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ABSTRACT 

ln a 6-week rat madel it was demonstrated that a small dose of peri

implant zoledronic acid (ZA) increased local bane formation 3-fold 

compared with contrais. Ancillary in vitro studies using 14C-Iabelled ZA 

implant doses demonstrated biphasic elution profiles for implants coated 

with hydroxyapatite; complete ZA release occurred within one to three 

weeks in serum compared with only 60% ZA release after 12 weeks in 

water. Implants without hydroxyapatite coating showed more burst-type 

release profiles and full ZA elution within 24 hours of hydration in serum or 

water. Canine studies at 6 weeks using implants with 14C-Iabeled ZA 

showed that the compound remained localized, with the greatest ZA 

concentration immediately adjacent to the implant. Although there was 

evidence of skeletal ZA distribution via diffusion into the circulation, the 

levels were two orders of magnitude less than at the implant site. 
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RESUME 

Une étude de 6 semaines sur des rats a montré qu'une faible dose de 

péri-implant acide zoledronique (ZA) augmente de 3 fois la formation 

locale d'os par rapport aux témoins. ln vitro, l'utilisation de ZA marqué au 

14C a permis d'obtenir des profils d'élution bi-phasiques pour des implants 

recouverts de hydroxyapatite. Ces profils ont montré un relargage totale 

de ZA dans le sérum au bout de une à trois semaines alors qu'il n'était 

que de 60% après 12 semaines dans l'eau. Les implants non-recouverts 

d'hydroxyapatite avaient des profiles plutôt monophasiques ainsi qu'une 

élution complète de ZA en 24 heures d'hydratation dans le sérum ou dans 

l'eau. Une étude canine de 6 semaines utilisant des implants avec ZA 

marqué au 14C a montré que le composé reste très localisé, avec la plus 

grande concentration de ZA aux abords immédiats de l'implant. Il a 

également été montré une distribution de ZA au niveau du squelette par 

l'intermédiaire d'une diffusion dans le système circulatoire mais seulement 

à des concentrations deux ordres de grandeur moins élevées qu'au 

niveau de l'implant. 
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1.0 INTRODUCTION 

Total hip arthroplasty (THA) is a surgical procedure that involves the 

replacement of the articulating surfaces of the hip joint with implants 

consisting of an acetabular eup and a femoral stem (Figure 1.1 ). The 

articulation between the femoral head and the eup is usually metal against 

polyethylene, although metal-metal and ceramic-ceramic bearings also 

exist. 

Acetabular 
Cup 

Hip Stem 

Figure 1. 1 Le ft image illustra tes the anatomy of the hip joint. Right image 
shows location of hip replacement and meta/lie implant. 

Although there exist a variety of reasons for THA (i.e. Paget's disease, 

arthritis, avascular necrosis or trauma) the most common pathology is 

arthritis, specifically osteoarthritis (OA). OA is characterized by 

mechanical wear and tear resulting in loss of cartilage on the surface of 

articulating surfaces. As cartilage is depleted the boney surfaces of the 

joint come into contact causing pain for the patient du ring movement [1]. 
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Thus, the ultimate goal of joint replacement is to eliminate pain while 

restoring mobility to the patient. 

Today, THA is a safe operation with nearly 500,000 procedures performed 

yearly in the United States alone. The success rate is generally very high, 

with revision rates in primary cases amounting to only 1-5% percent out to 

10 or 20 years after surgery. However, the success of THA is generally 

inversely proportional to the age of the patient, with aseptic loosening 

rates often rising in younger patients due to the greater mechanical 

demands placed on bene-implant interfaces and articulating wear 

surfaces. The success is also substantially lower in cases of revision, 

where one or both of the original implants are removed and replaced . 

1.1 Methods of Implant Fixation 

Two different modalities are employed to mechanically attach implants to 

the skeleton. One involves the use of bone cement, an acrylic material 

(polymethyl methacrylate, PMMA) introduced and popularized by Dr. John 

Charnley in the 1950's. Bone cement is a two-phase material that is mixed 

together at the operating table and acts as a grouting agent to provide 

mechanical attachment of the implant to the skeleton. ln this method, the 

cement fills the space between implant and bone in a passive manner to 

establish fixation. Although strong in compression, PMMA is relatively 

weak in tension and is quite brittle - it is therefore susceptible to fatigue 
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failure causing implant loosening, especially in heavier or younger, more 

active patients that impose higher duty cycles on the material. 

