. Ingrowth of blood
vessels is visible. Methylene
blue
and
basic
fuchsin
staining.

foci of plasma cells and neutrophils. Ingrowth of blood vessels was present.
Nondegraded cement particles were clearly distinguishable. These particles were
surrounded by a layer of inflammatory and multinucleated-giant cells and a thick
fibroblast capsule (Figure 4C). No bone or cartilage formation was seen in any of
the specimens.
Implantation time 6 months
At 6 months implantation, degradation of the cement had proceeded, leaving about
25% of the initial volume (Figure 5A). The cement was more packed together with
less interstitial space as compared to the 3 months implantation time. The implants
were surrounded by a thin inflammation-free fibrous capsule (Figure 5B). Fat tissue
was present on the outside of the capsule. The interstice consisted of fibrous tissue
throughout the implant containing occasionally inflammatory cells (Figure 5B).
Blood vessels ingrowth was more prominent than in the 3 months sections. The
remaining cement consisted of small particles. The large nondegraded cement
particles with massive inflammatory response as seen in the 3 months specimens
had disappeared. No bone or cartilage was found.
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Figure 6.
Results of the histological
grading of the reaction zone
(quantitative and qualitative),
the interface and interstice
at 3 (grey bar) and 6 months
(black bar) implantation time
Data represent the amount
of specimens
per score.
Significant differences (fxO 01)
were found between the
reaction zone (quantitative and
qualitative) and interstice of 3
and 6 months implantation

3.4 Histological scoring
The results of the histological grading are depicted in Figure 6. The reaction zone
surrounding the implant significantly (p<0.01) decreased in thickness (mainly score
2 after 3 months and score 4 after 6 months implantation) and increased in quality
towards fibrous tissue resembling the noninjured regions (score 2/3 after 3 months
and score 4 after 6 months implantation) (p<0.01). At both implantation times only
occasionally macrophages or foreign body giant cells were found along the outer
surface of the implants (score 4). The tissue in the interstitium, on the other hand,
did show inflammatory cells (mainly score 2) after 3 months implantation. This
inflammatory response decreased (score 3/4) significant (p<0.01) after 6 months.
No tissue resembling bone (score 5) was found in any of the specimens. The
implant degraded for more than 50% after 3 months (score 3). This degradation
increased after 6 months implantation, but was never 100% (score 3).

4. DISCUSSION
CaP cements are promising synthetic bone grafts as alternative for autogenous
bone. The cements provide an intraoperative moldable biomaterial with a seamless
contact to the surrounding bone, which is undoubtedly favorable above CaP
ceramics in granule or block form 22 . The biocompatible and osteoconductive
behavior of CaP cements was already shown in a series of studies" 8 · 2 3 . For bone
formation in critical-sized or poor healing defects, osteoinductive behavior of
CaP cement is essential 1 · 2 . In the present study, the osteoinductive potential of
macroporeus CaP cement was investigated in a subcutaneous location in goats.
The material was found to be histocompatible, but no osteoinduction was seen after
3 and 6 month of implantation.

The mechanism behind osteoinduction is not completely understood. In some
way the differentiation of pluripotent cells into bone forming osteoprogenitor cells
is started. The microenvironment is an important element in this differentiation
process of cells, in which not only the chemistry of the biomaterial but also its
geometry plays a role16.
Regarding chemistry, CaP containing biomaterials have shown ectopical bone
formation in a series of studies 79

13 19 24 25

·

. The materials dissolve, releasing CaP

ions that lead to precipitation of biological apatite and proteins at the ceramic
surface. Cells attach to this layer and produce an extracellular matrix that is
mineralized by osteoblasts. Due to remodeling by osteoclastic activity compact
bone is finally formed19. The osteoinductive potential of CaP cements has been
examined only in a few studies. Positive79, as well as negative10 results were found.
The CaP cement used in our study did not show osteoinduction. Although, our
cement and the cements used in previous studies all belong to the group of apatite
cements, chemical differences are present, consisting of different CaP phases like
ß-TCP or dibasic CaP dihydrate. It can only be speculated whether this difference
in chemistry or a variation in other study parameters as discussed later, contributed
to the found diversity in osteoinductive potential.
Besides chemistry, porosity of the biomaterial is indisputable a prerequisite for
osteoinduction. Macropores with a minimum size of ±100 μπη are fundamental for
cell and nutrient distribution 14

28 27

. Accordingly, the average macropore size of the

used CaP cement implant was 150 μηι20. However, pore sizes of more than 300 μΓΠ
and large diameter geometry were recommended for the formation of capillaries in
studies dealing with bone formation in osseous sites26. In addition, the differentiation
of vascular pericytes into osteoblasts is suggested 28 29. Habibovic et a/14 applied
these findings to bone induction in extraskeletal sites and found it conceivable that
capillary formation should precede ectopic bone induction. Conform this hypothesis
our diameter might have been too small. On the other hand, although the average
macropore size in our implant was just 150 μηι, the histology sections did show
vascular formation in the center of our implants.
In addition to macroporosity, also microporosity and pore wall roughness is
considered important in the bone induction process15 17

26

. Micropores enlarge

the surface area and thereby the possibility for bone inducing proteins to bind
to the surface, as well as they facilitate ion exchange and bone-like apatite
formation. Also bone forming cell adhesion, proliferation and differentiation can be
enhanced17. Bone induction is related to an optimal specific surface area16. The
amount of micropores and hence specific surface area must not be too low. On the
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other hand, also a high specific surface area does not lead to osteoinduction as the
material will then quickly degrade. In our study, the initial percentage of macro- and
microporosity corroborated with other studies and should have been sufficient for
extra-skeletal bone growth7

,5

^ However, after 3 months implantation the implant

integrity was lost. The fast degradation and thereby collapsing of the porous
structure of our implants might have prevented nutricial supply and decreased
the available adsorption areas for protein attachment and cellular adhesion and
differentiation. A similar effect was observed in a study comparing osteoinductivity
of ceramic and cement-paste forms of hydroxyapatite in sheep7. The osteoinduction
rate was highest when the porous architecture of the material was maintained,
which was in this study best achieved in the ceramic rather than the cementpaste forms of hydroxyapatite. Also Kurashina et aP4 underlined the importance
of the maintenance of implant porosity for osteoinduction as found in biphasic
ceramics in rabbits. Yuan ef aP3 did not recommend a resorbable CaP implant for
bone induction. Another way to introduce macropores into the CaP cement is the
inclusion of poly(DL-Lactic-co-Glycolic Acid) (PLGA) microspheres30. The polymer
will contribute to initial stabile cement. Ruhe et aP* examined porous PLGA/CaP
cement implanted subcutaneously in rats. The integrity of the cement was indeed
maintained over time. Moreover, bone-like mineralizations were frequently found
in the PLGA macropores, supposing an osteoinductive potential of the material.
Thus, CaP cement might be osteoinductive when geometrically well-defined PLGA
microparticles are used to obtain macropores instead of a C0 2 -induction technique
as used in the present study. Future studies will have to be performed in order to
clarify this further.

On the other hand, not only porosity plays an important role. Bone induction was
found in the rough surface of dense CaP cements implanted intramuscularly in
dogs after 1-6 months implantation8. Besides the dog model, the implant site in
the muscles was different as compared with our study. The effect of implant site
dependency was seen in a study of Habibovic et a/"1. Subcutaneous implantation did
not show bone formation in goats while in intramuscularly placed ceramic implants
bone was found. It was hypothesized that intramuscular implantation sites would
be preferable above subcutaneous sites because of the higher vascularisation in
muscle tissue. Nevertheless, no difference in bone induction between intramuscular
and subcutaneous implant sites was found for CaP cement implanted in sheep for
1 year7. Also Hartman et aPdid not see differences in osteoinduction between
subcutaneous and intramuscular placed cell-based titanium fiber mesh implants
in rats. Regarding the animal model, variances in osteoinductivity between animal
species are frequently described with the highest osteoinductive potential in the
larger animals'8 25. Although, we could not confirm osteoinductivity of our material,

r
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several studies illustrated osteoinduction in goats' "'•16. Besides interspecies
variances in osteoinductive potential, also differences in ectopic bone formation
between individual animals of the same species has been found14·16. In the present
study, only two goats per time period were included. Hypothetically, it is possible
that these goats belonged to a low osteoinductive group. A higher number of
animals would have reduced the interanimal variability effect.
Finally it can be noticed that the soft tissue reaction to the used CaP cement was
mild and improved over time. This result is in accordance with the findings of a
previous study with dense CaP cement33. Adipose tissue was frequently noticed
around the implant. This can be seen as a criterion of implant compatibility34. After
3 months of implantation, inflammatory cells were visible in the interstice of the
implant. The rough surface of the nondegraded cement particles and micromotion
between the particles is likely to have attributed to this inflammatory response.
Comparing the 3 and 6 months histological sections, an increase in cement
compactness was noticed, which might have been caused by contracture of the
fibrous capsule surrounding the implant. The evoked micromotion of the cement
particles influenced also bone induction negatively, as a mechanically stable surface
is necessary for cells to adhere and differentiate14 35. The compaction of the cement
particles is probably the reason for the decrease in inflammatory response after
6 months of implantation. Inflammation itself, on the other hand, is not always a
negative factor in the osteoinduction process. It might contibute to the local release
of inflammatory cytokines, which consequently stimulate circulating stem cells to
differentiate into osteoblastic cells19.

In conclusion, in the present study no ectopical bone formation in porous CaP
cement was found, although this was described in a few earlier studies79. The loss
of implant porosity during implantation might have contributed to this. Again, this
study emphasizes the complexity of the phenomenon of osteoinduction.
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4. Closing Capacity of Segmental Radius
Defects in Rabbits

Esther W H Bodde, Paul H M Spauwen, Antonios G Mikos, John A Jansen
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1. INTRODUCTION
Long bone segmental defects remain a difficult clinical problem to manage1.
Synthetic bone graft substitutes are expected to be of major importance in the
treatment of these large bone defects. However, the osteoregenerative potential of
these bone substitutes still needs to be improved to obtain materials equivalent to
autologous bone.
In the evaluation of artificial bone regenerative materials, the so-called "criticalsize defect" (CSD) is an essential model. A CSD is defined as the smallest size of
a defect, that does not heal spontaneously when left untreated for a certain time
period 2 or that shows less than 10% bone regeneration during the lifespan of an
animal3. The effectiveness of bone graft substitutes in bone regeneration can be
proven when the materials overcome the nonhealing of critical-sized bone defects.
Several CSD models in different animals have already been described, each with
their own specific application. For instance, calvarial defects in rats and rabbits
provide good first phase nonload bearing bone models with relative biological
inertness due to poor blood supply and limited bone marrow, resembling atrophic
mandibular bone in humans3. A good site for studying the regeneration of segmental
long bone defects is the mid-diaphyseal radius. It is claimed that this model does
not need internal fixation or external splinting in small animals as the adjacent
intact ulna provides stability to the created radial defect4'9. Consequently, operation
time and costs are minimized and the risk of infection is reduced. For first phase
research, before large animal implantation, rabbits are interesting as experimental
animals, as their bones are large enough to evaluate material handling properties
in comparison to rats for instance. However, a review of the literature shows that
the exact critical size of radial defects in rabbits is not clear 4 ·*• 7 · 1,M3 . Disregarding
study dissimilarities, it varies between 10 and 20 mm in general. Earlier studies in
our laboratory investigated polymeric scaffolds for degradation and bone formation
in 15-mm segmental radial rabbit defects 6 14. Although the model was found to be
suitable to test these scaffold materials, empty defects did not confirm a critical size
of 15 mm for a time period of 12 weeks, because some of the defects had closed.
Currently, analysis techniques mainly consist of radiographs and histology. Because
of the two-dimensional nature of these techniques, localization and quantification of
newly formed bone in and around a defect site can be difficult. A more complete
analysis can be done using three-dimensional images provided by microcomputed
tomography ^ C T ) 1 5 1 7 for example. In the present study, the critical size for middiaphyseal radial defects in rabbits was assessed by radiographs, μCT images and
histology.
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Besides determining the critical size of a radial defect, the rationale for the current
study was to evaluate poly (DL-lactic-co-glycolic acid) (PLGA) for its influence
on bone regeneration. Our laboratory focuses on calcium phosphate cement as
an artificial bone regenerative material. To obtain an injectable and degradatale
biomaterial, microparticles of PLGA are added. The microparticles initially stabilize
the paste but will also degrade over time, leaving macropores behind. Subsequently,
these macropores can improve the degradation rate of the cement, similar to that
shown by del Real et a/18 for a non-/n vivo injectable C0 2 -induced macroporeus
cement placed in trabecular bone defects in goats, as a result of increased specific
surface area and enhanced tissue ingrowth into the material porosity. Besides acting
as a porogen, PLGA can also be used as a delivery vehicle for growth factors 1 9 2 1
in order to further enhance the bone regenerative effect of the calcium phosphate
cement. PLGA is a biodegradable polymer, used clinically in suture material and is
considered to be biocompatible22 23. The polymer degrades by random hydrolysis
into nontoxic lactic and glycolic acids which are eliminated from the body through
respiration and excretion in the urine21

24 25

. Although PLGA is claimed to be

biocompatible, the degradation of PLGA is associated with the release of acidic
degradation products24 26. Therefore, the current study focused on PLGA as a
possible parameter influencing bone regeneration. Carboxymethylcellulose (CMC)
was used as a carrier biomaterial for the PLGA microparticles. The polysaccharidebased hydrogel is biocompatible21 27 and is known to provide good plasticity as well
as good space-keeping properties28 29. This carrier material has been reported to
not interfere with osteogenesis 2931 .

In view of what has been mentioned earlier, the rationale for the current study was
to investigate the mid-diaphyseal radial defect in rabbits as a critical-size model. In
addition, the regenerative capacity of a composite of PLGA microparticles in CMC
was investigated in this segmental bone defect model. We hypothesized that PLGA
would not influence bone regeneration.

2. MATERIALS AND METHODS
2.1 Preparation of PLGA microparticles
PLGA (Purasorb®, Purac, Gorinchem, the Netherlands) with a lactic to glycolic acid
copolymer ratio of 50:50 and a molecular weight of 48.0 ± 1.6 kg/mol was used
to prepare microparticles with a double-emulsion-solvent-extraction technique
([water-in-oil]-in-water)19 2 6 · 3 2 - 3 4 . This consisted of the injection of 500 μL distilled
water into a tube containing a solution of 1.0 g PLGA in 4 ml dichloromethane. This
mixture was emulsified for 60 s on a vortexer. Then 6 mL 0.3 % aqueous polyvinyl
alcohol) (PVA, Acres Organics, Geel, Belgium) solution was added and emulsified

65

1

for another 60 s to produce the second emulsion. This mixture was added to 394 mL
0.3% PVA solution and 400 mL of 2 % isopropylic alcohol solution and was stirred for
1 h. The evaporation of the solvent resulted in precipitation of the dissolved polymer
and the subsequent formation of microparticles. The microparticles were allowed to
settle for 15 min and the solution was decanted. Then, the microparticles were
collected through centrifugation at 1500 rpm for 5 min, lyophilized to dryness and
stored under argon at -20DC until use. Size distribution of the PLGA microparticles
was determined by image analysis (Leica Qwin®, Leica Microsystems). The PLGA
microparticles were sterilized by glow discharge (Plasma cleaner/sterilizer, Harrick
Scientific, Ossining, New York, USA).

2.2 Preparation of injectable PLGA implant
The polysaccharide-based hydrogel CMC (cekol 50.000) (Noviant BV, Nijmegen,
the Netherlands) was used as a carrier material for the PLGA microparticles. CMC
powder was sterilized by glow discharge. The powder (4%) was mixed with sterile
distilled water according to the manufacturer's instructions in order to form a gel
with a putty-like appearance. Prior to surgery the PLGA microparticles were added
to the CMC solution in a 20 wt% ratio, as pilot studies performed in our laboratory
(unpublished data) had shown that this ratio provided an injectable material with
good consistency and homogeneous divided microparticles. The PLGA/CMC
composite was injected into the mid-diaphyseal radial defects using a 1 mL syringe
(Becton & Dickinson, USA) with a 4.7-mm diameter and the tip cut off.

2.3 Surgical procedure
Sixteen healthy 4-month-old (about 16 weeks) female New Zealand White rabbits,
with a weight of 2.7-3.4 kg were included in this study. National guidelines for the
care and use of laboratory animals were observed. All animals were screened for
good physical condition.
The operation was performed under general inhalation anesthesia. The anesthesia
was induced by an intravenous injection of Hypnorm® (0.315 mg/mLfentanyl citrate
and 10 mg/mLfluanisone) (Janssen Pharmaceutica, Beerse, Belgium) and atropine
and maintained by a mixture of nitrous oxide, isoflurane and oxygen through
a constant volume ventilator. The rabbits were connected to a heart monitor. To
reduce perioperative infection risk, antibiotic prophylaxis was given (Baytril® 2.5%
enrofloxacin, 5-10 mg/kg; Bayer Healthcare, Mijdrecht, and the Netherlands).
The rabbits were immobilized on their abdomen. Both forelimbs were shaved,
washed and disinfected with povidone-iodine. A 4.5-cm longitudinal incision was
made along the radius. After dissecting the muscles and exposure of the radius,
a segmental defect of 15 or 20 mm was created in the middle of the radius using
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Table I
Implantation Scheme Indicating for Each Rabbit and Limb Side the Defect Size and Type of
Group Consisting of (-) Open Defect or (+) PLGA Implant
Rabbit No.

Right Limb

Left Limb

1

20 mm -

20 mm +

2

20 mm +

20 mm -

3

20 mm -

20 m m +

4

20 mm +

20 mm -

5

15 mm -

15 mm +

CD

15 mm +

15 mm -

_2_

15 mm -

15 mm +

8

15 mm +

15 mm -

9

15 mm -

15 mm+

To

15 mm +

15 mm -

11

15 mm -

15 mm +

12

15 mm +

15 mm -

13

20 mm -

20 mm+

14

20 mm +

20 mm -

15

20 mm -

20 mm +

16

20 mm +

20 mm -

|

a dental burr (Elcomed 100, W&H Dentalwerk Burmoos GmbH, Austria) with a
diamond blade (Horico, Berlin, Germany) at a rotating speed of 800 rpm and under
continuous saline cooling. A titanium rod of 15 or 20 mm was used to obtain defects
with standardized size. The periosteum was resected with the bone segment and
the intervening membrana interossea was removed as well. The osteotomy ends
were marked with titanium bone markers (Stabilok®, Fairfax Dental, Ireland) at a
distance of 7 mm from the bone edge. Four experimental groups were specified
(15-mm open defect, 20-mm open defect, 15-mm defect with PLGA implant and
20-mm defect with PLGA implant) and the animals were randomly assigned to one
of these groups (Table I). The implant consisting of the PLGA/CMC composite was

Figure 1.
A segmental mid-diaphyseal radial
defect in the forelimb of a rabbit
with a PLGA microparticle/CMC
composite injected into the defect

injected into the defects using a 1-mL syringe (Becton& Dickinson) with a 4.7-mm
diameter and the tip cut off (Figure 1). The implant retained its shape in accordance
with the defect size due to its putty-like appearance. No additional fixation was
used for the implants. Finally, the soft tissues were closed in separate layers using
resorbable Vicryl® 4.0 (Johnson and Johnson, St. Stevens-Woluwe,

Belgium)

sutures. The surgical procedure was identical on both sides. An X-ray of both
forelimbs was made immediately after surgery (Mobilett X-ray machine, Siemens,
Munich, Germany) and the distance between the Ti-markers was measured.
To minimize postoperative discomfort, Finadyne® (Schering-Plough, Segre, France)
1 mg/kg was administered intramuscularly preoperative^ and was continued
for 2 days after surgery. Some contradiction about the use of this nonsteroidal
antiinflammatory drug (NSAID) in bone surgery exists, as bone repair could possibly
be impaired 35 . However, as in humans these drugs are a standardized postoperative
regimen for pain relief36, we believe that administration in our experimental animals
is justified.
The animals were housed individually in cages and were observed for signs of pain,
infection and proper activity. Twelve weeks after surgery the rabbits were sacrificed
by an intravenous injection of Nembutal (pentobarbital) (CEVA Sante Animale BV,
Libourne, France).
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Figure 2.
Modified scoring system for the quantitative
evaluation of radiographs and μΟΤ images. (A)
Degree of bridging. Values refer to the percentage
of contact surface of bridged bone at each side of
the defect (B) Bone formation in the defect. Values
refer to the percentage of the defect area that is
filled with bone, A score of zero was used when no
bone bridging or bone formation was found

2.4 Radiographs
After sacrificing the animals, the radii were retrieved immediately and excess soft
tissue was removed. Radiographs were made (Mobilett X-ray machine, Siemens,
Munich, Germany) and evaluated using a modified system to score defect bridging
and bone formation 16 (Figure 2 A/B). The distance between the Ti-markers was also
measured.