An alternative method of fixation involves direct contact between the bane 

and implant so that bane can form directly on and/or within the implant 

surface. This modality is referred to as "noncemented arthroplasty" or 

more commonly, 'biological fixation'. The success of THA by biological 

fixation is dependent on the initial stabilization of the implant - ensuring a 

tight fight between metal and bane. Secure initial stability provides the 

optimal conditions for secondary fixation by bane ingrowth. Furthermore, 

biological fixation often involves the use of porous coatings or materials to 

allow the ingrowth of host bane for purposes of mechanical attachment. 

This approach depends on initial implant stability as mentioned above, as 

weil as optimum pore size, healthy, vascularized bane capable of healing 

and regeneration, and a period of postoperative restricted load bearing to 

maximize the opportunity for bane formation at the implant interface. This 

approach would further benefit from any process that accelerated the rate 

and extent of peri-implant bane formation and bane ingrowth [2]. 

1.2 Bisphosphonates in THA 

Bisphosphonates (BPs) are a class of anti-resorptive drugs that cause net 

bane formation by suppressing osteoclastic activity. This explains their 

use in bane diseases such as osteoporosis where it is desirable to 

increase overall bane density and mass. BPs also have potential 
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application in the biological fixation of total joint arthroplasty implants si nee 

they could be used to enhance bone formation at the bane-implant 

interface. An elegant approach in this regard is to target peri-implant bone 

through local elution of BP compound directly from an implant- this would 

avoid unnecessary exposure to other skeletal sites as would occur with 

systemic delivery. This represents the general tapie of research in this 

thesis. 
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2.0 LITERATURE REVIEW 

2.1 Development of Biologie Fixation 

Although considered a relatively common procedure today, it is believed 

that the first record of a THA was performed in Germany in 1891 , with 

ivory used to replace the femoral head. However, much of the 

development of work in the field of biologie fixation has been credited to 

advances in the dental field. As early as 1909 it was recorded that a 

metallic cage was developed by Greenfield to provide stability for an 

artificial tooth root. lt was not until 1952 that the first macroporous or 

fenestrated orthopaedic implant (Moore self-locking endoprosthesis) was 

created. This prosthetic was composed of cobalt-chromium-molybdenum 

(Co-Cr-Mo) with large empty spa ces that allowed mechanical interlock of 

the implant by healing bone [3]. Further development of porous prosthetic 

coatings was made in the late 1960's when researchers Hirschhorn and 

Reynolds fabricated a porous Co-Cr-Mo implant with an average pore size 

of 1 0-20~m. When implanted into canine cortical bone they observed 

tissue infiltration of the pores. The first porous pure titanium fibre implant 

was produced by Lueck et al in 1969 [4]. Further development of this 

material was completed in 1971 by Galante et al through moulding and 

sintering [5]. 

Through the 1970's many researchers studied the use of porous Co-Cr

Mo to determine the optimum parameters to ensure the maximum amount 
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of tissue ingrowth. At this time it was common practice for microspheres to 

be sintered onto the metallic implant. Mechanical push-out tests were 

performed in canine cortical bone to determine the effectiveness of both 

small and large pore sizes [4]. Hirschhorn et al fabricated titanium 

implants with pore sizes ranging from 15-2001-.Jm. Fibrous tissue was 

observed with the smaller pores (151-.Jm), wh ile infiltration of the pores with 

bone occurred with the larger pore sizes [6]. Although, porous coatings 

were shown to be advantageous for enhancing bone ingrowth, it was 

discovered that when porous coatings were applied to titanium implants by 

sintering or diffusion bonding, the fatigue properties of the material was 

reduced by about half. ln 1970, Hahn et al developed plasma sprayed 

titanium coatings for use in orthopaedic implants. This new technique 

allowed titanium implants to suffer only a 10% loss of fatigue properties, 

enabling both the strength of the implant and its biologie fixation [7]. 

2.2 Factors affecting bone ingrowth 

There are a number of factors that can affect the rate and extent of bone 

growth into a porous implant. The most important factors (motion, gaps 

and pore size) are described in further detail below. 

2.2.1 Motion 

Initial stability of the implant is integral to ensuring bony attachment of an 

implant. Research has shown that excessive motion can inhibit bone 
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ingrowth, resulting in fibrous tissue infiltration. Fibrous tissue fixation 

presents a problem; since it is not as rigid as bone, it is like a 'non-union' 

of a fracture and hence has a greater tendency to be painful for the patient 

[8]. Studies in animais have provided an indication of the limit of interface 

micromotion that can be tolerated for bone or fibrous tissue ingrowth. 

Burke et al showed that micromotions of about 401Jm permitted the 

formation of bone within a porous titanium surface, however, this was a 

mixture of woven bone and fibrous tissue. When the micromotion was 

increased to 751Jm only fibrous tissue growth was observed [4]. Generally 

speaking, it is believed that initial implant stability should be such that the 

interface motion is limited to less than about 501Jm if bone ingrowth is to 

reproducibly occur. 

2.2.2 Gaps 

There exists an upper limit to the distance between the bone and the 

porous implant for bone ingrowth to still occur. Kienapfel et al 

demonstrated in both loaded and unloaded models the level of bone 

growth and strength of fixation was limited in the presence of gaps. ln a 

non-weight bearing sheep model, animais received a HA coated porous 

titanium implant with a 2mm gap, with the contralateral femur containing a 

press-fit control. After a time interval of 3 weeks it was demonstrated that 

bone ingrowth was 6-fold higher in the controls as compared to the gap 

model [4]. 
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Bobyn et al conducted a non-weight bearing canine study to evaluate 

bane growth into porous coated femoral rads. Rads were prepared to 

have outside diameters of 5.5, 4.5, 3.2 and 2.5 mm yielding gaps ranging 

from 0 to 4 mm, with study periods of 4, 8, 12 and 16 weeks. Histological 

study showed the presence of thin 'spongy' bane around ali implants, 

particularly those with a gap distance of less than 2mm by the 12 week 

interval. Thicker bane was observed closer to areas of endosteal cortical 

bane. lt was observed that the amount of bane formation increased with 

decreasing gap size [9]. 

Dalton et al studied a non-weight bearing canine gap madel. ln this study 

15 canines were bilaterally implanted with porous titanium femoral 

implants, one of which was coated with hydroxyapatite. Implants were 

inserted so as to create gap distances of 2.0, 1.0, 0.5 and O.Omm, with 

sacrifice at 4, 8, 12, 24 and 52 week time intervals. lt was observed that 

an increase in gap size was associated with a corresponding decrease in 

bath bane ingrowth and fixation strength. Press-fit (Omm) implants 

achieved an average 43.8% bane ingrowth at 52 weeks, as compared to 

only 23.4%, 17.1% and 11.1% bane ingrowth at the sa me ti me interval for 

the 0.5mm, 1.0mm and 2.0mm gaps, respectively. Histological 

examination of the gap filling indicated greater attachment strength in 

trabecular bone compared with cortical bone, particularly for 

hydroxyapatite coated implants. Ali hydroxyapatite coated implants 
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resulted in increased attachment strength and bone ingrowth at ali time 

intervals. ln summary, while direct implant-bane contact is preferable, 

bone has the ability to bridge gaps of not more than 2mm. Also, the 

addition of an osteoconductive material such as hydroxyapatite (HA) can 

increase the potential for ingrowth, particularly with small gaps [1 0]. 

2.2.3 Pore Size 

There are many different types of porous or textured coatings used for 

bone ingrowth fixation of implants. Porous coatings are often made by 

sintered beads or fibre wires to the solid substrate. Textured surfaces can 

be manufactured by direct casting or by high temperature plasma spray 

techniques. As long as the material is biocompatible and the implant is 

sufficiently stable, bone will form (heal) within or onto a wide variety of 

surfaces. 