2.5 Microcomputed tomography
Subsequently, any excess of bone was cut off with a diamond saw and the specimens
were fixed in phosphate-buffered formaldehyde solution (pH=7.4) and dehydrated
in ethanol 70%. Then, μΟΤ was performed to analyze defect bridging and bone
volume. The specimens were wrapped in Parafilm M® (Pechiney Plastic Packaging,
Chicago, USA) to prevent drying during scanning. Thereafter, all samples were
scanned at a voltage of 101 kV and intensity of 96 μΑ with a resolution of 18.69
Mm using an aluminum filter (1mm) (Skyscan-1072 X-ray microtomograph, TomoNT
version 3N.5, Skyscan®, Belgium). Cone-Beam reconstruction (version 2.15,
Skyscan®) was performed. All scanning and reconstruction parameters applied
were identical for all specimens.
Three-dimensional images were created using 3D-creator (version 2.2h, Skyscan®).
These images were scored for defect bridging with the same modified scoring
system as used for the radiographs 16 (Figure 2A). The data were then further
analyzed by CT Analyzer (version 1.4, Skyscan®). The region of interest was
specified as a area of 16.87 mm 2 covering the ulna and radial defect over a length
of 1 mm proximal to 1 mm distal of the osteotomy ends (Figure 3). In this area bone
volume (mm3) was calculated for the ulna and regenerated radius, because it was

Figure 3.
The region of interest as
specified with CT Analyzer
shown in a reference forelimb
with a 15-mm radial defect, A
area of 16.87 mm 2 covered the
radial defect and ulna over a
length of 1 mm proximal to 1
mm distal from the osteotomy
sites.

impossible to distinguish between ulnar and regenerated radial bone. To quantify
radial bone formation over time, radial defects were created in reference forelimbs
(n=4) of rabbits with identical weight and age (7 months old) as the experimental
group, to determine the amount of ulnar bone. This average amount of ulnar bone
in the reference rabbits was subtracted from the total (radial and ulnar) amount of
bone after 12 weeks implantation to determine the amount of newly formed radial
bone.

2.6 Histological procedures
After μΟΎ was performed, the specimens were dehydrated in increasing ethanol
concentrations (70%-100%) and embedded (nondecalcified) in methylmethacrylate.
After polymerization, the specimens were hemisectioned through the center of the
defect creating two halves. Thin sections (10 μηι) were prepared in a transverse
direction of one half and a longitudinal direction of the other part using a microtome
with a diamond blade (Leica Microsystems SP 1600, Nussloch, Germany). The
sections were stained with methylene blue and basic fuchsin. The histological
evaluation consisted of a morphological description of at least three sections of each
implant using a light microscope (Leica Microsystems AG, Wetzlar, Germany).

2.7 Statistical Analysis
Statistical analyses were performed with GraphPad® Instai 3.05 software (GraphPad
Software Ine, San Diego, CA, USA) and SPSS (version 12.0.1, Chicago, USA). For
comparison of the distance between the Ti-markers after surgery and sacrifice an
unpaired f-test was used. The scoring of defect bridging and bone formation of the
radiographs as well as defect bridging of the μ ^ images was analyzed with ChiSquare tests, μ ^ bone volume was evaluated with an unpaired i-test with Welch
correction. Differences were considered significant at p-values less than 0.05.

3. RESULTS
3.1 Characterization of PLGA microparticles
Figure 4 shows the size distribution of the PLGA microparticles prepared by a doubleemulsion-solvent-extraction technique. The average size of the microparticles was
29 ± 22 μίτι, as determined by image analysis (Leica Qwin®, Leica Microsystems).

3.2 Macroscopical evaluation
All rabbits recovered from the surgical procedure well and in general no
complications were encountered. One rabbit developed an infection unilaterally; this
specimen was excluded from further analysis (20-mm defect with PLGA implant).
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Figure 4.
Size distribution of the
PLGA
microparticles
prepared by a doubleemulsion-solvent-extraction technique (group
size = 166)

3.3 Radiographs
The X-rays made immediately after surgery confirmed that the created defects were
indeed 15 (15.3 ± 0.6) and 20 mm (20.7 ± 0.6) in size. The epiphyseal plates at this
time point were not completely closed.
After retrieval of the specimens, the distance between the Ti-markers, placed 7 mm
from the osteotomy ends, was measured. The distance in all the 15-mm defects
as measured after sacrifice (26.9 ± 1.4 mm) was significantly (p<0.01) lower as
compared to the postoperative distance (28.4 ± 1.2 mm) (Figure 5). Also for the 20mm group the defect size after sacrifice (32.4 ± 1.2 mm) was significantly (p<0.001 )
smaller as compared to the postoperative size (33.9 ± 0.9 mm) (unpaired t- test).
The epiphyseal plates were closed now, but remnants were still visible indicating
that the closure had just occurred.
The results of radiographic scoring with the modified scoring system of defect
bridging and bone formation are depicted in Table II. The 15 as well as the 20-mm

Figure 5.
Representative
X-rays
of a 15-mm defect after
surgery (A) and sacrifice
(B). The distance be
tween the Ti-markers
was significantly reduced
after sacrifice
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Table II
Results of the Radiographic Scoring for the Degree of Defect Bridging and the Amount of
Bone Formation in 15 and 20-mm Defects With and Without PLGA Implants.
; Bone Formation

! Defect Bridging
No implant | 2.4 ± 1.6

(4, 0, 1, 1, 2, 3, 4 , 4 )

2.6 ± 1.3

(4, 1, 1, 2 , 2 , 3, 4, 4) |

Implant

2 ± 1.4

( 1 , 4, 1 , 1 , 1 , 3, 4, 1)

2.4 ± 1.2

(2, 4 , 2 , 2, 1 , 3 , 4 , 1)

20

No implant

2.8 ± 1 . 4

(4, 3, 3, 2 , 4 , 4, 0, 2) | 3 ± 1 . 2

(4, 4, 3, 2, 4. 4. 1, 2)

mm

Implant

2 ±0.8

( 1 , 2 , 2 , 2 , 3 , 1,3)

(1,3,3,2,3,2,3)

15
ι mm

2 4+08

Data represent the mean and standard deviations followed by the score per specimen No significant
differences among the groups were found.
Table III
Results of the μΟΤ Scoring for the Degree of Defect Bridging in 15 and 20-mm Defects With
and Without PLGA Implants
Defect Bridging
15 m m
20 mm

~ : Γ9Τΐ.6

(4, 0, 0, 1, 2, 3, 1, 4)

Implant

2.6 ± 1 . 7

(1,4,4,3,0,4,4,1)

No implant

2.8 ± 1 . 6

Implant

2.1 ± 1.2

No implant

(4,3,2,1,4,4,0,4)
( 1 , 2, 1, 1, 3, 3, 4)

Data represent the score per specimen followed by mean and standard deviations No significant differences
among the groups were found.

defect size appeared not to be a critical size, as most defects showed bridging of
the bone defect (score 2.4 ± 1.6 for 15-mm and score 2.8 ± 1.4 for 20-mm defects).
No significant differences in defect bridging or degree of bone formation were found
between the groups with and without PLGA implants and between the 15-mm group
compared to the 20-mm group (chi-square tests).

3.4 uCT images
The results of μΟΤ scoring with the modified scoring system of defect bridging are
depicted in Table III. Confirming the radiographic findings, both defect sizes were

Figure 6.
μΟΤ images of radial defects after 12 weeks of implantation: (A) nonbridging (B) normal radius contour bridging and (C) atypical radius contour
bridging
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Figure 7.
μΟΤ image of a 20-mm
defect with an implant after
12 weeks of implantation
showing nonunion

not of critical size, as score zero (Figure 6A) was only found in a minority of the
radii that received no Implant. No significant difference in defect bridging was found
in the 15- as well as the 20-mm groups between defects with and without PLGA
implantation. Also defect bridging did not significantly differ between the 15- and
20-mm groups (chi-square tests).
Comparison of the scoring of the radiographs or three-dimensional μΟΤ images
revealed no significant difference in defect bridging between these two evaluation
techniques (chi-square tests). However, the μΟΤ images allowed for a more precise
evaluation of bone regeneration in the defects. Different kinds of bridging could be
distinguished, including a normal or atypical radius contour (Figure 6 B/C), which
could not be identified in the two-dimensional radiographic pictures. No significant
differences in prevalence of these contours between the defects with or without an
implant or between the 15- and 20-mm group were found (chi-square tests). The
μΟΤ images also revealed nonunion of the regenerated radius in three specimens
of the 20-mm group, characterized by nonalignment of the newly formed bone
(Figure 7).
The results of bone volume (mm3) in the ulnar and radial region as determined by
μΟΤ are depicted in Table IV. As a reference for ulnar bone, the amount of ulnar
bone was measured in the forelimbs of 6-month-old reference rabbits with a radial
defect. In the 15-mm defects, the bone volume had significantly increased after 12
weeks implantation in the defects with and without a PLGA implant as compared
to the reference defects (p<0.0001, unpaired i-test with Welch correction). This
indicates that the amount of newly formed bone in the defect was significantly
increased compared to the direct postoperative situation. There was no significant
difference between the 15-mm group with or without an implant (unpaired Mest).
Also in the 20-mm defects, bone volume had increased significantly after 12 weeks
of implantation as compared to the reference 20-mm defects (p<0.0001, unpaired
i-test with Welch correction) and no significant difference existed between the 20mm defect group with and without a PLGA implant (unpaired Mest).

Table IV
The Volume of Bone in the Ulnar and Radial Region (mm 3 ) as Determined With p C T

No implant
PLGA implant

Reference
141.7 ±9.7

15 mm
;
Subject
252.3 ±38.1*
263 5 ±40.3*

20 mm
ι Reference Τ Subject
180 3 ±22 3 ' 336,6 ±39.5*
328.2 ±27.9*
j

Data represent the mean and standard deviations Bone formation was significantly (*) increased compared
to the reference groups No significant differences were found between the groups with and without a PLGA
implant
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3.5 Histology
Gross analysis of the histological sections with light microscopy revealed that in
general the tissue reaction was uniform in all specimens, independent of the defect
size or the implantation of PLGA. The osteotomy ends could easily be identified. In
the specimens that received PLGA microparticles no remains of the implant were
found after 12 weeks of implantation. Further, no inflammatory reaction was seen at
this time point, as no inflammatory cells or intervening fibrous tissue were noticed.
The longitudinal sections revealed that most specimens showed regeneration
of the radius. Bone had formed out of the osteotomy ends or was located at the
ulnar surface. Fusion of ulnar and radial bone was seen in almost all samples. The
degree of bone remodeling varied between the specimens. Some showed compact
newly formed bone, while in other regenerated defects bone marrow formation was
apparent (Figure 8). No difference in the occurrence of this remodeling was found
between the groups. In three 20-mm defects, nonunion was observed between the

Figure 9.
Histological longitudinal sections showing nonunion (A) in the regenerated radius of a 20-mm defect with
an implant with the (B) magnification of the fibrocartilaginous interposition. (C) Nonunion located in the
area between the ulna and radius of a 15-mm defect without an implant. (R) radius: (U) ulna Methylene
blue and basic fuchsin staining.
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FigurelO.
Cross sectional photo
micrograph of a 15-mm
radial defect without a
PLGA implant
Ulnar
hypertrophy
can
be
noticed (*). (U) ulna;
(R) regenerated radius.
Methylene
blue and
basic fuchsin staining

radial osteotomy end and regenerated bone (Figure 9 A/B), as characterized by
fibrocartilaginous interposed tissue. Histology also revealed cartilage tissue located
in the area between the ulna and radius (Figure 9C). This type of nonunion was
found in six of sixteen 20-mm defects and seven of fifteen 15-mm defects.
Bone regeneration not only occurred at the radial osteotomy ends. The transverse
sections frequently showed that the ulnar bone had undergone considerable
remodeling and hypertrophy (Figure 10).

4. DISCUSSION AND CONCLUSION
Critical-size defects are important to evaluate the bone regenerative effect of
artificial bone graft substitutes. In the present study, segmental mid-diaphyseal
radial defects of 15 and 20 mm were created in the forelimbs of 4-month-old New
Zealand White rabbits to determine whether this defect size was critical after 12
weeks of implantation. In addition, an implant consisting of PLGA microparticles
in a carrier material of CMC was examined for its influence on bone regeneration.
Both defect sizes turned out not to be of critical size. Moreover, defect instability
was noticed. PLGA/CMC composites did not have a significant effect on bone
formation.
The rabbit radius is often used as model for the evaluation of bone regeneration.
Defect sizes in the range of 10 to 20 mm have been described as being of critical
size in a series of studies"

5 7 10 3

· ·' . In the present study, however, a radius defect

of 15 as well as of 20 mm regenerated after 12 weeks of implantation. There are
several variables during the study period that can explain this difference in bone
regeneration, including the animals, operation technique, implantation time and the
evaluation of the data.

Starting with the experimental animals, age might be an important factor in bone
regenerative behavior. In the present study, 4-month-old rabbits were included.
Previous studies dealing with critical-sized diaphyseal radial defects did not mention
the age of the rabbits"
5

7 ,3

or only cited that the epiphyseal plates were closed

0

on radiographs ' ". It has to be noticed that, besides epiphysis obliteration, the
age of the rabbits has to be provided as discrepancy exists in radiographic and
histological epiphyseal closure37 and in closure of different epiphyses within the
same animal or even at the opposite ends of the same bone38. Although by 16
weeks of age long bones have reached about 95% of their adult length in rabbits38,
the skeletal growth of New Zealand White Rabbits is complete between 19 and 32
weeks37

39

. Therefore, it can be supposed that the animals as used in our study

were not mature enough and still possessed a high potential of regeneration similar
to newborn animals3

40 ,1

' . In view of this, the use of rabbits older than 6 months

should be recommended for bone regenerative studies.

Besides the animal model, the surgical technique used could have affected defect
regeneration. Gentle drilling under saline cooling will result in better regeneration
compared to more brutal techniques, which might destroy bone tissue. In addition, it
is conceivable that the experience and skill of the surgeon are also associated with
bridging of the defect. In our study, the periosteum and interosseous membrane
were removed, as these could accelerate bone regeneration42. However, an opposite
effect of this tissue removal might have occurred. Frequently, ulnar hypertrophy
was observed, which might have been caused by scratching of the ulnar bone
surface. Simon et al*3 studied the effect of incising the tibial bone surface in goats
and found that cambium cells were stimulated, resulting in callus matrix synthesis.
In addition, O'Driscoll et al44 outlined the complexity of periosteal harvesting
in rabbits, as the cambium layer is only lightly adherent to the fibrous layer and
can easily be left behind when the periosteum is harvested. Hypothetically, in the
present study with the removal of periosteal tissue, cambium cells might have
remained and the removal process may have stimulated these cambium cells and
induced osteogenesis. In previous studies, ulnar hypertrophy was not mentioned or
ulnar bone growth was not defined as defect bridging5 7. Nevertheless, the effect
of cambium cell stimulation might be trivial in older rabbits as the cambium cells
diminish with age45.

The implantation time can play a role as well. Some studies showing nonbridging
of rabbit radial defects used implantation times of 4 to 8 weeks4

10

"

13

instead of

12 weeks as used in the present study. It might be that the period between 8 and
12 weeks enclosed the critical transition to closure of the defect. As described in
the Introduction, the definition of a CSD encloses a time span. Hypothetically, small

7G

bone defects will not heal spontaneously when the lifetime of experimental animals
is short enough. To fulfill the definition of a CSD, however, the animal lifetime
should enclose at least a complete bone remodeling cycle3. Bone remodeling in
humans takes about 2 to 8 months46, in animals this can be shorter40. We therefore
recommend a study period of at least 12 weeks for the evaluation of bone formation
in CSD models.
Finally, differences occur in the evaluation of the data between various studies,
which can result in different conclusions about bridging of created bone defects. As
mentioned before, ulnar hypertrophy is not always considered as defect bridging5 7.
Also a less stringent scoring system leads to fewer defects rated as nonbridged10.
Further, three-dimensional evaluation of bone bridging using additional μCT images
is more accurate than two-dimensional evaluation techniques using radiographs and
histology alone16. The present study confirmed this, as each evaluation technique
has its own contribution to the evaluation of the data, μ ^ images revealed several
types of defect bridging which could not be detected with radiographs alone.
Further, the histological sections exposed nonunion, which was not always visible
in the μ ^ images.
One of the reasons why the rabbit radius is a favorite model for evaluating bone
regeneration is that the intact adjacent ulna is supposed to provide stability to
the created radial defect without the need for internal or external fixation of the
forelimb 48 . In our study it was possible to measure the actual defect size after
surgery and sacrifice, as we marked the osteotomy ends with titanium. According to
our knowledge, comparison of the postoperative and post-sacrifice defect sizes has
not been done before. We noticed that the distance between the titanium markers
became significantly shorter after 12 weeks of implantation in the 15- as well as the
20-mm group. In addition, nonunion was found in several regenerated defects of
both groups. These findings indicate that the ulna was not able to immobilize the
created radial defect optimally47. Evidently, the rabbit radius is not a suitable model
for bone regeneration, without additional fixation of the osteotomy ends, beyond
the discussion whether the defect sizes are critical or not.
Another known critical-size long bone model is the rabbit femur48. In this model,
however, the use of osteosynthesis material such as screw plates and intramedullar
Kirschner wires is unavoidable. Consequently, infection risk and interference in
bone regeneration cannot be excluded. The search for new self-stabilizing bone
defects in rabbits is of interest for future synthetic bone graft investigations as
implantation in a validated small animal model is a prerequisite before large animal
implantation49. So far, only the 15-mm calvarial defect seems to be a reliable CSD
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model complying with these requisites in rabbits3

505,

. In goats the os ilium has

51

shown potential for producing critical-sized defects . This ilium model might also
be engaged in rabbits.
PLGA microparticles were examined in this study for their influence on bone
regeneration. After 12 weeks of implantation no remnants of the PLGA implant were
found in the histological sections. PLGA degrades by hydrolytic cleavage of its
polymer chains22. The protons released during degradation can cause acidity, which
can result in inflammation and tissue necrosis when the clearance of the degradation
products is not adequate24 or due to a delay in further metabolism to carbon oxide
and water25. In the present study, no differences in bone formation or inflammation
were found between control and implant groups after 12 weeks of implantation. The
effect of acidity is apparently negligible for small amounts of PLGA in microparticle
form, although it has to be mentioned that the biochemical and mechanical aspects
of the newly formed bone were not examined in the present study. The finding of
negligible acidity agrees with clinical studies in patients, where porous or spongelike PLGA root replicas were well tolerated in post-extraction alveolar socket
healing52

53

. In contrast, dense PLGA implants caused an initial temporary lactic

acid induced decalcification of the alveolar process52. Nevertheless, it has to be
noted that the mechanism of PLGA-microparticle clearance is not known in the
current study, as no short-term follow-up was performed. The mechanisms involved
could include degradation, dissolution or even migration, with the latter resulting in
a possible false neutral influence on bone regeneration.

In conclusion, CSD models are important for the evaluation of synthetic bone grafts,
but the radius of 4-month-old New Zealand White Rabbits is not a suitable location
for this model, because 15- and 20-mm defects were not of critical size and no
stable defect could be created. PLGA-microparticle degradation did not influence
bone formation.
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1. INTRODUCTION
Calcium phosphate (CaP) cements can be an alternative for autologous bone grafts
as these materials do not only possess favorable clinical handling properties like
injectability and moldability, but also show advantageous biological characteristics,
like osteoconductivity and degradability15. Nonetheless, these osteoconductive
scaffolds alone are not sufficient for bone healing under deprived conditions as for
instance in large critically sized defects. In these situations, the extra stimulatory
effect of growth factor inclusion and the subsequent osteogenic capacity of CaP
cements is an interesting approach to enhance bone regeneration.
The transforming growth factor-ß (TGF-ß) superfamily comprises a large number
of molecularly related growth and differentiation factors (TGF-ßs and bone
morphogenetic proteins (BMP)), each capable of inducing bone formation 68 .
Currently up to 20 different BMP's have been identified9

10

. These individual

proteins are able to initiate the entire bone formation cascade, similar to extracts of
bone matrix8 ". Recombinant DNA biotechnology processes offer unlimited supply
and control over purity and reproducibility by producing single BMP molecules
such as BMP-2 and BMP-7e. The osteogenic activity of recombinant human BMP-2
(rhBMP-2) has extensively been published and its use in humans is approved
by the Food and Drug Administration Medical Device Panel12. RhBMP-2 induces
Chemotaxis of stem cells and is a differentiation factor, causing mesenchymal stem
cells to differentiate towards an osteoblastic lineage, providing increased numbers
of osteoblasts capable of forming bone8

13

Its effectiveness is not only dependent

on this intrinsic activity, but also influenced by the method of delivery, that is, the
carrier material.

Carriers for rhBMP-2 increase the retention of the protein at the treatment site for a
sufficient time to allow for activity and subsequently can provide a scaffold for bone
growth5 u. Retention, that is, sustained release of rhBMP-2 is essential because
BMP activity is tightly controlled and self-limiting through a combination of signaltransducing and inhibiting proteins7· ". Consequently, bone induction is observed
only locally at the site where rhBMP-2 is released and temporally when rhBMP-2 is
present. This was confirmed by Woo et a/13, who showed that a sustained delivery of
rhBMP-2 based on poly (DL-lactic-co-glycolic acid) (PLGA)-microspheres resulted
in faster and more complete bone repair of rabbit calvarial defects as compared with
immediate release of rhBMP-2. CaP cement can also act as a controlled release
system by including PLGA-microparticles as delivery vehicle for rhBMP^ 15

16

. The

polymer will degrade over time, resulting in macropore formation and the release
of rhBMP-2. The macropores will subsequently allow for cellular entry and increase

84

the final transformation of the implant into bone.
Regarding the amount of rhBMP-2, most studies so far used relatively high
nonphysiological doses, which makes treatment costly and raises the issue of
safety'7. The development of better controlled release systems and the increase
in knowledge of the osteoinductive effect of low doses of rhBMP-2 are therefore
crucial topics for clinical application. It is assumed that the use of a carrier material
for rhBMP-2, can decrease the dose of rhBMP-2 required for sufficient bone
formation 11 · 18 19.
Based on the considerations mentioned above, the aim of this study is to explore
the bone regenerative effect of composites of CaP cement and PLGA-microparticles
with a high and a five-fold lower dose of rhBMP-2 in critically sized cranial defects
in rats. In addition, the in vivo release kinetic of the two doses of rhBMP-2 were
compared, using

131

l as a tracer. We hypothesized that a low amount of rhBMP-2

could engender sufficient bone formation in a sustained release system, resulting
in closure of a critically sized defect.

2. MATERIALS AND METHODS
2.1. Materials
The CaP cement (Calcibon®, Biomet Merck, Darmstadt, Germany) consisted of 61 %
α-TCP, 26% CaHP0 4 , 10% CaCOj and 3% precipitated HA. The cement powder
was sterilized by γ-radiation with 25 kGy (Isotron BV., Ede, The Netherlands). The
cement liquid applied was a filter-sterilized (0.2-μηη filter) 1% aqueous solution
of Na 2 HP0 4 . PLGA (Purasorb®, Purac, Gorinchem, The Netherlands) with a lactic
to glycolic acid ratio of 50:50 and a molecular weight of 48.0 ± 1.6 kg/mol was
used for the microparticle preparation. RhBMP-2 was kindly provided by Wyeth
Pharmaceuticals, Cambridge, MA, USA and radiolabeled with

131

l (Amersham

Buchler, Braunschweig, Germany).

2.2. Radioiodination of rhBMP-2
RhBMP-2 was labeled with

131

l according to the lodo-Gen® method as described

20

previously . For each labeling procedure, 70 μg of rhBMP-2 was added to 20 μι.
500 m/W phosphate buffer, pH 7.4 and 2.25 mCi

131

l (200mCi/mL) in a glass vial pre-

coated with 100 μg 1,3,4,6-tetrachloro-3a,6a-diphenylglucouril (Pierce, Rockford,
IL, USA). The reaction mixture was incubated for 10 min at room temperature and
then eluted on a disposable Sephadex G25M column (PD-10, Pharmacia, Uppsala,
Sweden) with PBS, 0.5% BSA, to separate labeled rhBMP-2 from free

131

l . The

relevant fractions were pooled. The specific activity of the 131l-labeled rhBMP-2 was

6.5 μ Ο Ι ^ . A hot/cold 1 3 Ί -rhBMP-2 solution was prepared; 1:10 for the high dose
and 1:1 for the low dose rhBMP-2 implants. The radiochemical purity of the

131

l-

labeled rhBMP-2 exceeded 99% and the final solution did not contain significant
amounts of rhBMP-2 aggregates or degradation products 16 · 21 .

2.3. Preparation of PLGA-microparticles adsorbed with rhBMP-2
or 131 l-rhBMP-2
To prepare PLGA-microparticles a double-emulsion-solvent-extraction technique
([water-in-oil]-in-water) was

used15·

2225

. This consisted of the injection of

500 μL distilled water into a tube containing a solution of 1.0 g PLGA in 4 mL
dichloromethane. The mixture was emulsified for 60 s on a vortexer. Then 6 mL
0.3 % aqueous poly (vinyl alcohol) (PVA, Acros Organics, Geel, Belgium) solution
was added and emulsified for another 60 s to produce the second emulsion. This
mixture was added to 394 mL 0.3% PVA solution and 400 mL of 2% isopropylic
alcohol solution and was stirred for 1 h. The evaporation of the solvent resulted in
precipitation of the dissolved polymer and subsequent microparticles were formed.
The microparticles were allowed to settle for 15 min and the solution was decanted.
Then, the microparticles were collected through centrifugation at 1500 rpm for 5
min, lyophilized to dryness and stored under argon at -20oC until use. The size
distribution of the PLGA-microparticles was determined by image analysis (Leica
Qwin 8 , Leica Microsystems).
RhBMP-2 was adsorbed to the surface of the PLGA-microparticles. Therefore 400μL rhBMP-2 solution was added to 500 mg PLGA-microparticles and after 30-min
adsorption time the microparticles were lyophilized again. The solution for the highdose implants (± 10 μg rhBMP-2 per implant) contained 275 μg rhBMP-2 in PBS/
BSA [0.1%]. This dose was based on previous experience with rhBMP-2 loaded
PLGA/CaP cement implants in rats 16 · 21 . For the low-dose implants (± 2 μg rhBMP-2
per implant) 55 μg rhBMP-2 in PBS/BSA [0.1%] was used. Accordingly,

131

l-rhBMP-2

solutions were added to the PLGA-microparticles and lyophilized overnight. The
adsorption efficiency of rhBMP-2 onto the microparticles was 93% 16 .

2.4. Preparation of CaP cement implants
GaP cement powder was mixed with blank, high (± 10 μg per disc) or low (± 2
μg per disc) dose rhBMP-2 or high/low dose

131

l-rhBMP-2 PLGA-microparticles (20

wt.%). The cement was created by adding to a 2-mL syringe (BD Plastipak'", Becton
Dickinson S.A., Madrid, Spain) with closed tip, 1 wt.% Na 2 HP0 4 to the PLGA/CaP
powder mixture in a liquid/powder ratio of 0.35 and shaking these components for
15 s using a mixing apparatus (Silamat®, Vivadent, Schaan, Liechtenstein). The
cement was then immediately injected into Teflon molds with standardized shape

ΒG

(discs 7.8 mm χ 1.8 mm). After setting at room temperature overnight, the implants
were removed from the molds.

2.5. Surgical procedure
Fifty-two healthy young adult male Wistar rats, weighing 256 ± 11 g were included
as experimental animals. National guidelines for the care and use of laboratory
animals were observed. The research was reviewed and approved by the
Experimental Animal Committee of the Radboud University.
Anesthesia was induced and maintained by isoflurane inhalation (Rhodia Organique
Fine Limited, Avonmouth, Bristol, England). To minimize postoperative discomfort,
Fentanyl® (Hameln Pharmaceuticals Gmbh, Hameln, Germany) (3 mL/kg) was
administered intraperitoneally before operation and buprenorfine (Temgesic®)
(Reckitt Benckiser Health Care Limited, Schering-Plough, UK) (0.02 mg/kg)
subcutaneously for two days after surgery.
After anesthesia the rats were immobilized on their abdomen and the skull was
shaved and disinfected with chloorhexidine. A longitudinal incision was made from
the nasal bone to the occipital protuberance. To minimize pain, Lidocaine HCL 1%
(Β. Braun, Melsungen, Germany) was dripped at the periosteum before incision and
exposure of the parietal bone. A full-thickness bone defect was created in the dorsal
part of the parietal cranium central to the sagittal suture with a dental drill machine
(Elcomed 100, W&H Dentalwerk Burmoos GmbH, Austria) with trephine bur (ACE
dental implant system, USA) with an outside diameter of 8.0 mm. The bone defect
was drilled under continuous saline cooling and with care for the underlying dura
mater and sagittal sinus. After removing the bone segment, the defect was left
empty or an implant was placed. Although CaP cement can be injected in vivo,
in the present study we choose for prehardened implants as the cranial defect

Figure 1.
Cranial defect in a rat (A) with no implant and (B) with prehardened CaP cement implant
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model did not allow for injection because of the thin bone rim and fragile underlying
dura mater. The periosteal tissue was closed using nonresorbable Prolene® 5-0
(Ethicon Ine, Somerville, New Jersey, USA) suture material. Subsequently, the skin
was closed with resorbable Vicryl® 4-0 (Johnson&Johnson, St.Stevens-Woluwe,
Belgium). Implantation time was 4 or 12 weeks. The rats were divided in four groups
(n=6 for each implant and time period): I untreated control defects (Figure 1A);
II plain CaP cement/PLGA-microparticle implants (Figure 18); lll-IV CaP cement/
PLGA-microparticle implants with respectively a high (±10 μg/implant) and low (±
2 μg/implant) dose of rhBMP-2. Group III and IV with an implantation time of 12
weeks received ' 31 l-labeled rhBMP-2 and consisted of eight instead of six rats.
The animals were housed individually in cages. The intake of fluids and food was
monitored in the first days postoperatively. Also, the animals were observed for
signs of pain, infection and proper activity. At the end of the implantation time the
rats were sacrificed by an overdose of C0 2 .

2.6. Scintigraphic analysis of in vivo
For the in vivo

131

,31

l-rhBMP-2 release

16

l-rhBMP-2 release study , rats from the 12-week implantation time

group (n=8) with high- and low-dose ,3 'l-rhBMP-2 implants were used. Immediately
after surgery (day 0) and after 1, 2, 3, 4 and 5 weeks, the 131 l activity in the implants
was determined under general isoflurane inhalation anesthesia, using a single-head
γ-camera (Orbiter, Siemens Medical Systems, Hoffman Estates, IL, USA) equipped
with a parallel-hole high-energy collimator. The analysis could not be continued after
the 5th week, because of radioactive decay. Digital images (25,000-65,000 counts)
were acquired and quantitatively analyzed by measuring activity in a standardized
region of interest (ROI) drawn over the implants. As a control for 100% retention,
y-emission in nonimplanted reference samples was measured along with the rat
implants at each time point. The scintigraphic measurements were corrected for
radioactive decay, acquisition time and background activity. The retained activity
of

,3,

l-rhBMP-2 was then expressed as a percentage of the initial activity (t=0).

The initial dose of rhBMP-2 as present in the samples before implantation was
determined by counting radioactivity with a shielded well-type γ-counter (Wizard,
Pharmacia-LKB, Sweden). The release of absolute amounts ^ g ) of rhBMP-2 out of
the implanted samples was calculated from the percentage of retention.

2.7. Histology and histomorphometrical analysis
After sacrifice, implants with surrounding tissue were retrieved, fixed in phosphatebuffered formaldehyde solution (pH=7.4), dehydrated in increasing

ethanol

concentrations (70-100%) and embedded (nondecalcified) in methylmethacrylate.
Since the

131

l-half-life is assumed to be 8 days26, the implants with

13l

l-rhBMP-2

were also included in the histological analysis after 12 weeks of implantation. Thin
sections (10 μιτι) were prepared perpendicularly through the implants using a
microtome with diamond blade (Leica Microsystems SP 1600, Nussloch, Germany).
These slides were stained with methylene blue and basic fuchsin and examined
with light microscopy (Leica Microsystems AG, Wetzlar, Germany).
In addition, all sections (with exception of the open defects) were quantitatively
scored for the percentage of remained cement and newly formed bone using
computer-based image analysis techniques (The Leica® Qwin Pro-image analysis
system, Wetzlar, Germany). From digitalized images (magnitude 1.6x), the amount
of remained cement and newly formed bone were determined within the ROI, that
is, the area within the boundaries of the implants. The amounts were expressed
as a percentage of the ROI. The measurements of three sections for each sample
were averaged.

2.8. Microcomputed tomography
Before embedding in methylmethacrylate, microcomputed tomography (μΟΤ)
was performed on the skulls with the empty control defects. The specimens were
wrapped in Parafilm M® (Pechiney Plastic Packaging, Chicago, USA) to prevent
drying during scanning. Then all samples were scanned at an energy of 100 kV and
intensity of 98 μΑ with a resolution of 14.16 pm using an aluminium filter (1mm)
(Skyscan-1072 X-ray microtomograph, TomoNT version 3N.5, Skyscan®, Belgium).
Cone-Beam reconstruction (version 2.15, Skyscan®) was performed. All scan
and reconstruction parameters applied were identical for all specimens. Threedimensional images were created using 3D-creator (version 2.2h, Skyscan®) and
evaluated for the percentage of defect closure. The data were then further analyzed
by CT Analyzer (version 1.4, Skyscan®). The volume of interest (VOI) was specified
as a cylindrical area covering the created defect with a diameter of 8.02 mm and
depth of 1.2 mm. In this area bone volume (mm3) was determined and expressed
as a percentage of the VOI.

2.9. Statistical Analysis
Statistical analysis was performed with GraphPad Instai version 3.05 (GraphPad
Software, San Diego, CA, USA), using an unpaired f-test with Welch correction.
Differences were considered significant at p-values less than 0.05. Pharmacokinetic
analysis of rhBMP-2 retention was done by nonlinear regression analysis using
GraphPad® Prism 4.03 software (GraphPad Software., San Diego, CA, USA). Data
were fitted according to a one-phase exponential decay model.

3. RESULTS
3.1. Characterization of PLGA microparticles
Figure 2 shows the size distribution of the PLGA-microparticles

prepared

by a double-emulsion-solvent-extraction technique. The average size of the
microparticles was 33 ± 28 μηη, as determined with image analysis. Scanning
electron micrographs (SEM, Microscopic Imaging Center of the Nijmegen Center
for Molecular Life Sciences, The Netherlands) revealed a smooth spherical surface
of the microparticles, occasionally with pores (Figure 3A). The microparticles were
well incorporated and homogeneously divided into the cement (Figure SB).

3.2. Longitudinal in vivo

131

l-rhBMP-2 release

Longitudinal release kinetic over 5 weeks of implantation was assessed by
scintigraphic imaging of the radiolabeled implants in vivo. All animals, except
one, underwent the scintigraphic procedure well. One rat (high dose

,31

l-rhBMP-2

implant) died after 4 weeks of scintigraphic measurements, most likely because
of an anaesthetic-induced respiratory distress. Consequently, the high-dose group
consisted of seven instead of eight rats from 5 weeks onward.
The results of the

,3,

l-rhBMP-2 retention of the high- and low-dose implants are

depicted in Figure 4A. Both doses showed a sustained release profile, with a
considerable retention (about 70%) of rhBMP-2 after 5 weeks of implantation. The
percentage of retention in the low-dose implants was significantly lower (p<0.01)
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Figure 2.
Size distribution of the
PLGA-microparticles
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technique
(group size = 312).

Figure 3.
Scanning electron micro
graph of (A) PLGAmicroparticles alone and
(B) incorporated in CaP
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Longitudinal scintigraphic assess
ment of a high and low dose of
rhBMP-2 (A) retained in the implants
(%) and (B) the absolute cumulative
release of rhBMP-2 ^ g ) out of CaP
cement implants Mean and standard
error of the mean are presented for
eight samples The percentage of
retention In the low dose implants was
significantly lower (p<0 01, unpaired
ί-test with Welch correction) as
compared with the high dose implants
in the first 4 weeks of implantation

as compared to the high-dose implants in the first 4 weeks of implantation. The
data of the low-dose implants could be described best according to a one-phase
exponential release model, with a half-life of 0.6 ± 0.1 weeks and plateau value
of 67.9 ± 1.4 percent. The high-dose implants, on the other hand, displayed an
almost linear release of rhBMP-2 within the first 5 weeks of implantation, which
is suggestive for a process approaching zero-order kinetics. Nevertheless, we
fitted the one-phase exponential model also to the high-dose implant data, but the
calculated half-life of 7.4 ± 8.4 weeks was necessarily less accurate and a reliable
estimate for the plateau value could not be made.
The initial dose of rhBMP-2 as present in the samples before implantation was
determined by counting the activity in the implants in a shielded well-type γ-counter.
The high-dose implants contained a initial dose of 8.2 ± 1.8 μg rhBMP-2, the lowdose implants 1.7 ± 0.4 μg. Figure 4B reveals the absolute cumulative release of
rhBMP-2 in the first 5 weeks of implantation. The lines through the data points were
again calculated according to a one-phase exponential release model. The highdose group showed a higher release of rhBMP-2 (2.4 ± 0.8 pg) after 5 weeks as
compared with the low-dose implants (0.6 ± 0.2 pg).

91

Figure 5.
Representative histological
sections of cranial defects
after 4 weeks of implantation
with (A) no implant, (B)
plain-CaP cement implant,
(C) low-dose rhBMP-2 CaP
cement implant and (D)
high-dose rhBMP-2 CaP
cement implant Methylene
blue and basic fuchsine
staining Magnifications of
the boxes are depicted in
Figure 6.

Figure 6,
Magnifications of the boxes
depicted in (A) Figure
58, showing direct bonecement contact; (B) Figure
5C, at the edge of the
implant; (C, D) Figure 5D,
of respectively the center
and periosteum side of the
implant. Methylene blue and
basic fuchsine staining

As a control for 100% retention, nonimplanted reference samples were scanned
simultaneously with the rats. These eight reference samples showed an average
retention of 94 ± 2% over the 5 week period. This decrease in retention indicates
that the measured release values are somewhat overestimated.

3.3. Descriptive light microscopy
A uniform tissue reaction was seen between the specimens of the same group and
implantation time.
Implantation time 4 weeks
The skulls that had received no implant, all showed minimal bone formation at the
defect borders and fibrous tissue crossing the defect area (Figure 5A).
In the skulls that received an implant (Figure 5B-D), the integrity of the implants
was maintained for all formulations. Minimal edge degradation was seen in the
plain- and low-dose implants, while in the high-dose rhBMP-2 group, the implant
perimeter appeared to be more rounded. The PLGA pores located at the external
surface of the implants were filled with bone, fibrous tissue or bone marrow-like
tissue (Figure 6B). However, in the center of the implant remnants of PLGA were
still visible in the pores, characterized by stained material without cells (Figure 6C).
In general, a mild inflammatory reaction was seen as macrophages and foreign
body giant cells were only occasionally present.
Bone ingrowth was found at the edges and dura side of the implants of all
formulations, with a direct contact of bone to cement surface (Figure 6A). Bone
formation was higher in implants with rhBMP-2 as compared with plain implants.
Moreover, in the rhBMP-2 loaded implants and mainly in the high-dose group,
new bone was also seen at the periosteum side (Figure 6D). In the loaded groups,
bone remodeling was higher as compared with the plain implants. In these groups,
osteoclast-like cells were observed degrading the implant material, while directly
opposite new bone was deposed. Bone bridging of the defect, as characterized
by a continuous thin bone layer at the dura side of the skull, was found in none of
the plain implants, three out of six low dose and four out of six high rhBMP-2 dose
implants.
Implantation time 12 weeks
After 12 weeks of implantation, the skulls with empty control defects only showed
bone formation at the defect borders (Figure 7A), confirming their critical size.
The groups that received plain- and low-dose implants (Figure 7B-C) showed some
degradation with rounded implant edges. The high-dose implants (Figure 7D), on

the other hand, were clearly degraded superficially. In the periphery, ingrowth of
tissue had proceeded into the PLGA pores of the implants, while in the center no
cells were visible (Figure 8A).
Bone formation was increased for all formulations as compared to the 4-week
sections, with the largest amount of bone in the high-loaded implants. Mature bone
with bone-marrow like tissue was deposed directly to the cement surface (Figure
8B). Bridging at the dura side was observed in two plain, three low dose and four
high dose implants out of totally six implants per group. In addition, the high-dose
rhBMP-2 implants also showed new bone on the periosteum side (Figure 8C).

3.4. Histomorphometry
The results of the quantitative measurements of remained CaP cement and the
amount of bone formed into the implants are depicted in Table I and II respectively.
After 4 weeks of implantation no significant differences in implant degradation were
found between the groups. After 12 weeks, all type of implants showed degradation
when compared with the 4-week implantation time, though this was only significant
(p=0.04) for the high-dose group, with 49 ± 2% of implant remained in the ROI .
Bone formation was significantly (p<0.01) higher in the implants with rhBMP-2 (low
and high dose) as compared with the plain implants after 4 weeks implantation.
No difference in percentage of bone was seen between the two doses at this time
point. Bone formation increased significantly in the plain- and high-dose rhBMP-2

Table I
The Percentage of Remained Implant in the ROI as Determined with Histomorphometry
Plain Implant
RhBMP-2 Implant
: % Implant
Low Dose
High Dose
\ 4 weeks
58 ± 4
59 ± 3
_ _ ^
f 56 ± 6
T2 weeks
| 55 ± 3
55 ± 5
49 ± 2*

~\

Data represent the mean and standard deviations. High-dose rhBMP-2 implants significantly (*) degraded
after 12 weeks of implantation (unpaired Mest with Welch correction)
Table II

The Percentage of New Bone in the ROI as Determined with Histomorphometry
% Bone
4 weeks
Γ 12 weeks

Plain Implant
Low Dose
6 ± 0.4
| 10 + 3-

8 ±"ϊ ν "
11 ± 4

RhBMP-2 Implant
High Dose
8±1*
| 16 ± 2 · '

Data represent the mean and standard deviations. After 4 weeks, the percentage of bone in the lowand high dose rhBMP-2 implants was significantly (*) higher as compared with plain implants. After 12
weeks, the difference between plain- and high-dose rhBMP-2 implants was significant (") and there was a
tendency (p= 0 06) of more bone formation in the high as compared with the low-dose rhBMP-2 implants
Comparing the 4 and 12-weeks implantation time, plain- and high-dose implants showed a significant (*)
increase in percentage o( bone (unpaired (-test with Welch correction).
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Figure 7.
Representative histological
sections of cranial defects after 12 weeks of
implantation with (A) no
implant.
(B)
plain-CaP
cement implant, (C) lowdose rhBMP-2 CaP cement
implant and (D) high-dose
rhBMP 2
CaP
cement
implant
Methylene blue
and basic fuchsine staining.
Magnifications of the boxes
are depicted in Figure 8.