Bobyn et al conducted a canine study to determine the optimum pore size 

for bone ingrowth. Implants were formed from Co-Cr-Mo and coated with a 

cobalt based alloy powder in four particle size ranges to yield implants 

with pore sizes of 20-SO~m. 50-200~m. 200-400~m and 400-800~m and a 

porosity of 30-35%. Canine femora were implanted with one implant of 

each pore size for periods of 4, 8 and 12 weeks. Pore sizes within 50-

400~m resulted in the fasted rate of development of fixation strength, the 

maximum strength being reached by 8 weeks [11]. 
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ln a canine acetabular madel, it was reported that more bone ingrowth 

was observed with implants having 4501Jm and 2001Jm pores compared 

with implants having 1401Jm pores [4]. From these and other studies, it 

appears that the optimal pore size range is about 1 00-5001Jm; most 

commercially available implants are within this range. 

2.2.4 Surface roughness (Ra) 

The topographical features of an implant surface have also been shawn to 

affect bone formation. Surface roughness is often defined by the 

parameter Ra which is a measure of the average departure from the center 

line between the surface peaks and valleys. Surface textures with Ra 

values of about 2 !Jm to 7 !Jm have been shown to stimulate osteogenesis, 

presumably through sorne sort of interaction with the osteoblast cell 

membrane. Fine surface textures are most commonly created by grit 

blasting an implant with glass or alumina particles. Titanium alloy is best 

suited for this process due to its relative softness compared with cobalt 

chromium alloy. Another technique, more commonly used in the dental 

implant industry, is to acid etch the titanium surface to create a slight 

microtexture. The materials used to fabricate porous coatings, beads or 

fibre wires, could also benefit from the acid etching process as a means of 

enhancing the overall bone ingrowth response [12, 13]. 
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2.2.5 Other Factors affecting bone growth 

Additional patient-related factors can affect bone ingrowth, these include 

age, osteoporosis, smoking, surgical technique and drugs. The natural 

aging process results in a reduction of mesenchymal stem cells, this yields 

a decrease in the formation of osteoblast progenitors and hence a decline 

in bane formation. Osteoporosis causes a decrease in bath the thickness 

and number of trabeculae as weil as an increase in intracortical porosity -

this leads to bane with compromised mechanical properties. Nicotine 

absorbed through smoking has been demonstrated to interfere with 

fracture healing by inhibiting vascularization. Drugs used for 

chemotherapy, corticosteroids and NSAIDs have demonstrated 

deleterious effects on bane formation. Certain drugs such as 

bisphosphonates have been shawn to be advantageous for altering the 

bane remodelling cycle in favour of net bane formation; these will be 

discussed later in more depth [14]. 

2.3 Bone Growth Enhancement Techniques 

Over the years several different approaches have been studies as a 

means of enhancing the rate and extent of biologie fixation of joint 

arthroplasty implants. These include the use of bane graft materials, 

growth factors, electrical stimulation and bisphosphonates, each of which 

will be briefly discussed in further detail below. 
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2. 3. 1 Bane graft materials 

Bane grafts are employed to promote bane formation and provide 

structural support. Grafts may originate from the patient itself (autograft), 

from a donor (allograft), or may be derived from various bane graft 

substitutes (e.g. hydroxyapatite, demineralised bane matrix, or composite 

grafts), with varying results described in the literature. Kienapfel et al used 

cancellous bane autografts and freeze-dried allograft for enhancing bane 

ingrowth into porous implants. No significant difference was seen between 

controls and implants with respect to bone ingrowth [15]. Tagi/ studied an 

unloaded and loaded weight-bearing rabbit model in which animais had 

the cancellous bone of the tibial marrow cavity replaced with morselized 

and impacted bane graft prior to insertion of a tibial prosthesis. lncreased 

graft resorption and remodelling was observed in the loaded animais [16]. 

Pietrzak et al found that the use of demineralised bane matrix (DBM) graft 

produced sorne success in revision surgery to bridge a 2-3mm gap. 

However, DBM grafts suffer from a wide variability in the osteoinductive 

potential, as natural variances are observed from donor to donor. 

Furthermore, assessing the effectiveness of the graft in the clinical setting 

has proven difficult and may be unreliable [17]. 

The only material to consistently provide useful clinical results is 

hydroxyapatite. For example, Sudo et al found that satisfactory results 

12 



were achieved when hydroxyapatite granules were used to pack the 

acetabular cavity in a cementless THA [18]. 

2. 3. 2 Growth Factors 

Growth factors are naturally occurring signaling molecules responsible for 

stimulating cell proliferation and differentiation and include the 

t transforming growth factor 13 (TGF-13) superfamily. TGF-13 is a multi-

' 
functional cytokine that is linked to the regulation of growth of a variety of 

i cells, including bane cells. Aufdemorte et al studied the effects of 

recombinant human TGF-131 (rhTGF- 131) on bone healing using titanium 

implants inserted into the tibia of baboons. The implants allowed for the 

collection of a native bone sample that was removed at 41 days. A 

gelatine capsule containing either 1 ~9 or 1 O~g of rhTGF- 131 was applied 

to the removed bane samples and re-implanted in the tibia; contralateral 

controls were left untreated. After an additional 22 days of healing, the 

implants were removed for histological analysis. No significant differences 

were observed between bath TGF-13 doses, however increased trabecular 

bane volumes were seen compared with controls [19]. 

Bane morphogenetic proteins (BMPs) are growth factors included in the 

TGF-13 superfamily that were first cloned by Wozney et al in 1988. They 

are a set of bone-derived growth factors that aid in the formation of both 

cartilage and bane [20]. BMPs have been investigated as osteoinductive 
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agents and are the only growth factors with a known ability to stimulate 

differentiation of mesenchymal stem cells into chrondrocyte or osteoblast 

progenitors. BMP2 and BMP9 have been identified as osteogenic 

regulatory molecules. Kang et al conducted a study involving the 

implantation of a titanium implant that was packed with bone graft and 

recombinant human BMP (rhBMP). Implants were inserted bilaterally into 

the femoral head of 18 canines after a femoral defect representing 

avascular necrosis had been created and divided into three groups 

receiving, (i) Ti implant, rhBMP and bone graft, (ii) rhBMP and bone graft 

and (iii) bone graft only. After a time interval of 12 weeks the most 

significant bone response was present in the groups receiving rhBMP. 

Only minimal defect healing occurred in the implants receiving the bone 

graft alone [21 ]. 

Und et al has stated that although TGF !3, BMP-2 and BMP-7 have been 

shawn experimentally to induce sufficient bane formation for bath spinal 

fusions at the level of bone autografts in sheep, rabbits, and baboons, the 

clinical effectiveness has yet to be determined in controlled or clinical 

studies. Furthermore, sorne growth factors do not provide beneficiai 

effects when administered systemically, due to an insufficient 

concentration of the factors in the local bane microenvironment. 

Additionally, sorne research has shawn growth factors to produce taxie 

side effects and possible neoplasia. Moreover, the manufacture of growth 
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factors is prohibitively expensive, effectively preventing the routine use of 

these compounds in the clinical setting [14, 22]. 

2.3.3 Electrical and Ultrasonic stimulation 

Electrical stimulation has also been investigated as a method to enhance 

bone formation. lt has been suggested that stimulation of bone matrix 

proteins and ion flux can be generated during mechanical deformation. ln 

a cascade of events this leads to an increase in metabolic activity. 

However, with the exception of direct electrical stimulation, no significant 

results have been achieved with respect to bone ingrowth. Furthermore, 

this technique is less clinically relevant as results achieved have not 

provided the level of growth available with other techniques [4]. Tanzer et 

al have demonstrated that low intensity ultrasound can stimulate bone 

growth in a canine madel providing the intensity and duration of treatment 

are optimized [23]. This modality is somewhat cumbersome however, and 

has yet to reach clinical application. 

2.3.4 Bioactive coatings 

Bioactive coatings are manmade analogs of the inorganic calcium 

phosphate phase of bone (Figure 2.1 ). Hydroxyapatite (HA) and tricalcium 

phosphate (TCP) are common calcium phosphate coatings that have been 

shawn to increase bone ingrowth or ongrowth at a faster rate over 

uncoated implants, with widespread use in the field of orthopaedics since 
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the mid-1980's. HA has also been used clinically for the filling of bone 

defects or gaps between implant and bone [24] . 