Figure 8.
Magnifications of the boxes depicted in (A)
Figure 7B, showing the center of the implant:
(B) Figure 7C, at the edge of the implant. (C)
Figure 7D, of the periosteal side of the implant
Methylene blue and basic fuchsine staining
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Figure 9.
MicroCT images of a
cranial defect (8 mm)
after (A) 4 weeks
and (8) 12 weeks
of
implantation
with the percentage
of bone formed in
the defect depicted
below.

implants after 4 weeks (/xO.OI). After 12 weeks, bone formation was significantly
(p=0.01) higher in the high-dose group when compared with the plain implants.
There was a tendency of more bone formation in the high dose as compared with
the low-dose implants (95% confidence interval -0.35 to 8.98; p= 0.06, unpaired
f-test with Welch correction).

3.5. MicroCT
MicroCT scanning was performed on the skulls that received no implant to check
whether the created defect was of critical-size after 4 and 12 weeks implantation.
The results are shown in Figure 9. Four and 12 weeks after implantation no defect
bridging was noticed in all specimens and less than 10% bone had formed indicating
that the defects were indeed of critical size.

4. DISCUSSION
A reduction in the amount of rhBMP-2 required for sufficient bone regeneration is
beneficial for bone graft substitutes from a socioeconomica! and a safety point of
view. In this study, implants consisting of composites of CaP cement and PLGAmicroparticles and a high and five-fold lower dose of rhBMP-2 were compared for
their kinetics and bone regenerative behavior in critically sized cranial defects in
rats.
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l-labeled rhBMP-2 showed for both doses a sustained release pattern within

the first 5 weeks, with different release profiles between the two loadings. About
70% of rhBMP-2 remained in both implant formulations. Despite the low amount of
released rhBMP-2, bridging of critically sized defects was seen after 12 weeks of
implantation in the high-loaded implants.
RhBMP-2 has strong osteoinductive potential but its clinical use is restrained by

the lack of a suitable delivery system, that maintains rhBMP-2 at the defect site for
sufficient time and with appropriate dose to allow for Chemotaxis of preosteoblastic
cells and their differentiation into bone forming cells13

27

. A sustained release

system complying to these requirements, might be obtained using composites
of CaP cement and rhBMP-2 loaded polymeric microparticles. The injectable
and moldable CaP cement acts as a scaffold for bone growth and because of
polymer degradation osteoinductive rhBMP-2 is gradually released. Subsequent to
microparticle degradation, macropores are formed which allow for cellular entry,
followed by transformation of the implant into bone tissue. This study, indeed
revealed a sustained release of rhBMP-2 in the high- and low-dose CaP cement/
PLGA-microparticle implants. This finding is in line with the study of Ruhe et aP6,
who also showed In vivo sustained release of rhBMP-2 from subcutaneous CaP
cement composites when entrapped or adsorbed to PLGA-microparticles, in rats.
Remarkably, the amount of rhBMP-2 that was retained in the implants, expressed
as a percentage of the initial dose, was significantly lower in the low dose than in
the five-fold higher dose group in the first 4 weeks and especially in the first week of
implantation. RhBMP-2 release in the first days of implantation is thought to derive
from superficially located PLGA-microparticles and to a lesser extent from CaP
cement located at the implant surface, as in vitro studies showed that release from
PLGA-microparticles is significantly higher than from CaP cement composites15.
The difference in percentage of retention between the two groups in this study
might be explained by the PLGA-microparticle adsorption efficiency of low and high
doses of rhBMP-2. It can be speculated that low doses of rhBMP-2 bind stronger
to microparticles than high doses, as a high dose leads to saturation of binding to
the microparticles and subsequent translocation of rhBMP-2 to CaP cement. Also
electrostatic interactions might explain the difference in retention profiles between
high and low amounts of rhBMP-228. RhBMP-2 was diluted in a solution containing
BSA to which it can bind and the resulting complex is negatively charged. Low
doses of rhBMP-2 are surrounded by higher amounts of BSA than high doses and
will thereby be easily released from negatively charged CaP cement implants.
More detailed studies are needed to determine the mechanism of this complex
phenomenon.

After 1 week, retention in the low-loaded implants was more or less stabilized,
while the high-dose implants showed an almost linear release, approaching the
characteristics of zero-order kinetics. The relatively short half-life of
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l (8.02
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days) , allowed histological analysis of the implants in the same rats that received
radiolabeled rhBMP-2. The histological analyses at 4 weeks implantation indicated
that CaP cement degradation was higher in the high-loaded group, supporting the

'J 7

suggestion that rhBMP-2 release from 1 week on was degradation dependent.
So far we do not know any previous studies that have dealt with the kinetics of
differently loaded CaP cement implants and that were able to combine release
and histological data. The Influence of rhBMP-2 to Implant degradation, which was
mainly seen in the high-dose group, is consistent with previous investigations and
might be explained by the regulation of osteoclastic precursors by the biological
action of rhBMP-229
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or by new bone marrow formation where osteoclastic

17

precursors reside .
The implants were placed in 8-mm cranial defects in rats. Untreated defects
clearly showed to be critically sized, which corroborates with previous studies31
32

. Plain composites of CaP cement/PLGA-microparticles improved bone growth

by providing an osteoconductive scaffold, but the combination of osteoconduction
and osteoinductive rhBMP-2 turned out to be capable to bridge the critical defect.
Bone formation in all implant formulations was not only located at the defect edges,
but also at the dura side. This is consistent with preceding investigations31

32

,

demonstrating that the dura mater delivers precursor cells involved in rhBMP-2induced bone formation. In addition, Wang and Glimcher32 performed 3H-thymidine
labeling studies, showing that subsequent to the dura mater, preosteoblasts
were derived from the connective tissue covering the defects. In this study, such
periosteal bone formation was only seen in the high-loaded implants.
The main aim of this study was to examine whether a low dose of rhBMP-2 could
be as effective in bone regeneration as a generally used higher dose6·27·33"37 when
released in a sustained manner. As mentioned earlier, this study allowed for the
combination of release and histological data. Histology showed significantly more
bone in the implants loaded with a high than with a low dose of rhBMP-2 after
12 weeks. Nevertheless, only 2.4 ± 0.8 Mg rhBMP-2 was released in 5 weeks of
implantation. The release profile thereafter could not be measured, but is supposed
to follow implant degradation. At 12 weeks of implantation, degradation of the
high-loaded implants was limited to about 50 percent, which confirms that the
total released dose did not reach 5 pg and that high doses of rhBMP-2 are not a
prerequisite to obtain enhanced bone regeneration. The dose required for improved
bone regeneration should overcome the tight regulation of osteogenic and inhibiting
factors7 " and should trigger sufficient amounts of BMP responsive cells, that is the
critical cell density, that can generate the desired bone formation14. Apparently, our
high-dose implants complied with these necessities. The low-dose implants, on the
other hand, showed significantly more bone formation after 4 weeks implantation
as compared with the plain implants. However, this difference disappeared after
12 weeks, suggesting that the critical cell density was not reached and that the
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required dose for enhanced bone formation is bound to a threshold. Although
this study shows that low amounts of rhBMP-2 are sufficient to increase bone
regeneration, no clear extrapolation of absolute values as required in larger animal
models and humans can be made, because higher animal species need larger
doses of rhBMP-2 to obtain equal effects as in rodents5

6

"

14

. Nonetheless, this

study provides a proof of principle that the required relative amounts of rhBMP-2
can be reduced by using a sustained release system, as we were able to identify
the amounts of rhBMP-2 that were actually released and to combine these data
with histology.
It has to be noted that the rhBMP-2 release as assessed by scintigraphic imaging
is somewhat overestimated, as the nonimplanted reference samples showed a
decrease in retention. However, longitudinal scintigraphy was found to be reliable
in previous studies and the overestimation of rhBMP-2 release does not conflict
with the conclusion that low doses of rhBMP-2 are capable of inducing enhanced
bone formation.
Both implant formulations and the low-dose group in particular, showed a
considerable retention of rhBMP-2. This might be explained by the high binding
affinity of rhBMP-2 for CaP cement5

33

, but also by the limited PLGA-microparticle

degradation. In this study, no cells were found in the center of the implants after
4 and 12 weeks of implantation. This is in contrast with the study of Ruhe ei aP",
who used smaller implants of the same material, placed subcutaneously and in
noncritically sized cranial defects in rats. Throughout these implants tissue ingrowth
was seen, confirming degradation of the PLGA. Evidently, in our critically sized
samples PLGA was entrapped in the center of the implant and thereby withdrawn
from necessary fluids for degradation, which may explain the limited cellular entry.
Besides larger implant size, in this study the dimension of the microparticles was
also smaller as compared to the samples in the study of Ruhé et al (respectively
33 t 28 μΐη and 66 ± 25 μηη, respectively). This narrow pore diameter may have
hindered new tissue infiltration. In conclusion, although this study revealed that low
amounts of rhBMP-2 are sufficient to enhance bone regeneration, high amounts of
rhBMP-2 were retained in the CaP cement implants. Gomplete release of rhBMP-2
and improved implant degradation has to be the goal of future studies, which
perhaps can be obtained by using more rapidly degrading low-molecular weight
PLGA-microparticles or particles made from other polymers.
A complex factor in rhBMP-2 bioactivity concerns the way the protein becomes
activated. It has been assumed that rhBMP-2 not only acts after being released,
but also when it is presented to the target cells in a "bound" form 39 -". According
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to this theory, retained surface bound rhBMP-2 could have influenced the amount
of bone formation in the present study. The extent of this contribution is difficult
to determine, as no techniques are available to differentiate between bound and
released forms of rhBMP-2 in vivo.

5. CONCLUSION
PLGA/CaP cement composites are sustained release carriers for rhBMP-2, in
which the loading of rhBMP-2 influences the release profile and the release is
degradation dependent. In this sustained release system, the controlled release
of a low dose (2.4 ± 0.8 pg in 5 weeks) of rhBMP-2 was found to be sufficient to
induce bone bridging of critically sized skull defects. Relatively high amounts of
rhBMP-2 retained in the composites, because of the slow release rate and limited
PLGA-microparticle degradation.
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1. INTRODUCTION
Calcium phosphate (CaP) cements can be good bone graft substitutes to fill up
bone defects, obtain fracture stability or to fixate protheses in dental, orthopedic or
reconstructive surgery applications, because of their biocompatibility and capability
of osteoconduction1 ". Before setting the paste can be molded in the desired shape
or it can be directly injected and harden in situ. A disadvantage of the cement,
however, is its poor biomechanical and biodégradation behavior58.
The degradation rate of cements can be improved by increasing its porosity and
thereby increasing the specific surface area and the possibility for cells to enter the
scaffold9. There are several ways to create macropores in cement, but not always
the injectable and moldable properties are maintained. A technique to create
macropores without losing the handling properties is the inclusion of biodegradable
polymeric microparticles' 0 ' 2 . The microparticles will initially stabilize the cement
but will also during time degrade, leaving macropores behind. The use of poly(DLlactic-co-glycolic acid) (PLGA) as source for porogens is a favorable possibility as
these microparticles can be used as a delivery vehicle for growth factors as well
in order to further enhance the bone regenerative effect of the GaP cement 13 ' 4 . In
a previous study of our group, GaP cement/PLGA-microparticle composites were
implanted subcutaneously and in non-critical-sized (3.5 mm In diameter) cranial
defects in rats. The study showed that high molecular weight PLGA degraded in
vivo and that the pores formed subsequently allowed ingrowth of soft and hard
tissue throughout the specimens after 12 weeks of implantation12. For the further
evaluation of the regeneration capacity of the composite, the material was recently
investigated in critical-sized (8 mm in diameter) cranial defects in rats15. In these
implants, ingrowth of bone and soft tissue was only seen superficially and not
in the center, even after 12 weeks of implantation. Evidently, the degradation of
the microparticles in the "critical-sized implants" differed from the previous "noncritical sized implants". Therefore, in order to optimize the composite material, the
degradation of the microparticles should be increased.

One option to vary the degradation pattern of polymeric microspheres is to change
the molecular weight of PLGA, e.g. low molecular weight (LMW) PLGA degrades
faster than high molecular weight (HMW) PLGA16. A mixture of low and high
molecular weight PLGA might be the optimal combination for initial stabilization and
implant degradation over time, leading to enlarged bone formation in critical-sized
defects as compared to a composite of CaP cement and solely high molecular
weight PLGA.

106

Based on the considerations mentioned above, the purpose of the present study
was to determine the influence of different molecular weights of PLGA-microspheres
to implant degradation and bone ingrowth in calcium phosphate cement implants
placed in critically sized bone defects in rats. We hypothesized that a high
percentage of LMW PLGA-microparticles in the CaP cement would result in an
increased osseotransductive behavior of the cement as compared to the inclusion
of HMW PLGA-microparticles.

2. MATERIALS & METHODS
2.1. Materials
The CaP cement (Calcibon®, Biomet Merck, Darmstadt, Germany) consisted of 6 1 %
α-TCP, 26% CaHP0 4 , 10% CaCC^ and 3% precipitated HA. The cement powder was
sterilized by gamma radiation with 25 kGy (Isotron BV., Ede, The Netherlands). The
cement liquid applied was a filter-sterilized (0.2 pm filter) 1% aqueous solution of
Na 2 HP0 4 . Poly (DL-lactic-co-glycolic acid) (PLGA) (Purasorb®, Purac, Gorinchem,
The Netherlands) with a lactic to glycolic acid ratio of 50:50 and a weight average
molecular weight (MJ of 54.21 ± 1.34 kDa (HMW) and 4.55 ± 0.03 kDa (LMW) were
used for the microparticle preparation. The number average molecular weights (Mn)
and polydispersity index (PI) of the polymers were respectively 34.73 ± 0.38 kDa
(HMW); 2.84 ± 0.003 kDa (LMW) and 1.56 ± 0.03 (HMW); 1.60 ± 0.01 (LMW).

2.2. Preparation of PLGA microparticles
To prepare PLGA microparticles a double-emulsion-solvent-extraction technique
([water-in-oil]-in-water) was ueed11·13·'7"". HMW PLGA microparticles were produced
by injecting 500 μΙ of distilled water into a tube containing a solution of 1.0 g HMW
PLGA in 4 mL dichloromethane. The mixture was emulsified for 60 s on a vortexer.
Accordingly, LMW PLGA microparticles were produced by adding 500 pL of distilled
water to 1400 mg LMW PLGA in 2 mL dichloromethane to obtain microparticles of
similar sizes as the HMW PLGA. Then 6 mL 0.3% aqueous poly (vinyl alcohol) (PVA,
Acros Organics, Geel, Belgium) solution was added and emulsified for another 60
s to produce the second emulsion. This mixture was added to 394 mL 0.3% PVA
solution and 400 mL of 2% isopropylic alcohol solution and was stirred for 1 h. The
evaporation of the solvent resulted in precipitation of the dissolved polymer and
subsequent microparticles were formed. The microparticles were allowed to settle
for 15 min and the solution was decanted. Then, the microparticles were collected
through centrifugation at 1500 rpm for 5 min, lyophilized to dryness and stored
under argon at -20oC until use. The size distribution of the PLGA microparticles
was determined by image analysis (Leica Qwin®, Leica Microsystems). Scanning
Electron Micrographs (SEM) of the microparticles were made at the Microscopic

Imaging Center (MIC) of the Nijmegen Center for Molecular Life Sciences (NCMLS),
the Netherlands.

2.3. Preparation of CaP cement implants
The PLGA microparticles were mixed with the CaP cement powder In a proportion
of 20 wt.%, as a previous study indicated this as the best ratio". Different ratios
of HMW / LMW PLGA microparticles were used, corresponding to the different
groups: 1. 100% HMW PLGA (100HMW); II.

25% / 75% LMW / HMW PLGA

(25LMW); III. 50% / 50% LMW / HMW PLGA (50LMW); IV. 75% / 25% LMW / HMW
PLGA (75LMW) and V. 100% LMW PLGA (100LMW). The cement was created, by
adding to a 2-mL syringe (BD Plastlpak™, Becton Dickinson S.A., Madrid, Spain)
with closed tip, 1 wt.% Na 2 HP0 4 to the PLGA/CaP powder mixture and shaking
these components for 15 s using a mixing apparatus (Silamat®, Vlvadent, Schaan,
Liechtenstein). The liquid/powder ratio ranged from 0.35 for the 100% HMW to 0.5
for the 100% LMW groups. The cement was immediately Injected into Teflon molds
with standardized shape (7.8 mm χ 1.8 mm). After setting at room temperature
overnight, the implants were removed from the molds. SEM pictures (Jeol JSM
6330F) were made of the composites at the Department of Natural Sciences of the
Radboud University Nijmegen, the Netherlands.

2.4. Porosity measurements
The macroporosity and total porosity were determined for the different Implant
formulations. Therefore, PLGA/CaP cement samples (n=6) were placed In a furnace
at 650°C for 2 h, to burn out the polymer. Subsequently, by weighting the Implants
the total porosity and macroporosity could be calculated using equation 1 and 2 as
described in the study of Habraken et al ".
Equation 1
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=denslty hydroxy apatite (g/cm3)
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2.5. Surgical procedure
Forty healthy young adult (about 8 weeks old) male Wistar rats, weighing 265 ± 10
g were included as experimental animals. National guidelines for the care and use
of laboratory animals were observed. The research was reviewed and approved by
the Experimental Animal Committee of the Radboud University.
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Anesthesia was induced and maintained by isoflurane inhalation (Rhodia Organique
Fine Limited, Avonmouth, Bristol, England). To minimize postoperative discomfort,
buprenorfine (Temgesic®) (Reckitt Benckiser Health Care Limited, ScheringPlough, UK) (0.02 mg/kg) was administered intraperitoneally before operation and
subcutaneously for two days after surgery.
After anesthesia the rats were immobilized on their abdomen and the skull was
shaved and disinfected with chloorhexidine. A longitudinal incision was made from
the nasal bone to the occipital protuberance. To minimize pain, Lidocaine HCL 1%
(Β. Braun, Melsungen, Germany) was dripped at the periosteum before incision
and exposure of the parietal bone. A full thickness bone defect was created in the
dorsal part of the parietal cranium central to the sagittal suture with a dental drill
machine (Elcomed 100, W&H Dentalwerk Burmoos GmbH, Austria) with trephine
bur (ACE dental implant system, USA) with an outside diameter of 8.0 mm. An
earlier study of our group has shown that this diameter is critically sized after 12
weeks of implantation15. The bone defect was drilled under continuous saline cooling
and with care for the underlying dura mater and sagittal sinus. After removing the
bone segment, an implant was placed. Although CaP cement can be injected
In vivo, in the present study we choose for prehardened implants as the cranial
defect model did not allow for injection because of the thin bone rim and fragile
underlying dura mater. The rats were randomly assigned to one of the five groups
(n=8 for each implant and time period). The periosteal tissue was closed using nonresorbable Prolene® 5-0 (Ethicon Ine, Somerville, New Jersey, USA) suture material.
Subsequently, the skin was closed with resorbable Vicryl® 4-0 (Johnson&Johnson,
St.Stevens-Woluwe, Belgium). Implantation time was 12 weeks.
Four rats of each group received in vivo fluorochromes. Tetracycline (yellow),
calcein (green) and alizerin-complexon (red) were administered subcutaneously
(25 mg/kg), respectively 1, 6 and 11 weeks after surgery.
The animals were housed individually in cages. The intake of fluids and food was
monitored in the first days postoperatively. Also, the animals were observed for
signs of pain, infection and proper activity. At the end of the implantation time the
rats were sacrificed by an overdose of C0 2 .

2.6. Histology and histomorphometrical procedures
After sacrifice, implants with surrounding tissue were retrieved, fixed in phosphatebuffered formaldehyde solution (pH 7.4) and dehydrated in increasing ethanol
concentrations (70-100%). The majority of the specimens (6/8) were embedded
in methylmethacrylate (non-decalcified). Thin sections (10 μπη) were prepared
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perpendicularly through the Implants using a microtome with diamond blade
(Leica Microsystems SP 1600, Nussloch, Germany). These slides were stained
with methylene blue and basic fuchsin and examined with light microscopy (Leica
Microsystems AG, Wetzlar, Germany). In addition the sections were quantitatively
scored using computer-based image analysis techniques (The Leica® Qwin Proimage analysis system, Wetzlar, Germany). From digitalized images (magnitude
1.6x), the amount of remained cement and newly formed bone were determined
within the region of interest (ROI), i.e. a standardized area within the boundaries of
the implants. As a reference for the initial (i=0) quantity of cement, non-implanted
samples (n=6) were scored as well. The amounts of cement and newly formed bone
were expressed as a percentage of the ROI. The measurements of three sections
for each sample were averaged.
From the specimens of the rats that received fluorochromes in vivo two additional
unstained sections were prepared and analysed with a reflectant fluorescence
microscopy with an excitation filter of 470-490 nm (Leica Microsystems AG, Wetzlar,
Germany).
A part of the specimens (2/8) was fixed in 10% buffered formalin (pH 7.4) for 2 days,
decalcified in ethylenedinitrilotetraacetic acid (EDTA, Merck KGaA, Darmstadt,
Germany) for 6 days, dehydrated through graded ethanols and embedded in paraffin.
Using a microtome (Leica RM 2165, Leica Microsytems, Nussloch, Germany), thin
(6 Mm) perpendicularly sections were prepared and stained with hematoxylin-eosin
(HE). In addition, a Goldner's Masson trichrome staining was used to distinguish
connective tissue and the mineralization grade of bone. A tartrate-resistant acid
phosphatase (TRAP) staining was applied to determine osteoclastic activity. To
perform TRAP staining, the sections were deparaffinized and preincubated in 0.2M
TRIS-MgCI2 buffer (pH 9.0) for 2 h at 37°C. After rinsing with distilled water, the
sections were incubated in a solution consisting of hexazotized pararosaniline (4mL),
naphtol AS-BI Phosphate (25mg), Ν,Ν-dimethylformamide (2.5mL), veronal buffer
(12.5mL) and MgCI2 (0.5g) (pH 5.0) at 37 0 C. Positive staining developed within 30
min. Subsequently the sections were 1 min counterstained with hemotoxylin, rinsed
in water, dehydrated and mounted with DPX (BDH Laborotory Supplies, Poole,
England). Positive control sections were included.

2.7. Statistical Analysis
Statistical analysis was performed with GraphPad Instai version 3.05 (GraphPad
Software Inc., San Diego, CA, USA), using an unpaired t-test with Welch correction
and a one-way analysis of variance (ANOVA). Differences were considered
significant at p-values less than 0.05.
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Figure 1.
Size
distribution
of the HMW (black
bar) and LMW
(grey bar) PLGAmicroparticles
prepared
by a
double-emulsionsolvent-extraction
technique (group
size = 200).

3. RESULTS
3.1. Characterization of PLGA microparticles
Figure 1 shows the size distribution of the HMW and LMW PLGA microparticles
prepared by a double-emulsion-solvent-extraction technique. The average size of
the microparticles, as determined with image analysis, was 20 ± 18 μπι for the HMW
and 21 ± 14 μΓΠ for the LMW PLGA respectively. SEM pictures revealed spherical
particles with a smooth surface for the HMW (Figure 2A) as well as for the LMW
particles (Figure 2B).

3.2. Characterization of CaP cement composites
In Table I, the total porosity and macroporosity of the different implant formulation
are shown. The 100HWW PLGA implants were significantly less porous as
compared to the other groups (ANOVA). No significant differences in porosity were
seen between the other formulations. SEM pictures showed intact HMW PLGAmicroparticles incorporated into the CaP cement, after removing the composites
Table 1
The Percentage of Total Porosity and Macroporosity in the Different Implant Formulations
Macroporosity (%)
Total porosity (%)
42.1 ±0.9*
65.8 ±0.6*
[ 100 HMW
47.7 ± 2 4
25 LMW
69.1 ± 1.5
50 LMW
70.1 ±0.5
49.5 ± 0.9
'
50.4 ± 0.8
75 LMW
70.7"±θ"5"
100 LMW
696 ± 1 2
48.6 ± 2.1
The 100HMW PLGA implants were significantly (*) less porous as compared to the other groups (p<0.001,
ANOVA)
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from the molds (Figure 3A). The major part of the LMW PLGA-microparticles, on
the other hand, was more or less fused with the cement (figure 3B),

3.3. Descriptive light microscopy
Figure 4 shows an overview of the histological sections of the different formulations
after 12 weeks implantation. The integrity of the implants was maintained for all
groups. Minimal edge degradation with rounded implant edges was seen in the
100HMW and 25LMW group (Figure 4A/B), while in the groups with 50 percent
or more LMW PLGA microparticles (Figure 4C-E), implant degradation had clearly
occurred with the highest degree in the 100LMW group. All formulations showed
ingrowth of bone, fibrous tissue or bone marrow like tissue in the superficially
located PLGA pores. However, in the center of the implants, cells were only found
in the 75LMW and 100LMW groups (Figure 5A) and not In the 100HMW, 25LMW
or 50LMW specimens (Figure 5B). None of the specimens revealed signs of
inflammation.
Bone formation was seen at the defect edges and dura side of all specimens with
the greatest amount of bone in the groups with a higher percentage of LMW PLGA
microparticles. Mature bone was deposed directly to the cement surface, without
an intervening fibrous tissue layer and enclosed bone marrow like tissue in the
specimens with 50 percent or more LMW PLGA microparticles (Figure 6). Bone
bridging, as characterized by a bone layer covering the whole defect at the dura
side, was seen in none of the 100HMW, one 25LMW, two 50LMW, five 75LMW and

625 μσι

Figure 4.
Histological sections of the
diffeient formulations after
12 weeks of Implantation.
(A) 100HMW; (B) 25LMW.
(C) 50LMW, (D) 75LMW
and (E) 100LMW PLGAmicroparticles
/
CaP
cement composites. Me
thylene blue and basic
fuchsm staining

Figure 5.
Histological sections show
ing the center of a (A)
100LMW and (B) 25LMW
implant Goldners Masson
trichrome staining. Cellular
ingrowth was not seen in
the center of the 25LMW
implant
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Figure 6.
Mature bone (B) with bone
marrow like tissue (Bm)
was deposed directly to
the cement surface (C)
of a 100LMW implant
Methylene blue and basic
fuchsin staining

Figure 7.
TRAP positive cells in a (A) 100LMW and (B) 100HMW implant

five 100LMW implants out of totally six implants per group
TRAP staining revealed osteoclastic activity in all samples, but was primarily
positive in the implants with a larger amount of LMW PLGA microparticles, indicating
extensive active bone remodeling in these specimens (Figure 7).
Fluorescence microscopy confirmed that bone formation started at the dura side
as here particularly green bands were detected (calcein administered 6 weeks
postoperative) and then continued towards periosteum (red bands of alizerincomplexon administered 11 weeks after surgery) (Figure 8). Yellow tetracycline
bands (1 week postoperative) were mainly found at the defect edges.
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Figure 8.
Fluorescence microscopic pic
ture of a 100LMW implant (C).
(Ca) calcein green; (A) alizenncomplexon red administered
respectively 6 and 11 weeks
after surgery; (P) periosteal and
(D) dural side of the implant, (B)
bone
Table II The Percentage of Implant
Determined with Histomorphometry

and New Bone in the Region of Interest as
c

o Implant

% Bone

T= 0

1=12

Δ TO/12

|

100 HMW

84 ± 3

74 ± 3

10±3

| 8±2

J 9*1

i

25 LMW

81 ± 2

72 ± 4

"8±4~~

50LMW

86 ± 4

65 ± 3

21 ± 3

11 ± 2

75 LMW

86 ± 3

65 ± 8

21 ± 8

11 7 ± 5 "

100 LMW

90 ± 2

50 ± 6

40 ± 6

26 ± 6

1=0 before implantation; t=12 weeks; after 12 weeks implantation; Λ 10/12 difference in % of implant
between the two time points

3.4. Histomorphometry
The histomorphometrical results are depicted in Table II. All implant types showed
a significant degradation after 12 weeks of implantation as compared to the initial
(t=0) amount of cement (unpaired Mest with Welch correction, p<0.01). Comparing
the relative decreases (Δ T0/12) in amount of implant after 12 weeks implantation as
compared to the initial amount between the different formulations, it appeared that
100HWW and 25LMW were similar and significant less degraded than the similar
groups of 50 LMW and 75 LMW (unpaired Mest with Welch correction, p<0.01).
In addition, the relative decrease of the 100LMW implants after 12 weeks (40 ±
6%) was significantly higher than all other formulations (unpaired Mest with Welch
correction, p<0.003).
The percentage of new bone formation was comparable between the 100HMW
and 25LMW groups. Also bone formation in the 50LMW group was not significantly
different from the 100HMW and 25LMW formulations (unpaired Mest with Welch
correction, p=0.08 and p=0.06 respectively). Bone formation in the 75LMW
implants was significant higher compared with these groups (p<0.04). However, the
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100LMW showed the significantly highest amount of newly formed bone (26 ± 6%)
as compared to all groups (unpaired i-test with Welch correction, p<0.02).

4. DISCUSSION
CaP cements are promising materials that can be used in diverse targeted bone
related treatments but its degradative behavior is a property that has to be
optimized7. In the present study PLGA-microparticles were incorporated in CaP
cement with diverse proportions of low and high molecular weight PLGA in order
to investigate the influence of molecular weight to bioactive behavior. A higher
percentage of LMW PLGA-microparticles in the composites was associated with a
better bone biological response.
Composites of PLGA and CaP cement have shown to be biocompatible and to form
macroporous scaffolds after polymer degradation in previous in vitro studies or in
non-critical sized animal models
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- . Also in the present study using a critical-

sized defect model, all formulations of PLGA/CaP cement showed biocompatibility
and some bone ingrowth into the PLGA pores. Nevertheless, differences were
seen between the formulations, with a higher amount of LMW PLGA resulting in
better implant degradation and bone ingrowth. PLGA is a synthetic polymer that
degrades via a random hydrolytic mechanism which is dependent on several
factors including molecular weight'623. Low molecular weight PLGA degrades faster
than high molecular weight PLGA16"25. Habraken et a/11 determined the Mw loss of
PLGA-microparticles with an almost similar Mw as our HMW group (48.0 ± 1.6 kDa)
inside CaP cement samples when incubated in phosphate-buffered saline at 37
0

C. They found a linear decrease with around 20% PLGA remained after 6 weeks

and complete degradation after 12 weeks of incubation. In contrast, LMW PLGAmicroparticles (4.54 ± 0.03 kDa) showed a Mw loss of around 50% after 4 weeks and
complete degradation after 6 weeks (not published yet). As in the present study no
significant difference was seen in microparticle size between HMW and LMW PLGA
or in porosity between the 25LMW, 50LMW, 75LMW and 100LMW samples, the
noticed differences in implant degradation and bone ingrowth between the groups
was most possible explained by this different rate of PLGA degradation. Evidently,
a high percentage of fast degrading LMW PLGA in the CaP cement composites
facilitated the formation of a macroporous structure and thereby the degradation
of the implant, followed by bone ingrowth. Degradation appeared to be associated
with osteoclast activity, as TRAP positive cells were detected in all formulations, but
especially in the high LMW groups. Bone formation started at the defect edges and
dura side, as displayed with fluorescent labeling and then continued towards the
periosteal side, which is consistent with preceding investigations2526 and is most
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possible explained by the presence of preosteoblastic cells in the dura mater25.
The rate of degradation and bone ingrowth occurred to be similar as the integrity of
the scaffolds was maintained. For future studies it would be interesting to perform
mechanical tests to determine the shear strength of the implants.
SEM pictures generated of the composites before implantation revealed an
important difference in structure between the formulations. While the HMW
microparticles showed the same morphology in the cement as prior to the mixing
procedure, the LMW microparticles lost their spherical shape and the majority was
fused with the CaP cement. This finding might implicate a different interconnectivity
between the groups, i.e. the merging of the LMW PLGA-microparticles within the
CaP cement improved the interconnection between the particles. The possession
of a network of linked pores is an important criterion for biomaterials as this enables
a cellular and vascular penetration and thereby bone ingrowth inside scaffolds is
favored 27 . Interconnectivity between spheres in a solid matrix is supposed to be
present when the volume fraction exceed 0.428. The 100HMW group just surpassed
this limit with 42% macroporosity, while all the other formulations possessed
a macroporosity around 50% and should have had an interconnective system
conform this hypothesis. Nevertheless, only the 75LMW and 100LMW formulations
showed cellular ingrowth throughout the sample, indicating that the particles
were interconnected. The 25LMW and 50 LMW groups may potentially possess
an interconnective system, but due to the poor degradation of the HMW PLGAmicrospheres within 12 weeks of implantation this could not be detected in the
present study.
As stated above, differences between predominantly 100 HMW and 100LMW groups
were seen in cellular entry in the middle of the implant. Tissue ingrowth throughout
the implants conform non-critical sized implants in the study of Ruhe et aP2 was
only noticed in the 75LMW and 100LMW samples. Apparently, the microparticles in
the groups containing less LMW PLGA were entrapped in the center of the implant
and thereby withdrawn from necessary fluids for degradation. This entrapment
might also cause problems at a later time point as described by Ignatius et aP9.
They implanted composites of PLA (M w 91 kDa) and α-TCP in tibial bone defects
of sheep for 6, 12 and 24 months. After 6 and 12 months implantation, the implants
were filled with newly formed bone and only a mild inflammatory response was
observed. However, after 24 months a strong inflammatory reaction was seen and
the newly formed bone was partly osteolytic. It was suggested that new formed
bone had encapsulated the acid degradation products of PLA which degraded at
this later time point and caused the adverse reaction. A better coordination of the
degradation times of the polymer and ceramic component was recommended. The
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coordination in degradation seemed to be effective in our predominantly LMW PLGA
composites, as PLGA degradation in these scaffolds occurred at an early moment
when no capsule was present and clearing of the acid products was not prevented,
resulting in healing of the critical-sized bone defects.
For all formulations, the dimension of the microparticles and thereby the pore
size of the scaffolds was small as compared to previous studies dealing with
osteoconductive biomaterials. In general it is said that a pore size of at least 50100 /vm is necessary to allow bone formation 3 0 3 1 . However, the narrow pore size of
21 ± 14 μηι appeared to be large enough in our LMW PLGA group to obtain cellular
entry and bone ingrowth throughout the implants. Lu eia/ 27 stated that besides pore
size, the density of interconnections in porous bioceramics play an important role
for bone formation and this seems also to account for our LMW implants.
The finding that composites of CaP cement and LMW PLGA-microparticles are able
to bridge critically-sized cranial defects without the inclusion of growth factors is
most important. Of note, the amount of bone ingrowth in the LMW samples (26 ±
6%) was considerably higher than ingrowth in HMW implants including rhBMP-2 (16
± 2%) as we found recently using exactly the same animal model and implantation
time 15 . So far we know no previous studies were able to show that critical-sized
defects could be healed with a material containing no growth factors. This is
important because growth factors are costly and there are significant issues with
bioavailability of these compounds when included in CaP materials15. Whether the
combination of LMW PLGA with growth factors has even superior bone biological
behavior deserves further investigation.

5. CONCLUSION
In conclusion, the molecular weight of PLGA in CaP cement composites does
influence implant degradation and new bone formation. A higher percentage of
fast degrading LMW PLGA-microparticles increases the biological activity of the
composites as compared to HMW PLGA-microparticles. This difference is most
likely explained by the larger interconnectivity in the LMW samples. Composites
with 100% low molecular weight PLGA-microparticles

are capable to bridge

critically-sized cranial defects without the inclusion of growth factors.
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1. INTRODUCTION
Bone remodeling is based on the existence of a delicate equilibrium between bone
deposition by osteoblasts and bone resorption by osteoclasts 13 . The regulation of
this complex process is dependent on the effect of local and systemic factors on
mesenchymal cells of the osteoblastic lineage and hemopoietic precursors to form
osteoclasts4. An increase of bone formation can be achieved by influencing 1 of
2 two mechanisms: bone formation or bone resorption. Such an approach can be
used for targeted therapeutic interventions in bone diseases, which are associated
with bone loss, or for improvement in the bioactivity of biomaterials used for bone
replacement.
In view of this, bone cements can be applied as grafting materials to obtain
fracture stability or for the fixation of prostheses57. A strategy to improve the bone
regenerative properties of bone cements can be the incorporation of biological
active agents. A well-known example of this approach is scaffolds provided with
bone growth stimulating factors8 9, but the high costs of these growth factors limit
their wide clinical application. The use of relatively inexpensive conventional
pharmaceutical, which can have a local effect on the bone remodeling process,
might therefore be an alternative option. A class of pharmaceuticals is available,
including bisphosphonates and proton pump inhibitors (PPIs), that have been
found to interfere with osteoclastic activity, inducing an increase in local bone
density. Osteoclasts resorb bone mineral because they make an acidic extracellular
environment in their ruffled border zone through the action of so-called proton
pumps.
Nitrogen-containing bisphosphonates, such as alendronate hamper osteoclastic
bone resorption by inhibiting the key enzyme farnesyl pyrophosphate synthetase,
leading to disruption of the organization of the cytoskeleton, which causes inactivity
and apoptosis of osteoclasts10. These medicines are administered systemically
to treat various diseases associated with excessive bone resorption, including
Paget's disease, myeloma, bone metastases and osteoporosis". However locally
applied bisphosphonates have also been shown to influence bone resorption1218.
In addition to the use of bisphosphonates, the activity of the proton pumps can
be directly targeted. Omeprazole is a gastric PPI used for the treatment of acidrelated diseases, including gastroesophageal reflux and peptic ulcer diseases19.
In addition to the inhibition of gastric parietal cell membrane H+,K(+)-adenosine
triphosphatase (ATPase), it is suggested that this drug also inhibits the vacuolartype H(+)-ATPase found in osteoclasts2024. These vacuolar proton pumps play a
role in the formation of an acidic environment in the extracellular ruffled border
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zone of osteoclasts, which is crucial for bone resorption25 26.
The present study examined whether the incorporation of a bisphosphonate
(alendronate) or a PPI (omeprazole) into bioactive bone cement could result in an
increase in local bone density and bone-to-implant contact through inhibition of
osteoclast activity.

2. MATERIALSAND METHODS
2.1. Materials
Bioactive bone cement that had previously shown to be biocompatible and
osteoconductive27 was used as carrier material for the pharmaceuticals. Depuy
CMW (Blackpool, England) supplied bone cement (G2B1 ) composed of ß-tricalciumphosphate (TCP) particles; methylmethacrylate-methylacrylate

copolymers as

the powder components; and methylmethacrylate, urethane dimethacrylate, and
tetrahydrofurfuryl methacrylate as the liquid components27. Three types of implants
were prepared out of this material (l=plain G2B1, ll=G2B1 with alendronate and
lll=G2B1 with omeprazole). Sodium alendronate or omeprazole was mixed through
the cement powder in a ratio of 4.76 %, then 20g of cement powder was mixed
with 11.25g of cement liquid to create bone cement rods with a diameter of 5.1 mm
and a length of 8 mm. The total quantity for both types of drugs in the cement was
3.05% by weight (-8.8 mg per implant). The material was sterilized using gamma
radiation (Gammastar, Wageningen, the Netherlands).

2.2. Surgical procedure
Twenty-four healthy 7-month-old female New Zealand White rabbits weighing 3976
± 332 g were included as experimental animals in this study. National guidelines for
the care and use of laboratory animals were observed. The Experimental Animal
Committee of the Radboud University reviewed and approved the research.
The operation was performed under general inhalation anesthesia. The anesthesia
was induced by an intravenous injection of Hypnorm (0.315 mg/mL fentanyl citrate
and 10 mg/mL fluanisone) (Janssen Pharmaceutica, Beerse, Belgium) and atropine
and maintained using a mixture of nitrous oxide, isoflurane and oxygen through
a constant volume ventilator. The rabbits were connected to a heart monitor. To
reduce perioperative infection risk, antibiotic prophylaxis was given (enrofloxacin
2.5%, 5-10 mg/kg; Bayer Healthcare, Mijdrecht, the Netherlands).
The rabbits were immobilized on their backs and both hind limbs were shaved,
washed and disinfected with Chlorhexidine. The femoral condyles were exposed
through a medial longitudinal incision. Trabecular bone defects (5.1 mm in diameter

and 8 mm in depth) were created in both limbs under continuous saline cooling
using a dental bur (Elcomed 100, W&H Dentalwerk Burmoos GmbH, Austria).
First a 2.3-mm drill bit (Twist Tri-Spade drill, DRIVA, Implacom BV, Garderen, The
Netherlands) was used as a pilot. Then the defect was gradually enlarged until a
final defect size of 5.1 mm was created. All bits were fashioned with an 8-mm stop
to ensure a defect of precisely 8 mm in depth. Debris was removed using irrigation
with saline solution. A polymeric implant was placed into each trabecular bone
defect. Subsequently, the wound was closed in layers using resorbable Vicryl 4-0
suture material (Johnson&Johnson, St.Stevens-Woluwe, Belgium). Implantation
time was 6 or 12 weeks. The animals were randomly assigned to 1 of the 3 groups
(n=8 for each implant and time period).
To minimize postoperative discomfort, Finadyne (Schering-Plough, Segre, France)
(1 mg/kg) was administered intramuscularly peroperatively and was continued
for 2 days after surgery. Some question about the use of this nonsteroidal
antiinflammatory drug in bone surgery exists, because bone repair could possibly be
impaired 28 , but as in humans, these drugs are a standardized postoperative regimen
for pain relief29, so administration in our experimental animals was considered to be
justified. The animals were housed in conventional rabbit cages, which allowed for
unrestricted weight-bearing activity and were observed for signs of pain, infection
and proper activity. At the end of the implantation periods, the rabbits were killed
using an intravenous injection of pentobarbital (CEVA Sante Animale BV, Libourne,
France) and implants with surrounding tissue were retrieved for microcomputed
tomography (μΟΤ) and histological evaluation.