Figure 2. 1 Hydroxyapatite (Cato(P04)6(0H)2) 

By increasing the rate and extent of peri-implant bone formation, HA 

enables a stronger interface resulting in increased implant stability. The 

mechanism of action whereby HA increases peri-implant bone formation is 

thought to partially result from the release of both calcium and phosphate 

ions into the extracellular space. Due to the electronegative potential 

between the coating and this space an amorphous calcium carbonate 

layer forms on the outermost layer of the implant. This leads to a cascade 

of physiological events that leads to an increase in bone formation within 

and around the implant [24, 25]. 

ln addition to chemical effects, research has demonstrated that HA is 

inherently microtextured, with a surface roughness of between 3 to 81-Jm 

when applied by plasma spray techniques. lt is this unique surface 
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topography that is the major contributing factor to the osteoconductive 

effects observed with HA coatings. Hacking et al conducted an in vivo 

canine study to evaluate the contribution of bath the surface topography 

and chemistry of HA. ln this study experimental animais received an HA 

coated titanium femoral implant in the intramedullary canal 

(Ra=5.58±1.08J.Jm) and the contralateral femur received an HA coated 

titanium femoral implant with a thin (100nm) titanium mask 

(Ra=5.58±1.1 ÜJ..Im) to preserve the microtexture, but mask the chemical 

effects of the HA. Control animais were bilaterally implanted with a 

polished solid titanium implant (Ra=0.09±0.02J..1m) in the intrameduallary 

canal of one femur and a grit-blasted solid titanium implant 

(Ra=3.64±0.72J.Jm) in the contralateral femur. After a time interval of 12 

weeks, the femurs were harvested and prepared and analyzed by 

undecalcified thin section histology. Histological analysis revealed the 

lowest rate of bone apposition in control animais, with only 3% apposition 

observed in samples containing polished titanium implants and 23% bone 

apposition observed with the grit-blasted titanium implants. Experimental 

animais demonstrated 7 4% apposition for the HA-coated implants and 

59% apposition for the implants with the Ti-masked HA coating. This 

clearly demonstrated that although HA chemistry contributes to peri-

implant bane formation, the surface topography of HA is the major 

contributing factor [26]. 
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HA is a biocompatible material, with a calcium phosphate ratio of 1.67 that 

closely resembles natural bone mineral. lt maintains both its volume and 

morphology upon implantation and resorbs very slowly. HA coatings are 

typically applied as a thin layer (50-70J,Jm) over ali or part of an implant, 

although thinner coatings of about 10 J.Jm have also been shown effective 

' for enhancing the local bone response [25]. 

Unlike HA coatings, TCP is known to degrade rapidly and non-uniformly, 

, 
r 

and is thus less weil established in the clinical setting [24]. However, sorne 

researchers have fou nd application for this compound as a composite with 

HA (e.g TCP+HA coating). Tanzer et al demonstrated the clinical use of a 

po rous cementless femoral implant coated with a HA+ TCP composite . ('· 
coating (80% HA, with remaining 20% composed of TCP and other 

r 
calcium phosphates) in a randomized double-blind clinical trial. Patients 

received either a calcium phosphate coated stem or an identical uncoated 

implant. At a 2-5 year follow-up both groups demonstrated bone ingrowth 

in nearly ali patients (99% for HA+ TCP, 98% for controls), with no implants 

requiring revision due to aseptic loosening. However, fewer radiolucencies 

were observed in patients receiving the HA+ TCP stem, suggesting that 

the calcium phosphate coating acted to enhance overall osseointegration 

[27]. 

HA coatings suffer from a few limitations. Firstly, HA is typically applied 

using a line-of-sight high temperature plasma spray process that allows 
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only the outermost layer of a porous implant surface to be coated. HA 

coatings are very process sensitive, requiring strict control over substrate 

roughness, temperature and cooling rate. They also tend to be very brittle 

and hence need to be applied as thin coatings to avoid problems with 

spalling that can occur with excessive strain. Finally, HA crystals are 

typically formed of large grains, in the micrometer range; this differs from 

the small nanometer particles of which natural bone mineral is composed. 

Biomimetic coatings that apply a 1 0-301Jm thick layer of super saturated 

CaP at low temperatures have been created to overcome this problem. 

These coatings more closely resemble the mineral phase of bone and 

have demonstrated increased bone apposition when compared with 

traditionally coated plasma-spray implants [24]. 