2.3. Microcomputed tomography
After retrieval, the femoral condyles were fixed in phosphate-buffered formaldehyde
solution (pH=7.4) and dehydrated in ethanol 70%. Three-dimensional μΟΤ images
were made to analyze the bone mineral density (BMD) and bone volume (BV) of
the implant-surrounding bone mass. The specimens were wrapped in Parafilm M
(Pechiney Plastic Packaging, Chicago, IL, USA) to prevent drying during scanning.
Then all samples were scanned at an energy of 101 kV and intensity of 96 μΑ

Figure 1.
The region of Interest
as specified with CT
Analyzer shown in a
(A) longitudinal and
(B) transverse uCT
image

with a resolution of 37.41 pm pixel using an aluminum filter (1mm) (Skyscan-1072
X-ray microtomograph, TomoNT version 3N.5, Skyscan®, Belgium). In addition,
calibration rods with standardized BMD were scanned as reference. Cone-Beam
reconstruction (version 2.15, Skyscan®) was performed. All scan and reconstruction
parameters applied were identical for all specimens and calibration rods.
The data were analyzed by CT Analyser (version 1.4, Skyscan®). The region
of interest (ROI) was specified as an annular area with a diameter of 0.85 mm
surrounding the implants over a length of 3 mm (Figure 1) covering similar areas
located in trabecular bone and a small part protruding in the medullary cavity. In
this area, BMD and BV were determined. BMD is defined as the amount of bone
mineral per unit volume of bone tissue (g/cm3). It was calibrated using calibration
rods with known BMD (0.25 g/cm3 and 0.75 g/cm3) and a Hounsfield Unit calibration
to water and air density. As advised by Skyscan, the mean (total) value for density,
which is an average of trabecular bone and bone marrow, was used to represent
the BMD of the trabecular bone surrounding the implants. In addition, BV (mm3)
was expressed as a percentage of the total ROi volume.

2.4. Histological procedures
After μ ^

scanning, the condyles were cut into smaller specimens suitable

for histological processing. The

specimens were dehydrated in increasing

ethanol concentrations (70-100%), treated with acetone for 6 h and embedded
(nondecalcified) in modified methylmethacrylate (MMA) consisting of a mixture of
300mL of MMA, 30mL dibutylphthalate and 5g of 2,2'azabisisobutyronitrile 98%.

7

After polymerization, thin sections (7 pm) were cut in a direction parallel to the
longitudinal axis of the implant using a rotary microtome with semi-motorized
specimen feed and profile D disposable blades (Leica RM 2245, Wetzlar, Germany).
The sections were stretched on 3% gelatin-coated slides, dried for 48 h at 37 0 C
in a slide press and stained with tartrate-resistant acid phosphatase (TRAP). To
perform TRAP staining, the sections were first deplastified with chloroform and
xylene and rinsed in decreasing ethanol solutions and distilled water. Then the
deplastified sections were transferred into 0.2-M TRIS-magnesium chloride (MgCI2)
buffer (pH 9.0) for 2 h at 37 0 C. After rinsing with distilled water, the sections were
incubated in a solution consisting of hexazotized pararosaniline (4mL), naphtol ASBl phosphate (25mg), Ν,Ν-dimethylformamide (2.5mL), veronal buffer (12.5mL) and
0

MgCI2 (0.5g) (pH 5.0) at 37 C. Positive staining developed within 30 min. Positive
control sections were included.
Additional thicker sections (15-20 pm) were prepared in a similar way using
a modified sawing microtome technique. These sections were stained with
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Figure 2.
Bone-to-lmplant contact was determined
using histomorphometrical analysis in 6
identical areas covering the whole implant
surface-

methylene blue and basic fuchsine and were used for histological evaluation and
histomorphometrical analysis.

2.5. Histomorphometrical analysis
All sections were quantitatively scored for the percentage of bone-to-implant
contact using computer-based image analysis techniques (Leica Qwln Pro-image
analysis system, Wetzlar, Germany) and blinded for the reviewer. From a transverse
overview of the defect, 6 Identical areas were digitalized (magnitude lOx) (Figure
2). In these regions, the amount of bone contact was determined, defined as the
length at which direct bone-to-implant contact was seen without an Intervening
soft tissue layer. Bone contact was then expressed as a percentage of the sum
of bone contact in the 6 areas to the entire implant length of these areas. The
measurements of 3 sections for each sample were averaged.

2.6. Statistical analysis
All statistical analyses were performed with GraphPad

Instat 3.05 software

(GraphPad Software Ine, San Diego, CA, USA), using a 1-way analysis of variance
(ANOVA) and unpaired Mest with Welch correction. Differences were considered
significant at p-values less than 0.05.

3. RESULTS
3.1. Macroscopical evaluation
All rabbits endured the surgical procedure well and remained in good health during
the experimental periods. At sacrifice, no signs of inflammation or adverse tissue
reaction were seen. Post-sacrifice radiographs as obtained with μΟΤ imaging
revealed that the implants were located mostly In trabecular bone (Figure 3) and
that this trabecular area was similar between the different samples.

128

Figure 3.
Post-sacrifice radiographs as obtained with μΟΤ Imaging revealed that the implants were mainly located in
trabecular bone:(A) plain control, (B) alendronate and (C) omeprazole implant

3.2. Microcomputed tomography
Three-dimensional μΟΤ images were created to analyze the BMD and BV of the
implant-surrounding bone mass. The results of the measurements are listed in
Table I. No significant difference in BMD was found between the implant types after
6 (p=0.12) or 12 weeks of implantation (p=0.31) (ANOVA). In addition, no significant
difference in BMD was seen between the 6- and 12-week groups (unpaired f-test
with Welch correction). The percentage of BV in the ROI as determined using μΟΤ
was not significantly different between the implant types after 6 (p=0.18) and 12
weeks implantation (p=0.42) (ANOVA). Comparing 6 and 12 weeks of implantation
time, alendronate implants showed a trend (p=0.07) toward lower BV after 12
weeks. In the omeprazole implants, the BV was significantly (p=0.008) lower after
12 weeks implantation than after 6 weeks (unpaired f-test with Welch correction).

Table I
The Bone Mineral Density (BMD) and Percentage of Bone Volume (BV) in the Region of
Interest as Determined using μΟΤ
BMD (g/cm 3 )
6 weeks

|

BV (%)
6 weeks

12 weeks

Plain

0.71 ± 0 . 0 3

12 weeks
0.74 ± 0 . 0 7

15.5 ± 2 . 6

13.7 ± 2 . 7

Alendronate

0.76 ± 0 . 0 6

0.76 ± 0 06

18.3 ± 3 . 9

14.8 ± 2 . 6

Omeprazole

0-74 ± 0 06

0.71 ± 0 . 0 6

18.5 ± 3 . 9

13.3 ± 1 . 6 '

Data represent the mean and standard deviations. No significant differences were found in BMD between
the groups BV was significantly (') lower after 12 than after 6 weeks of implantation in the omeprazole
implants

3.3. Descriptive light microscopy
Implantation time 6 weeks
The implant material was clearly visible in the histological sections, showing ß-TCP
particles embedded in the polymeric matrix. In all specimens, the implants were
found to be inserted and surrounded by trabecular bone.

Figure 4. Histological sections after 6 weeks of implantation of (A) plain, (B) alendronate and (C)
omeprazole implants (higher magnifications in (D, E and F)) Methylene blue and basic fuchsm staining.

The plain control material was never associated with an inflammatory response
(Figure 4A). The surface of the plain control material was partly covered with a
layer of bone. Occasionally, new bone formation was associated with the presence
of osteoid lined with osteoblasts. There was a tight contact between the new bone
and plain control surface (Figure 4D). No intervening fibrous tissue layer was
present. At trabecular voids and in areas where no bone contact was seen, the
implant surface was in direct contact with bone marrow. No clear fibrous capsule
was visible in these areas.
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Figure 5.
Histological sections after 12 weeks of implantation of (A) plain, (B) alendronate and (C)
omeprazole Implants. Methylene blue and basic
fuchsin staining

The alendronate and omeprazole implants, on the other hand, showed a completely
different bone response (Figure 4B/C). These materials were mostly surrounded
with a fibrous tissue capsule and only a very limited direct bone-implant contact
was observed (Figure 4E/F). Fibrous tissue capsule formation was associated with
an inflammatory response in trabecular void areas (Figure 4E).
Implantation time 12 weeks
At 12 weeks of implantation, bone response to the plain control implants was
similar to that at 6 weeks. Bone remodeling had continued and bone appeared
to be somewhat more mature. Between bone and implant, a close contact was
still present (Figure 5A). Moreover, bone was integrated in the superficial layer
of the material, indicating degradation of the outer implant surface. Intermittently,
resorption lacunae were present, characterized by voids filled with osteoclast-like
cells (Figure 5A).
A fibrous tissue capsule, associated with a limited inflammatory response, almost
completely surrounded the alendronate implants (Figure 5B).
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•V:
Figure 6.
TRAP-posltive cells at the interface of a plain control implant after
6 weeks of implantation.

The bone response to the omeprazole implants was different at 6 weeks of
implantation. Significantly more bone was observed in tight contact with the
implant surface (Figure 5C). In areas of tight contact, degradation of the outer
implant surface was seen. In areas not covered by bone, a thin fibrous capsule still
surrounded the implants, although capsule formation was no longer associated with
an inflammatory response.
TRAP staining
In all sections (i.e., for all implant formulations and both implantation times),
TRAP-positive cells were present in the surrounding trabecular bone and at the
bone-implant interface (Figure 6). TRAP staining was not found to be specific to
differentiate between osteoclasts, macrophages and giant cells. In addition, the
aspecific morphology of these interfacial cells excluded their proper characterization.
As a consequence, no correct quantification was possible. Nevertheless, the
number of TRAP-positive cells was limited in the close vicinity of the implants and
no clear difference between the 3 implant materials was seen.

3.4. Histomorphometry
Results of the bone-to-implant contact measurements are presented in Table II.
Bone contact was significantly (p=0.001) lower in the alendronate and omeprazole
groups than in the plain control implants after 6 weeks of implantation (ANOVA).
In the 12-week group, alendronate implants had significantly (p<0.0001, ANOVA)
lower bone contact than plain and omeprazole implants. Comparing 6 and 12 weeks
implantation time, alendronate implants showed a trend (p=0.07) toward less bone
contact after 12 weeks, whereas in the omeprazole implants, the bone contact
increased significantly over time (p=0.008) (unpaired i-test with Welch correction).

13?

Table II
The Percentage of Bone-to-lmplant Contact as Determined using Histomorphometry

i
1 Plain
Alendronate
Omeprazole

______! 6 weeks
37.6 ± 10.1*
11.9 ± 10.6
19 6 ± 14 6

Bone contact (%)
| 12 weeks
36.1 ± 18.4
" j 3.7 ± 4 . 7 "
j 39.3 ± 9.4t

j

Data represent the mean and standard deviations. In the 6-week, group bone contact was significantly (')
higher in the plain implants than in the alendronate and omeprazole groups After 12 weeks, the alendronate
implants showed significant (") less bone contact than the other groups In the omeprazole implants, the
bone contact increased significantly over time (').

4. DISCUSSION
The local application of bone antiresorptlve drugs is an interesting approach to
enhance the bone regenerative behavior of bone-replacing materials, compared,
for instance, with expensive growth factor inclusion. In the present study, the
bisphosphonate alendronate and gastric proton-pump inhibitor omeprazole were
incorporated into bioactive bone cement and examined for their positive effect on
bone healing, but neither drug improved bone healing over plain control implants.
One possible indication for the composite bone cement (G2B1) is for percutaneous
transpedicular vertebroplasty; a previous animal study showed the biocompatible
and osteoconductive properties of the material27. The present study confirmed this
finding, because a reasonable amount of new bone was tightly attached to the
plain control implants after 6 weeks of implantation, which remained at 12 weeks.
Apparently, the inclusion of ß-TCP particles improves the bone response better
than exclusively polymethylmetacrylate-based materials, which is consistent with
previous investigations studying calcium phosphate-based bone cements3033. In
percutaneous transpedicular vertebroplasty, but also in other orthopedic or dental
procedures, it is important to obtain optimal binding between bone and implanted
material. The inclusion of bone antiresorptlve agents might contribute to faster and
enhanced ingrowth of new bone into bone cement composites with greater bone
density in the implant surroundings. Topical application of these bone-stimulating
agents might be preferable to a systemic route, because negative side effects at
locations remote from the defect area might be prevented.

The current study had several limitations. First, only one dosage of alendronate
and omeprazole was incorporated in the bone cement. The method of inclusion
and the dosage were based on previous studies by other investigators, who proved
that the inclusion of 3 to 4 wt% of gentamycin and alendronate did not affect the
mechanical or setting properties of acrylic cement34

35

. Second, the elution of the

included pharmaceuticals from the cured cement was not investigated. This was
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decided because other studies In our laboratory confirmed that in vitro release
assays provide completely different results from the in vivo situation36 and in our
laboratory, no method was available to determine the in vivo release of alendronate
and omeprazole. However, we suppose that the mechanism of elution of both
pharmaceuticals will be similar to the elution of antibiotics from an antibioticloaded acrylic bone cement (i.e., a surface phenomenon37). Third, no assays
were performed to verify the mode of action and cellular uptake of the released
alendronate and omeprazole. Such tests were out of scope of the current study, in
which we only wanted to prove the occurrence of a clinical effect of local delivery
of both pharmaceuticals by inclusion in bone cement. Nevertheless, we must
emphasize that measures were taken to maintain the bone cement at 37°C to 40°C
during the curing process in order not to hamper the activity of the alendronate and
omeprazole.
Alendronate, as a nitrogen-containing

bisphosphonate, is known to inhibit

osteoclastic bone resorption by inhibition of a key enzyme of the mevalonate pathway
when administered systemically10. In this way, the lack of this enzyme will dominate
the bone repair equilibrium of bone resorption and formation. It can be hypothesized
that the topical application of alendronate will modify the local osteoclastic activity
and thereby slow down the bone resorption during initial remodeling12, leading to
better bone formation around the implant, although in the present study, topically
applied alendronate did not enhance the local bone conditions around G2B1 cement
or the bone-to-implant contact more than did the plain control samples. Moreover, a
negative response was seen, because the contact between cement and bone was
significantly lower than with the control material and a fibrous capsule associated
with an inflammatory infiltrate mainly covered the cement surface. Nevertheless,
bisphosphonates have been shown to affect bone formation in several studies
when applied locally. This included greater bone contact, peri-implant BV or density
fractions and biomechanical implant fixation in rat' 638 " 0 and canine models13"15·17·
18

. Similar results in osteoconduction and alveolar bone repair were found between

loaded and unloaded bisphosphonate-hydroxyapatite implants placed in root
sockets of goats and humans41. An explanation for the limited bone response as
found in the current study might be too-high doses of alendronate being used in
combination with the mode of delivery. Unfortunately, a direct comparison between
the different studies is not possible because of dissimilar animal species and study
design, such as mode of delivery. Peter et a/16, who revealed that intermediate
doses of zoledronate achieved the greatest mechanical fixation of hyaluronic
acid-coated titanium implants placed in rat condyles, showed a dose-dependent
effect of locally released bisphosphonate. It has been suggested that high doses of
alendronate impair the bone repair process by uncoupling the balanced osteoclastic

1

34

and osteoblastic activity 42 · 43 or increasing local acidity and thereby interfering
with antiresorptive activity39. In addition, non-therapeutic doses of alendronate
can cause a toxic reaction", which the formation of a fibrous tissue capsule and
inflammatory response supports. Therefore, we performed an additional cytotoxicity
assay with materials prepared in the same way as used in the animal study to verify
this suggestion. This test revealed cell death of fibroblasts surrounding alendronate
specimens after 72 h of incubation (Figure 7B), similar to a negative control of
brass. In contrast, confluent fibroblasts in close contact to the material were found
around plain and omeprazole specimens (Figure 7A/C). Although fibroblastic cell
death can also be related to the working mechanism of alendronate, as was seen for
gastrointestinal epithelial cells"5, it must be considered that the sample formulations
used in the present study had a noxious effect.
An additional explanation for impaired bone healing after

bisphosphonate

treatment involves a clinical problem that has remained largely unexplored for
a long time. Recent publications have described a greater risk of developing
osteonecrosis associated with bisphosphonate therapy and dental surgery46·49. The
pathophysiology behind the process has not been completely elucidated, but is most
probably multifactorial and related to an alteration in the bone homeostasis and
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inhibition of angiogenesis4751. Because surgical intervention seems to be obligatory
in the development of the majority of the osteonecrosis cases47 48, it is conceivable
that, in the present study, the combination of creating a bone defect and applying
alendronate also evoked a negative bone response.
In addition to alendronate, omeprazole was investigated as a possible bone
antiresorptive agent in the G2B1 cement composites. In the clinic, omeprazole
is used to treat dyspeptic problems, because it inhibits gastric acid secretion by
targeting the gastric acid pump H+,K(+)-ATPase of the parietal cell membrane19.
Osteoclastic bone resorption is also regulated via a proton pump but of a different
type than gastric acid secretion. This vacuolar-type H+-ATPase generates acidity in
the ruffled border zone of the osteoclast, which is responsible for bone resorption25
26

. In the present study, it was hypothesized that topically applied omeprazole could

inhibit the osteoclastic proton pump, leading to greater bone formation in G2B1
cement composites in rabbits, because previous in vitro studies showed that this
gastric PPI could affect osteoclast activity20

21 2324

, but omeprazole did not influence

BV or BMD around the implanted material and bone contact was significant lower
in the omeprazole group than in plain controls after 6 weeks and was similar after
12 weeks of implantation. This observation may be associated with the finding that
osteoclastic proton pumps are not sensitive for gastric PPIs and require high doses
of omeprazole to be suppressed20 24. In addition, to become activated, omeprazole
first needs to be converted into an active inhibitor in an acidic environment20

22 52

.

Tutunji et aF showed, using electroanalytical techniques, that in a solution buffered
to pH values between 5.0 and 8.0, omeprazole degradation was significantly slower
than more acidic solutions with a pH of 2.0 to 4.0. The secretory canaliculi of the
gastric parietal cells have a pH of 1.0 or less52, whereas resorption lacunae of bone
have a pH of 4.5 to 620

26

which theoretically can hamper the initial omeprazole

conversion. In the present study, these above-described factors of limited
omeprazole availability and the inability of activation due to unfavorable acidity
might have played a role in the suggested hindered osteoclast inhibition as found in
the omeprazole group.

In addition to experimental animal studies, a few clinical investigations have been
performed on the topic of influencing bone formation with omeprazole treatment and
also showed contradictory results. Kocsis et aF did not find different biochemical
parameters of bone turnover in pediatric patients after omeprazole administration,
which is in line with our results. On the other hand, a favorable bone response of
omeprazole administration was seen in the study of Mizunashi et aP2, who showed
a suppression in bone resorption in adult patients treated with gastric PPIs.
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Although the current study did not find positive effects of local administration of
alendronate or omeprazole, the study design might explain this. As mentioned earlier,
a limitation of the present study was the lack of in vivo release data. Comparing the
μΟΤ results, BV surrounding the omeprazole implants was significantly lower after
12 weeks than after 6 weeks of implantation and a similar trend was seen for the
alendronate implants. In addition, the plain implants showed a trend in less BV than
with alendronate or omeprazole after 6 weeks of implantation. It can be speculated
that both drugs had an early (burst) release profile leading to an increase of bone
formation in the first weeks and diminished bone response after 12 weeks of
implantation. Future studies should focus on the in vivo release profiles of both
pharmaceuticals and their dose responses to further examine the possibility of
topical instead of systemic application to provide bone-regenerative biomaterials
with targeted antiresorptive agents.