2.4 Porous Tantalum 

Porous tantalum (Trabecular Metal™, Zimmer, Warsaw IN) is a metallic 

biomaterial that is about 80% porous, as opposed to sintered beaded 

surfaces that have an average porosity of about 40%. The greater porosity 

of tantalum implants provides more volume for bone to grow into the 

implant, thus allowing for a stronger bane-implant interface and faster rate 

of development of interface strength. Porous tantalum also has desirable 

mechanical properties, as it is substantially less stiff than other metallic 

implant materials with a bulk elastic modulus of about 3GPa, similar to 
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cancellous bane. This results in less stress shielding due to a more even 

load distribution [28]. 

Figure 2.2 Porous Tantalum Implant 

Trabecular metal is formed in a unique manufacturing method whereby a 

pre-form is created with a polyurethane foam that is pyrolysed to create a 

law density vitreous carbon skeleton with continuous dodecahedron-

shaped interconnecting pores. Commercially pure tantalum metal is 

deposited onto the pre-form by chemical vapour deposition to create the 

required implant shape [29]. This process results in implants with an 

average pore size of about 4501-Jm with struts that have a surface 

roughness of 1-21-Jm, yielding a material that is bath osteoconductive and 
r 

suitable for bane ingrowth. Furthermore, the high interconnectivity of the 

struts results in a high strength-to-weight ratio, and can easily be formed 

into a variety of shapes. Bobyn et al noted 52.9% bane ingrowth at 4 

weeks when porous tantalum was implanted into canine femora, 

increasing to 79.7% at 52 weeks. Push out tests indicated that the shear 

strength of bane-implant interface was greater than with sintered, beaded, 

porous implants at equivalent time periods. Furthermore, high fixation 

strength developed much earlier with porous tantalum because of the 

higher volume porosity [13]. 
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Porous tantalum has been utilized successfully in a wide variety of implant 

designs for use in the hip, knee, shoulder and spine for over ten years 

[13]. lt represents the first of a newer generation of highly porous metallic 

biomaterials that are being developed for orthopaedic surgery . 
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3.0 BISPHOSPHONATES 

Bisphosphonates (BPs) are a class of chemical compounds that 

effectively inhibit osteoclastic bone resorption, and thus have therapeutic 

value in bone resorption disorders. These drugs exert their action by 
.. 

selectively adsorbing to bone mineral in osseous tissues, where they are 

slowly released during remodelling of the skeleton. BPs are analogs of 

r inorganic pyrophosphate, a compound that is a physiological regulator of 

calcification and resorption, in which the oxygen in the P-0-P had been 

replaced by a carbon to yield a P-C-P backbone (see Figure 3.1) [30]. BPs 

are characterized by their binding affinity to calcium phosphate. Once 

liberated from bone mineral by remodelling, BPs exert their effects by 

interfering with the actions of osteoclasts, altering the bone remodelling 

response in favour of bone formation. As such, this class of drugs offers 

great potential in the field of orthopaedics - altering the bone remodelling 

response in favour of enhanced bone formation could be utilized to 

improve the extent and reliability of implant fixation. Many BPs are 

clinically available to treat various bone resorption disorders such as 

Paget's disease, hypercalcemia of malignancy and osteoporosis [31]. 

OH R1 OH 

1 1 1 

0 = P- C-P =O 

1 1 1 
OH ~ OH 

Figure 3. 1 Bisphosphonate 
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The BP structure is identified by the R1-chain, R2-chain and two 

phosphonate groups. The R1 side chain typically contains a hydroxyl 

group (R1=0H) which is required to enhance binding to bane. The 

presence of a hydroxyl group at the R1 position increases the affinity for 

calcium (and thus bane mineral) due to the ability of BPs to bind to 

calcium ions. The structure and configuration of the R2 side chain 

determine the BPs anti-resorptive potency and its binding to HA. ln 

addition to the structure of the R2 side chain, bath phosphonate groups 

are required for the drugs to ensure the pharmacological activity of the 

drug. Alterations to one or bath phosphonate groups reduce the affinity for 

bane mineral as BPs covalently bind to HA through exchange of 

phosphate groups. 