5. CONCLUSION
Plain G2B1 bone cement composites showed good bone biological response in
rabbit trabecular defects. Alendronate and omeprazole as applied to the cement
composites in the current study design did not improve the bone response.
Moreover, the released alendronate might have evoked a toxic reaction.
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8. Summary, closing remarks & future
perspectives
Samenvatting, slotopmerkingen &
toekomstperspectieven

1. SUMMARY AND ADDRESS TO THE AIMS
The last ten years there has been a significant increase in interest for synthetic
bone grafts for the treatment of osseous defects. Herein, CaP based compounds
are particularly promising due to their similarity to the mineral component of bone.
Many favorable properties of CaP ceramics and cements are reported, including
bioactivity, direct bone bonding and osteoconductivity. However, a disadvantage of
both materials is their low degradation rate. Degradation depends on several factors
including composition, porosity, topography and crystallinity. Porosity improves
the degradation behavior of the materials, but also influences their mechanical
strength negatively. Another major disadvantage of CaP ceramics is their handling
property. The granule or cube shaped ceramics easily migrate and are difficult to
shape in accordance to the defect. In contrast, CaP cements are injectable and
easy to manipulate. A technique to create macroporeus injectable CaP cement is
the inclusion of biodegradable microparticles, like PLGA. These microparticles can
be used as a delivery vehicle for drugs and growth factors as well. The bioactivity
of these additional factors is not only dependent of its intrinsic activity, but also
of its release profile from the scaffold. In critically sized or poor healing defects
osteoinductive behavior of CaP biomaterials is required. This can be achieved by
the application of growth factors such as rhBMP-2, but osteoinductive potential of
plain materials is preferable above expensive growth factor application.

In view of the above mentioned, there is a clear need to the development of
economically acceptable bone graft substitutes for the reconstruction of osseous
defects, that have excellent peri-operative handling properties and are resorbed
and replaced by autologous bone in a controlled manner. In the current thesis, CaP
ceramics and cements were investigated for their osteoconductive or osteoinductive
behavior with or without the addition of supplements. In addition, an animal model
was explored to obtain a reliable critical-size model for bone regeneration.

1. Comparison of the in vivo osteoconductive and degradation
behavior of two types of CaP ceramics.
In chapter 2, bone regeneration between porous ß-tricalcium phosphate (Conduit
™ TCP) and biphasic CaP ceramic (Biosel®), with a hydroxyapatite/ß-TCP ratio of
75/25, was compared. The ceramic particles were implanted in sheep trabecular
bone for 3, 12 and 26 weeks. Histomorphometrical analysis revealed that Conduit
"

degraded significantly during time and only 36% of the material was left at

26 weeks implantation time. Biosel®, in contrast, remained nearly intact. The
degradation of Conduit " was due to dissolution as well as cell-mediated. Biosel®
showed a high cellular intervention, although this material did not degrade. Both
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materials were osteoconductive. The amount of newly formed bone appeared
greater in the Conduit "" group after 26 weeks (46 ± 8 % as compared to 37 ± 8
% for Biosel*), but this difference was not significant. Bone distribution over the
defect was homogeneous in Conduit ™, whereas Biosel® showed significantly more
bone in the periphery of the defect after 26 weeks in comparison to the center.
In conclusion, both ceramics are biocompatible and osteoconductive. Degradation
showed a difference in amount and in cellular events, with more degraded Conduit
™ TCP with less cellular intervention as compared to Biosel®.

2. Investigation of the in vivo osteoinductive
macroporous CaP cement.

potential

of

For bone formation in critical-sized or poor healing defects, osteoinductive behavior
of synthetic bone grafts is crucial. Although the osteoconductive behavior of CaP
cement is generally accepted, its osteoinductive potential is less reported. In
chapter 3, osteoinduction of porous CaP cement was investigated. Four goats
received each six subcutaneous placed prehardened porous CaP cement implants.
Implantation time was 3 and 6 months. After explantation, histological evaluation
and scoring with a histological grading scale for soft-tissue implants was performed.
The histological sections revealed that the implants degraded for more than 50%
over time. The implants had lost their macroporous structure from 3 months on. A
medium-thick fibrous capsule with a few inflammatory cells surrounded the implants
after 3 months. This capsule significantly decreased in thickness after 6 months.
Throughout the implant ingrowth of fibrous tissue was seen with scattered foci of
inflammatory cells. Cement particles were surrounded by a layer of inflammatory
cells. The massive inflammatory response in the interstice was seen after 3 months,
which disappeared after 6 months implantation. No bone formation was detected in
any of the specimens. The fast degradation and thereby collapsing of the porous
structure of our CaP cement implant might have prevented osteoinduction.

3. Exploration of a critical-size defect model in the radius of
rabbits and determining the influence of PLGA degradation on
bone regeneration.
In the research of synthetic bone graft substitutes, the relevance for bone
regeneration can be confirmed in a critical-sized model. In chapter 4, the rabbit
radial defect was investigated as an ingenious model of critical size, due to its defect
immobilizing intact ulna. In addition, the influence of PLGA on bone regeneration
was determined. Sixteen, 4-month-old rabbits received bilateral segmental radial
defects of 15 or 20 mm. The osteotomy ends were marked with small titanium pins.
Half of the group received injected PLGA-microparticle / carboxymethylcellulose
implants. Implantation time was 12 weeks. Evaluation consisted of radiographs after

surgery and sacrifice, microcomputed tomography and histology. The radiographs
revealed that the created defects were significantly smaller after sacrifice. Further
a number of radii showed fibrocartilaginous interposition. Both findings indicated
instability of the created defect. All evaluation techniques revealed that 15 and 20
mm were not of critical size, as most defects were more or less regenerated. PLGAmicroparticles did not influence bone regeneration significantly. In conclusion, 15and 20-mm radius defects in 4-month-old rabbits were not a suitable model for
bone regeneration as these defects were neither critical size nor stable. PLGAmicroparticle degradation did not influence bone regeneration.

4. Investigation of the in vivo kinetic and biological activity of
rhBMP-2 released from different loaded PLGA/ CaP cement
composites.
The healing of large bone defects can be improved by osteoinductive bone graft
substitutes, due to growth factor inclusion. A sustained release of these growth
factors provides more efficient bioactivity when compared with burst release and
might reduce the dose required for bone regeneration, which is desirable for
socioeconomical and safety reasons. In chapter 5 we compared different rhBMP-2
loadings in a sustained release system of CaP cement and PLGA-microparticles
and were able to couple kinetic to biological activity data. Fifty-two rats received
a critical-size cranial defect, which was left open or filled with the cement
composites. The implants consisted of plain, high and 5-fold lower dose rhBMP-2
groups. Implantation time was 4 and 12 weeks. Longitudinal in vivo release was
monitored by scintigraphic imaging of
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l-labeled rhBMP-2. Quantitative analysis

of the scintigraphic images revealed a sustained release of

131

l-rhBMP-2 for both

doses, with different release profiles between the two loadings. However, around
70 percent of the initial dose was retained in both implant formulations. Although
low amounts of rhBMP-2 were released (2.4 ± 0.8 pg in 5 weeks), histology showed
defect bridging in the high-dose implants. Release out of the low-dose implants
was not sufficient to enhance bone formation. Implant degradation was limited in
all formulations, but was mainly seen in the high-dose group. In conclusion, low
amounts of sustained released rhBMP-2 were sufficient to bridge critically sized
defects. A substantial amount of rhBMP-2 was retained in the implants because of
the slow release rate and the limited degradation.

5. Investigation of the influence of molecular weight of the
polymeric microparticles included in PLGA/CaP cement
composites to the in vivo implant degradation and bone
formation.
Previous studies in our laboratory demonstrated that the addition of biodegradable
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polymer mlcroparticles to a CaP cement improves the degradative behavior of
the cement without affecting its handling characteristics especially its injectability
and moldability. In chapter 6, the influence of molecular weight of the polymeric
mlcroparticles included in CaP cement to implant degradation and bone formation
was investigated in critically sized defects. Forty rats received cranial defects filled
with the formulations of CaP cement/PLGA-microparticles. Mlcroparticles consisted
of 100% high (HMW) (54.21 ± 1.34 kDa) or low molecular weight (LMW) (4.55 ±
0.03 kDa) PLGA or mixtures of these (25%, 50% or 75%). Implantation time was
12 weeks. The size of the HMW and LMW microparticles was similar. Porosity
measurements after removal of the PLGA microparticles showed equal macro- and
total porosity between the formulations with exception of the 100% HMW group,
which was significantly less porous. Histology and histomorphometry revealed
significant higher implant degradation in the 100% LMW group. Defect bridging
was mainly seen in the 75 and 100% LMW groups, with the highest amount of
bone in the 100% LMW formulation. These results suggest that LMW PLGAmicroparticles are associated with a better bone formation response than HMW
PLGA. This difference is most likely explained by a larger interconnectivity in the
LMW samples. In conclusion, CaP cement composites with high percentages of
LMW PLGA-microparticles show good bone transductive behavior with complete
defect bridging. The 100% LMW group turned out to be the best formulation.

6. Investigation of the bone stimulating effect of conventional
drugs applied to bioactive bone cement.
Alendronate and omeprazole have been found to influence bone healing by
interfering with osteoclastic activity, resulting in increased bone formation.
The biological effect of these conventional drugs, incorporated into bioactive
bone cement (G2B1), was investigated in a rabbit model in chapter 7. The two
materials and a control were inserted in defects created in the femoral condyle
of rabbits. Implantation time was 6 and 12 weeks. After retrieval, micro-CT and
histomorphometry were performed to quantify bone mineral density (BMD) and bone
volume (BV) of the implant-surrounding bone mass and the percentage of bone-toimplant contact. BMD and BV were similar in all groups. The percentage of bone-to
implant contact was significantly lower in the alendronate and omeprazole groups
than in controls after 6 weeks of implantation. After 12 weeks, this difference in bone
contact disappeared for the omeprazole but not for the alendronate implants, which
were almost completely surrounded by a fibrous capsule, associated with a limited
inflammatory response. In conclusion, in the current study design, alendronate and
omeprazole did not result in better bone healing when incorporated in bioactive
bone cement than did plain control implants. Moreover, an additional cytotoxicity
assay revealed that alendronate evoked a toxic response.

2. CLOSING REMARKS
in our search for economically

acceptable

bone graft substitutes for the

reconstruction of osseous defects, first two types of CaP ceramics were compared:
a porous ß-TCP and a biphasic CaP ceramic with a high percentage (75%) of
HA. Both materials were biocompatible and osteoconductive. The degradation
pattern between the ceramics was different in amount and in cellular events, but
in particular the "best material" (ß-TCP) only degraded for about 60% after half a
year of implantation. The preferred degradation rate is dependent on the goal of
reconstruction. For bone augmentation purposes low degradation is desirable, as
newly formed bone is likely to disappear in the absence of biomaterial. On the other
hand, for regeneration purposes a fast transduction into autologous bone would
be preferential. Nonetheless, CaP ceramics have the disadvantage of possessing
unpleasant peroperative handling properties as compared to CaP cements.
Therefore, in the subsequent studies we focused on CaP cements. First the
osteoinductive potential of macroporeus CaP cement was explored, as this property
is essential in critically-sized defects and in deprived situations. Unfortunately, no
ectopic bone formation was found. For the production of macroporeus cement, we
used a C02-induction method. Besides losing intraoperative moldability with this
technique, the created macropores resulted in too fast degradation associated with
a collapse of the porous structure, which might have prevented osteoinduction.
Another approach to introduce macroporosity into CaP cement is the inclusion of
PLGA microspheres. The polymer will contribute to an initial stable cement, while
injectability is maintained. Although PLGA is claimed to be biocompatible, the
degradation of PLGA is associated with the release of acidic degradation products.
Therefore, we focused on PLGA as a possible influential parameter in bone
regeneration. No effect of acidity for the small amounts of PLGA in microparticle
form were found. In addition, the mid-diaphyseal radius defect in rabbits was
explored as a model for critical-size defects, as it is stated that this is a interesting
model in relative small animals, which needs no additional fixation or splinting.
However, we concluded that this model is not suitable, because 15 and 20 mm
defects were not of critical size and no stable defect could be created.

Previous studies showed that PLGA/CaP cement composites can be used as a
sustained release system for rhBMP-2 to enhance the bone regenerative effect of
the cement. However, in all these studies relative high total doses of rhBMP-2 were
applied. We investigated the in vivo release kinetic of two doses of rhBMP2, using
131

1 as a tracer. The controlled release of low amounts of rhBMP-2 was sufficient

to bridge critically-sized defects, but substantial amounts of rhBMP-2 retained in
the composites, because of the slow release rate and limited PLGA-microparticle
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degradation
As a consequence, we investigated how to improve the degradation of the
PLGA/CaP cement composites by using different molecular weights of PLGAmicrospheres. A higher percentage of fast degrading LMW PLGA-microparticles
appeared to increase the biological activity of the composites as compared to HMW
PLGA-microparticles, which is most likely explained by the larger interconnectivity in
the LMW samples. Remarkably, composites with 100% LMW PLGA-microparticles
were capable to bridge critically-sized cranial defects without the inclusion of growth
factors, which offers great opportunities for the future.
Finally, the addition of conventional drugs (alendronate and omeprazole) to bioactive
bone cement instead of expensive growth factors was investigated. Both drugs did
not favor the bone response. Moreover, alendronate evoked a toxic reaction.

3. FUTURE PERSPECTIVES
In this thesis, several studies are described dealing with CaP based bone substitutes
with the aim to find economically acceptable grafts for the reconstruction of bone
defects that have excellent peri-operative handling properties and are finally
replaced by autologous bone in a controlled manner. CaP cements seem to be able
to fulfil such a role and in particular PLGA/CaP cement composites. RhBMP-2 can
be added to the composite to improve the bone regenerative property and will be
released in a sustained way. In this sustained release system, the release of low
doses of rhBMP-2 is sufficient to obtain closure of critical-size defects. Moreover,
plain CaP cement composites with LMW PLGA microparticles also show bridging
of critically-sized defects and might therefore make rhBMP-2 addition unnecessary,
which is preferable above the expensive growth factor inclusion.
Although this thesis reveals promising results of PLGA/CaP cement composites,
several aspects need further investigation in future:
1.

Injection of the cement in a haemorrhagic area can hamper the setting reaction
and cohesion. This problem might be solved by changing the liquid/powder
ratio or particle size of the cement.

2.

The degradation of the CaP cement composites needs to be improved. The
inclusion of LMW PLGA microparticles already has shown an increase in
degradation and bone growth into the center of large implants. The inclusion
of a combination of microspheres, like gelatin or poly(trimethylene carbonate)

(PTMC) besides PLGA, might enhance the degradability. Still a lot of work has
to be done, as the required degradation rate of the polymeric microparticles to
achieve optimal degradation of the CaP cement is not known.
3.

The osteoconductive property of plain LMW PLGA/CaP cement composites
needs to be explored further. The implants are able to bridge critically sized
defects, but we do not know whether there is an upper limit in critical-sized
defect that no longer can be bridged by just the material itself. When there is
indeed such an upper limit, than the inclusion of additional bioactive factors is
required for safe application under such severe conditions.

4.

The release of rhBMP-2 needs to be optimized. A low dose of rhBMP-2 can
achieve a biological desired effect, nonetheless retention into the implant is
excessive. Such a spill of growth factors has to be avoided and requires the
development of a more efficient release system. In addition, we know that in
nature bone formation is a concerted action of a wide variety of different growth
factors, like VEGF, rhBMP-7, TGF-ß. Research has to focus on the creation of
a CaP cement based scaffold material, which allows the sequential release of
multiple types of growth factors. Perhaps, such a system can be designed by
the use of various polymeric microparticles with different degradation profiles.

5.

A bias in extrapolation of data from small to large experimental animals but also
from small to large implants exists. A similar bias is present in the extrapolation
from large animal studies to the human clinical situation. Considering the
experiments as performed and knowledge as now obtained, it has to be
recommended that clinical trials are initiated to investigate the efficacy and
safety of the developed PLGA/CaP cement composite.
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1. SAMENVATTING EN EVALUATIE VAN DE
DOELSTELLINGEN
De afgelopen tien jaar is de interesse voor de toepassing van synthetische
botvervangers

voor

behandeling

van

botdefecten

significant

toegenomen.

In het bijzonder de op calcium fosfaat (CaP) gebaseerde composieten zijn
veelbelovend omdat ze veel lijken op de minerale fase van bot. Er is veel over
de positieve eigenschappen van CaP keramieken en cementen geschreven, zoals
hun bioactiviteit, directe botaanhechting en osteoconductiviteit. Osteoconductie
betekent dat een biomateriaal fungeert als een matrix waarover bestaand bot wordt
voortgeleid. Een nadeel van beide materialen is echter de lage degradatiesnelheid.
Degradatie is afhankelijk van meerdere factoren, zoals samenstelling, porositeit,
topografie en kristalliniteit. Hoewel porositeit de degradeerbaarheid van het
materiaal verbetert, heeft het echter ook een negatieve invloed op de mechanische
sterkte. De peroperatieve hanteerbaarheid is niet hetzelfde bij CaP keramieken en
cementen. CaP keramieken zijn moeilijker hanteerbaar omdat ze door hun korrelof kubusvorm gemakkelijk kunnen migreren en moeilijk te vormen zijn naar het
defect. CaP cementen daarentegen zijn injecteerbaar en daarom gemakkelijk in te
passen in het defect. Macroporeus injecteerbaar CaP cement kan gemaakt worden
door de incorporatie van biodegradeerbare micropartikels, zoals poly(melk-coglycol)zuur (PLGA). Deze micropartikels kunnen tevens als vector voor medicijnen
en groeifactoren dienen, waardoor een CaP biomateriaal met bot inducerende
eigenschappen gecreëerd kan worden. Deze eigenschap is voor kritisch-grootte
defecten of bij slecht genezende defecten een vereiste. De bioaktiviteit van deze
additionele factoren is naast hun intrinsieke activiteit ook afhankelijk van het
afgiftepatroon uit het materiaal. Een ideaal botcement zorgt voor osteoinductie (de
novo botaanmaak), hetgeen bereikt kan worden door de applicatie van groeifactoren
zoals rhBMP-2, maar botinducerende potentie vanuit het materiaal zelf verdient de
voorkeur boven de toediening van dure groeifactoren.

Uit hetgeen hierboven beschreven is blijkt dat er voor de reconstructie van
botdefecten een duidelijke behoefte is aan de ontwikkeling van botvervangers,
die goed peroperatief hanteerbaar zijn, resorberen en op gecontroleerde wijze
vervangen worden door autoloog bot. Het onderzoek in dit proefschrift beschrijft
de osteoconductieve en osteoinductieve eigenschappen van verscheidene CaP
keramieken en cementen met of zonder toevoeging van supplementen. Tevens
werd getracht een betrouwbaar kritisch-grootte model voor botregeneratie te
verkrijgen in een diermodel.
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1. Vergelijking van in vivo osteoconductieve en degradatie
eigenschappen van twee typen CaP keramieken.
In hoofdstuk 2 werd het effect op bot regeneratie van poreus ß-tricalcium fosfaat
(Conduit™ TCP) en bifasisch CaP keramiek (BioseP), met een hydroxyapatiet/
ß-TCP ratio van 75/25, met elkaar vergeleken. De keramiek partikels werden
geïmplanteerd in trabeculair bot van schapen gedurende 3, 12 en 26 weken.
Histomorfometrische analyse toonde aan dat Conduit™ significant degradeerde
gedurende de implantatietijd en dat slechts 36% van het oorspronkelijke materiaal
aanwezig was na 26 weken implantatie. Biosel® daarentegen bleef nagenoeg intact.
De degradatie van Conduit™ kwam tot stand door dissolutie en cellulaire interventie.
Bij Biosel® was de cellulaire betrokkenheid in vergelijking met Conduit™ groter,
maar de degradatie van dit materiaal was zeer minimaal. Beide keramieken waren
osteoconductief. De hoeveelheid nieuw gevormd bot was groter in de Conduit™
(46 ± 8 %) dan in de Biosel® groep (37 ± 8 %) na 26 weken implantatie, maar dit
verschil was niet significant. De verdeling van bot over het defect was homogeen bij
Conduit™, terwijl bij Biosel®significant meer bot perifeer te zien was dan centraal
in het defect na 26 weken implantatie. Concluderend waren beide keramieken
biocompatibel en osteoconductief. Het degradatiepatroon was verschillend tussen
beide groepen waarbij Conduit™ TCP beter degradeerde in vergelijking met Biosel®,
maar met minder cellulaire interventie.

2. Onderzoek naar de in vivo osteoinductieve potentie van
macroporeus CaP cement.
Om bot in kritisch-grootte of slecht genezende defecten te kunnen laten
regenereren

is een osteoinductief

gedrag

van synthetische

botvervangers

essentieel. In zijn algemeenheid aanvaardt men dat CaP cement osteoconductief
is, maar over de osteoinductieve potentie is weinig bekend. In hoofdstuk 3 werd
onderzocht of poreus CaP cement osteoinductief kan werken. Bij vier geiten
werden telkens 6 vooraf uitgeharde poreuze CaP cement implantaten subcutaan
aangebracht. De implantatie tijd was 3 en 6 maanden. Analyse bestond uit een
histologische evaluatie en gradering met behulp van een weefselscoringslijst.
Histologie toonde aan dat de implantaten voor meer dan 50% degradeerden over
de tijd. De macroporeuze structuur van de implantaten was echter na 3 maanden
verloren. Na 3 maanden waren de implantaten omgeven met een fibreus kapsel
van gemiddelde dikte, met weinig inflammatoire cellen. Dit kapsel was significant
dunner geworden na 6 maanden. Het gehele implantaat liet ingroei van fibreus
weefsel zien met hier en daar foei van inflammatoire cellen. De cement partikels die
niet gedegradeerd waren werden omgeven met een laag van inflammatoire cellen.
Een massale inflammatoire reactie in het interstitium werd na 3 maanden gezien
en was verdwenen na 6 maanden van implantatie. In geen enkel implantaat werd

botvorming aangetoond. De snelle degradatie van de CaP cement implantaten met
het hieraan gepaarde verlies van de poreuze structuur, kan een verklaring zijn voor
het ontbreken van osteoinductie.

3. Exploratie van een model voor kritisch-grootte defecten in
de radius van konijnen en bepaling van de invloed van PLGA
degradatie op bot regeneratie.
Een belangrijk model in het onderzoek naar synthetische botvervangers is het
kritisch-grootte model, waarin het regenererende effect van een biomatehaal op
botgroei bestudeerd kan worden. In hoofdstuk 4 werd een radius defect in konijnen
gebruikt als een gemakkelijk model voor kritisch-grootte defecten vanwege
de intacte ulna die voor immobilisatie zorgt. Tevens werd de invloed van PLGA
degradatie op bot regeneratie onderzocht. Bij zestien konijnen van 4 maanden oud
werd bilateraal een segmentaal radius defect van 15 of 20 mm aangebracht. Beide
osteotomie-einden werden gemarkeerd met titanium pinnetjes. In de helft van de
groep werd in de defecten PLGA-micropartikels geïnjecteerd in een dragermateriaal
van carboxymethylcellulose. De implantatie tijd was 12 weken. De evaluatie
bestond uit het vervaardigen van röntgenfoto's postoperatief en na het opofferen,
microcomputer tomografie en histologie. De röntgenfoto's toonden aan dat de
defecten significant kleiner waren geworden gedurende de totale implantatieperiode
in vergelijking met direkt postoperatief. Verder werd fibrocartilagineuze interpositie
in een aantal radii gevonden. Deze beide bevindingen tonen aan dat het gecreëerde
botdefect instabiel is. Alle evaluatie technieken lieten zien dat zowel het 15 mm
als het 20 mm defect geen kritisch grootte defecten waren, aangezien de meeste
defecten

regenereerden.

De PLGA-micropartikels

hadden geen

significante

invloed op de botregeneratie. Concluderend kan vastgesteld worden dat 15- en
20 mm radius defecten in 4 maanden oude konijnen geen geschikt model voor bot
regeneratie zijn, omdat deze defecten geen kritische grootte hebben en ook niet
stabiel zijn. PLGA-micropartikel degradatie beïnvloedt de bot regeneratie niet.

4. Onderzoek naar de in vivo kinetische en biologische activiteit
van rhBMP-2 vrijgekomen uit PLGA/ CaP cement composieten
met een verschillende concentratie van rhBMP-2.
De genezing van grote botdefecten kan verbeterd worden door de toepassing
van osteoconductieve

botvervangers

met geïncludeerde

groeifactoren.

Een

geleidelijk gecontroleerde afgifte van deze groeifactoren geeft een meer efficiënte
bioactiviteit in vergelijking met een piek afgifte en kan tevens de totale hoeveelheid
benodigde groeifactor voor botregeneratie verlagen, hetgeen om economischeen veiligheidsredenen wenselijk is. In hoofdstuk 5 zijn verschillende rhBMP-2
concentraties in een gecontroleerd afgifte systeem van CaP cement met PLGA-
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micropartikels met elkaar vergeleken. Op deze manier konden de data omtrent
kinetiek en biologische activiteit aan elkaar gekoppeld worden. Tweeënvijftig ratten
kregen een craniaal kritisch grootte defect welke open bleef of gevuld werd met een
van de cement composieten. Deze implantaten bestonden uit een groep zonder
rhBMP-2 en twee groepen met een hoge en 5-voudig lagere dosis van rhBMP-2. De
implantatietijd was 4 of 12 weken. Longitudinale in vivo afgifte werd weergegeven
middels scintigrafische beeldvorming met

13

'l-gelabeld rhBMP-2. De kwantitatieve

analyse van deze scintigrafische beelden liet een geleidelijke afgifte van , 3 ' l rhBMP-2 zien voor beide groepen cement waaraan rhBMP-2 was toegevoegd,
waarbij er een verschil was in het afgifte patroon. Echter, ongeveer 70% van de
initiële dosis resteerde in beide typen implantaten. Een lage afgifte van rhBMP-2
(2.4 ± 0.8 pg in 5 weken) bleek voldoende om het kritisch-grootte botdefect te
overbruggen na 12 weken implantatie in de implantaten met hoge dosis rhBMP-2.
Deze groep toonde significant meer bot na 3 en 12 weken implantatie in vergelijking
tot de groep zonder groeifactor. De afgifte van groeifactor uit de implantaten met
een lage dosis rhBMP-2 gaf extra botgroei in vergelijking tot de blanco implantaten
na 3 weken implantatie, maar na 12 weken was dit verschil verdwenen. Degradatie
van de implantaten was beperkt voor alle groepen, waarbij implantaten die een
hoge dosis rhBMP-2 bevatten de meeste degradatie vertoonden. Concluderend
kan gesteld worden dat een lage hoeveelheid van geleidelijk afgegeven rhBMP-2
voldoende is om kritisch-grootte botdefecten te overbruggen. Een substantiële
hoeveelheid rhBMP-2 blijft in de implantaten achter door de lage afgifte snelheid en
de beperkte degradatie van de implantaten.

5. Onderzoek naar de invloed van het moleculaire gewicht van
PLGA micropartikels geïncludeerd in CaP cement composieten
op in vivo implantaat degradatie en bot formatie.
Eerdere studies in ons laboratorium hebben aangetoond dat de toevoeging van
biodegradeerbare polymère micropartikels aan CaP cement de degradatie van dit
cement kan verhogen zonder daarbij de positieve hanteerbaarheidseigenschappen
zoals injecteerbaarheid en vervormbaarheid aan te tasten. In hoofdstuk 6 werd de
invloed van het moleculaire gewicht van de PLGA micropartikels, geïncludeerd in
het CaP cement, bestudeerd met betrekking tot implantaat degradatie en botvorming
in een kritisch-grootte model. Veertig ratten kregen een craniaal botdefect dat
gevuld werd met een implantaat van CaP cement/PLGA-micropartikels uit één van
de vijf groepen. Deze groepen werden onderverdeeld in composieten met PLGAmicropartikels gemaakt van 100% hoog (HMW) (54.21 ± 1.34 kDa) of 100% laag
moleculair gewicht (LMW) (4.55 ± 0.03 kDa) PLGA, of een mengsel in HMW en
LMW PLGA-micropartikels (25%, 50% or 75%). De implantatietijd was 12 weken.
De grootte van de HMW en LMW micropartikels was hetzelfde. Porositeitsmetingen

na het verwijderen van de PLGA-mlcropartikels toonden dezelfde macro- en
totale porositeit tussen alle groepen met uitzondering van de 100% HMW groep,
die significant minder poreus bleek te zijn. Significant meer degradatie van de
implantaten met 100% LMW PLGA-micropartikels werd aangetoond met histologie
en histomorfometrie. Overbrugging van de botdefecten werd vooral gevonden in
de 75% en 100% LMW groepen, met de grootste hoeveelheid gevormd bot in de
100% LMW groep. Deze resultaten suggereren dat LMW PLGA-micropartikels
geassocieerd zijn met een betere botvorming dan HMW PLGA. Een verklaring
hiervoor kan de hogere interconnectiviteit in de LMW implantaten zijn. Er kan
geconcludeerd worden dat CaP cement composieten met een hoog percentage
LMW PLGA-micropartikels

goede transductieve eigenschappen

hebben met

betrekking tot botvorming welke leiden tot sluiting van een kritisch-grootte botdefect.
De 100% LMW groep bleek de beste implantaat degradatie en botvorming in deze
studie te geven.

6. Onderzoek naar het stimulerende effect op botvorming van
conventionele medicijnen toegevoegd aan bioactief bot-cement.
Eerdere studies hebben laten zien dat alendronaat en Omeprazol een effect hebben
op botgenezing door beïnvloeding van osteoclastische activiteit resulterend in
verhoogde botvorming. Het biologische effect van deze conventionele medicijnen
geïncorporeerd in bioactief bot-cement (G2B1) werd bestudeerd in een konijnen
model in hoofdstuk 7. In een bot defect in de femorale condyle van konijnen
werd blanco controle G2B1 cement of cement met een van de twee medicijnen
geïmplanteerd. De implantatietijd was 6 en 12 weken. Aan het einde van beide
implantatieperiodes werden micro-CT en histomorfometrische analyses verricht
om de bot minerale dichtheid (BMD) en bot volume (BV) van het bot rondom de
implantaten te bepalen naast de mate van bot-implantaat contact in procenten.
BMD en BV waren gelijk in alle groepen. Het percentage bot-implantaat contact was
significant lager in de alendronaat en Omeprazol groepen na 6 weken implantatie
in vergelijking met de blanco controles. Dit verschil in bot contact verdween na 12
weken voor de Omeprazol maar niet voor de alendronaat implantaten. Deze laatste
waren bijna in het geheel omgeven door een fibreus kapsel, welke gepaard ging
met een ontstekings reactie. De conclusie is dat in deze studie opzet alendronaat
en Omeprazol geïncorporeerd in bioactief bot-cement geen betere bot genezing
laten zien in vergelijking met blanco controle implantaten. Integendeel, alendronaat
toonde een toxische reactie in een additionele cytotoxiciteits studie.

2. SLOTOPMERKINGEN
In onze zoektocht naar economisch verantwoorde synthetische botvervangers
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voor de reconstructie van botdefecten werden eerst twee typen CaP keramleken
met elkaar vergeleken: een poreus ß-TCP en een blfasisch CaP keramiek met
een hoog percentage (75%) aan HA. Beide materialen waren biocompatibel en
osteoconductief. Er werd een verschil in de mate van degradatie en cellulaire
interventie gevonden tussen beide keramieken. Opvallend was dat het "beste
materiaal" (ß-TCP) slechts 60% degradeerde na een half jaar implantatie. De
gewenste snelheid van degradatie is afhankelijk van het uiteindelijke doel van
reconstructie. Bij botaugmentatie doeleinden is een lage degradatiesnelheid
van het materiaal wenselijk, omdat nieuw gevormd bot zal verdwijnen in de
afwezigheid van het biomatehaal. Echter voor regeneratie heeft juist een relatief
snelle transductie van autoloog bot de voorkeur. CaP keramieken hebben het
nadeel slecht peroperatief hanteerbaar te zijn in vergelijking met CaP cementen.
Daarom werd in de volgende studies de aandacht op CaP cement gevestigd.
Eerst werd de osteoinductieve potentie van macroporeus CaP cement onderzocht,
aangezien osteoinductie een vereiste eigenschap is om kritisch-grootte defecten
en slecht genezende defecten te overbruggen. Er werd echter geen ectopische
botvorming gevonden. Om macroporeus cement te verkrijgen werd in deze studie
een C02-inductie techniek gebruikt. Hierdoor ging niet alleen de intraoperatieve
vervormbaarheid van het cement verloren. De ontstane macroporiën resulteerden
ook in een te snelle degradatie van het cement waardoor de poreuze structuur
verloren ging, hetgeen mogelijk de reden was waarom geen osteoinductie gevonden
werd. Een andere methode om macroporeus CaP cement te creëren is de inclusie
van PLGA micropartikels. Het polymeer draagt bij aan een initieel stabiel cement
met behoud van de injecteerbaarheid en door PLGA degradatie ontstaat uiteindelijk
een macroporeuze structuur. PLGA zou biocompatibel zijn, maar bij de degradatie
van PLGA komen zure degradatie producten vrij welke mogelijk de bot regeneratie
kunnen beïnvloeden. Om deze reden werd de invloed van PLGA degradatie op
bot regeneratie bestudeerd. Het effect van vrijgekomen zuur bleek bij de kleine
hoeveelheid

PLGA in micropartikel vorm verwaarloosbaar. Verder werd het mid-

diafysaire radius defect in konijnen geëxploreerd als een model voor kritisch-grootte
defecten. Dit omdat het een interessant model is in relatief kleine dieren waarvoor
geen additionele fixatie of gipsimmobilisatie nodig is. Wij concludeerden echter dat
dit model niet geschikt is als kritisch-grootte model, omdat zowel 15- als 20 mm
defecten botoverbrugging lieten zien en het defect niet stabiel was.

Eerdere studies hebben aangetoond dat de gecontroleerde rhBMP-2 afgifte uit PLGA/
CaP cement composieten het bot regeneratieve effect van het cement vergroten.
Echter in al deze studies werden relatief hoge hoeveelheden van rhBMP-2 gebruikt.
Wij bestudeerden de in vivo afgifte-kinetiek van twee doseringen van rhBMP2,
gelabeld met

,S1

I. De gecontroleerde afgifte van lage hoeveelheden rhBMP-2 uit het

cement waren voldoende om kritisch-grootte botdefecten te overbruggen. Echter
een substantiële hoeveelheid rhBMP-2 bleef achter in het cement door de lage
afgifte snelheid en de beperkte PLGA-micropartikel degradatie.
Om de degradatie van de PLGA/CaP cement composieten te verbeteren, werden
PLGA-micropartikels met verschillende moleculaire gewichten in het cement
geïncorporeerd. De biologische activiteit van de composieten bleek groter te
zijn bij een hoog percentage aan snel oplosbaar laag moleculair gewicht (LMW)
PLGA-micropartikels in vergelijking tot hoog moleculair gewicht (HMW) PLGAmicropartikels. Een mogelijke verklaring hiervoor is de grotere interconnectiviteit
in de LMW implantaten. Hierbij was het opvallend dat composieten met 100%
LMW PLGA-micropartikels in staat waren om kritisch-grootte craniale defecten te
overbruggen zonder de toevoeging van groeifactoren. Deze bevinding schept grote
verwachtingen voor de toekomst, omdat een osteoinductief materiaal zonder de
toevoeging van dure groeifactoren de voorkeur heeft.
Tot slot werd het regeneratieve effect op de vorming van bot van de toevoeging van
conventionele medicijnen (alendronaat en Omeprazol) aan bioactief bot-cement in
plaats van groeifactoren bestudeerd. Beide medicijnen hadden geen positief effect
op de botgenezing. Alendronaat veroorzaakte zelfs een toxische reactie.

3. TOEKOMST PERSPECTIEVEN
In dit manuscript worden meerdere studies over op GaP gebaseerde botvervangers
beschreven. Het doel van deze studies was om een economisch verantwoord
botsubstituut te vinden met een goede peri-operatieve hanteerbaarheid voor de
reconstructie van bot defecten.

GaP cementen, en dan in het bijzonder PLGA/

GaP cement composieten, lijken aan deze eisen te kunnen voldoen. RhBMP-2 kan
aan deze cementen worden toegevoegd om de bot regeneratieve eigenschappen
te verbeteren, waarbij deze groeifactor op een gecontroleerde wijze uit het cement
vrijkomt. Kleine hoeveelheden rhBMP-2 zijn hierbij voldoende om een kritischgrootte defect te overbruggen. CaP cement composieten met laag moleculair
gewicht PLGA-micropartikels zonder rhBMP-2 konden echter ook een overbrugging
van kritisch-grootte defecten bewerkstelligen en zouden de toevoeging van dure
groeifactoren (zoals rhBMP-2) overbodig kunnen maken.
Hoewel dit manuscript veelbelovende resultaten laat zien van PLGA/CaP cement
composieten, zijn er aspecten die nader onderzoek behoeven in de toekomst:
1.
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Injectie van het cement in rijk gevasculariseerd weefsel kan het uitharden hinderen

en de cohesie veranderen. Dit probleem kan mogelijk opgelost worden door de
verhouding vloeistof en/of de partikel grootte van het cement poederte veranderen.
De degradatie van de CaP cement composieten moet verbeterd worden. Hierbij
valt op te merken dat de inclusie van LMW PLGA micropartikels reeds een
toename van degradatie en botgroei tot in het centrum van grotere implantaten
tot gevolg had. De inclusie van een combinatie van micropartikels, zoals gelatine
of poly(trimethyleen carbonaat) (PTMC) naast PLGA, zou de degradeerbaarheid
kunnen verbeteren. Aangezien de benodigde degradatie snelheid van polymère
micropartikels om optimale degradatie van het CaP cement te verkrijgen
onbekend is, ligt hier nog een interessante niche voor verder onderzoek.
De osteoconductieve eigenschap van LMW PLGA/CaP cement composieten
behoeft nader onderzoek. Met deze implantaten worden kritisch-grootte
defecten overbrugt, maar het is onbekend of hier een uiterste limiet
bestaat, waarbij het defect niet gesloten kan worden door het gebruik
van het materiaal alleen. De toevoeging van additionele factoren zou
nodig

zijn

indien daadwerkelijk

een dergelijke

uiterste

limiet

bestaat.

De afgifte van rhBMP-2 moet geoptimaliseerd worden. Een lage dosis van
rhBMP-2 kan het biologische gewenste effect bewerkstelligen, helaas is er
echter veel retentie van deze groeifactor in het implantaat. Deze verspilling van
groeifactoren dient voorkomen te worden en maakt de ontwikkeling van een
meer efficiënt afgifte systeem noodzakelijk. Verder is fysiologische botvorming
niet gebaseerd op één maar op een variëteit aan groeifactoren waaronder
ook VEGF, rhBMP-7 en TGF-ß. Toekomstig onderzoek moet geconcentreerd
worden op de ontwikkeling van een op CaP cement gebaseerd drager
materiaal, dat de sequentiële afgifte van multipele typen groeifactoren mogelijk
maakt. Wellicht kan een dergelijk systeem gecreëerd worden door het gebruik
van meerdere polymère micropartikels met verschillend degradatie patroon.
De extrapolatie van data van een klein naar een groot experimenteel
dierenmodel maar ook van kleine naar grote implantaten is lastig en kan tot
fouten leiden. Een gelijksoortige 'bias' is aanwezig in de extrapolatie van grote
dieren naar de humane klinische situatie. Het is belangrijk te realiseren dat
de effectiviteit en veiligheid van PLGA/CaP cement composieten in patiënten
alleen te bepalen is door middel van klinisch onderzoek.
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tot specialist achtereenvolgend op de afdelingen Chirurgie en Plastische Chirurgie
in het ziekenhuis Gelderse Vallei te Ede en gedurende twee jaar op de afdeling
Plastische Chirurgie in het Catharina-ziekenhuis te Eindhoven. In september
2003 begon zij met het promotieonderzoek op de afdeling Parodontologie en
Biomaterialen (prof. dr. J.A. Jansen), in samenwerking met de afdeling Plastische en
Reconstructieve Chirurgie (prof. dr. P.H.M. Spauwen) van het Universitair Medisch
Centrum St Radboud te Nijmegen, dat heeft geresulteerd in dit proefschrift.
In april 2007 werd gestart met de vooropleiding Chirurgie in het ziekenhuis Rijnstate
te Arnhem onder leiding van dr J.H.G. Klinkenbijl en later dr. M.M.P.J. Reijnen.
De specialisatie tot plastisch chirurg zal plaatsvinden in het Universitair Medisch
Centrum St Radboud te Nijmegen vanaf december 2009 (opleider prof dr. P.H.M.
Spauwen).
Esther is getrouwd met Tom Sprong en samen hebben zij twee kinderen. Kas en
Slem.
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STELLINGEN
1. Op CaP gebaseerde botvervangers en dan met name een
composiet van CaP cement met een polymeer, hebben de
potentie om uiteindelijk autologe bottransplantaten te vervangen
(dit proefschrift).
2. De gecontroleerde afgifte van lage hoeveelheden rhBMP-2
uit een PLGA / CaP cement composiet is voldoende om het
gewenste effect van botstimulatie te verkrijgen (dit proefschrift).
3. Een composiet van CaP cement met laag moleculair gewicht
PLGA-micropartikels is in staat om overbruggende botgroei te
stimuleren in kritisch-grootte defecten zonder de toediening van
dure groeifactoren (dit proefschrift).
4. De zoektocht naar een goed diermodel voor lastdragende
kritisch-grootte botdefecten is nog niet ten einde (dit
proefschrift).
5. Promoveren doe je niet alleen, maar bijvoorbeeld samen met
je echtgenoot.
6. Kinderen maken je nachten niet korter, maar juist je dagen
langer (en de wallen onder je ogen een stuk dieper...).
7. Het is paradoxaal dat een konijn geliefd is als troeteldier, maar
ook zeer 'beproefd' op zowel wetenschappelijk als culinair gebied.
8. Het mijden van eenfile iseenstuklastigerdan het rijden in eenfile.
9. De belangstelling voor stellingen staat niet in verhouding tot de
tijd die erin gestoken is; in vergelijking hiermee lijkt de tijd nodig
voor het schrijven van een proefschrift bijna tijdverspilling.
10. Wat er ook gebeurt: altijd blijven lachen!
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