BPs can be divided into two main groups: nitrogen containing BPs (N

BPs) and non-nitrogen containing BPs (NN-BPs). 8oth groups have the 

basic P-C-P backbone, however, the addition of a nitrogen group in the R2 

side-chain affects bath the potency and the BPs mechanism of action. ln 

particular, BPs containing a basic primary nitrogen atom in an alkyl chain 

have been fou nd to be 10- to 1 00-fold more pote nt than 1 st generation BPs 

(NN-BPs). Those containing nitrogen groups within a heterocyclic ring 

proved to be the most pote nt, up to 10,000 times more so than first 

generation BPs [32]. 
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3.1 Mechanism of Action 

As previously mentioned, BPs bind strongly to bane mineral, where they 

are released by osteoclasts during bane resorption. During this process 

BPs are taken up by osteoclasts where they disrupt the cytoskeleton and 

cause the disappearance of the ruffled border- the area where the acidic 

resorption factors are released. Once the ruffled border disappears, 

osteoclasts are no longer able to resorb bane. lt has also been suggested 

that BPs trigger osteoclast apoptosis causing an increase in bane 

formation, through the loss of osteoclast function and a reduction in the 

overall number of osteoclasts. Specifically, N-BPs exert their action by 

inhibition of the mevalonate pathway - the biosynthetic pathway 

responsible for the production of sterols (e.g. cholesterol). ln particular, N

BPs act on bane metabolism by binding and blocking the enzyme farnesyl 

pyrophosphate synthase (FPPS). This prevents downstream effects, of 

intermediates such as farensyl diphosphate (FPP) and geranyl geranyl 

diphospate (GGPP) which are required for protein prenylation of small 

GTPases (such as Rho, Ras, and Rac). These signalling molecules are 

involved in the regulation of osteoclast proliferation, survival and 

cytoskeletal organization, affecting bath function and survival of 

osteoclasts. This aids in restoring the imbalance that may occur in the 

bane remodelling response, causing an increase in bane formation as 

osteoclasts are suppressed. However, at this time it is still unknown 

whether BPs are also able to increase the activity of OBs [33]. 
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3.2 Bisphosphonate Use in Bone Growth 

Zou et al demonstrated that chronic administration of alendronate, a N-BP, 

increased bone formation inside the central canal of a porous tantalum 

vertebral implant and the region adjacent to the canal, when implanted 

into pigs. This study suggested that alendronate may stimulate the 

formation of bone. Furthermore, when administered in low doses, 

alendronate stimulated the formation of osteoblast precursors. However, 

no significant histological or radiological differences were observed and no 

effect was seen on the formation of fi brous tissue at the vertebrae-implant 

interface [34]. 

Goto et al studied the amount of mineralized tissue formation that was 

observed when pamidronate and incadronate were immobilized onto 

titanium dises. ln this in vitro study larger osteoblastic cells were observed 

on titanium dises rather than culture dishes, although more bone-like 

nodules were observed on calcium coated titanium dises as opposed to 

pure titanium dises, indicating that BPs stimulated mineralized tissue 

formation, although at an independent rate to suppression of bone 

resorption. Furthermore, calcium coated implants containing pamidronate 

showed an increased number and size of bone-like nodules as compared 

to incadronate immobilized implants [35]. 
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Bauss et al studied the effects of ibandronate, a N-BP, in an 

ovariectomized (OVX) monkey madel, a madel used to represent post

menopausal osteoporotic (PMO) women. Ovarectomization results in 

estrogen depletion and subsequently causes a decrease in bone mass at 

the lumbar spine, the femoral neck, head and proximal femur, in addition 

to increased bone turnover. Animais either received daily or intermittent 

administration of the drug. A progressive loss of bone mass was observed 

in control animais, while animais receiving ibandronate maintained bone 

mass and showed a dose-dependant increase in bone strength, bone 

mineral density, trabecular bone volume and trabecular number [36]. 

3.3 Zoledronic Acid (ZA) 

Zoledronic acid (ZA) is a 3rd generation BP with a nitrogen atom contained 

in the heterocyclic ring of the R2 group, as in illustrated in Figure 3.3 

below, which further enhances the potency of the drug. To date, ZA is 

considered to be one of the most patent bisphosphonates and is up to 

10,000 times more pote nt than 1 st generation compound s. This drug is 

clinically available und er the trade na me Zometa TM or Reclast™ as an 

intravenous infusion. 
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Figure 3.2 Zoledronic Acid (1-hydroxy-2-imidazol-1-yl-phophonoethyl 
phosphonic acid) 

ZA is indicated for use in the treatment of hypercalcemia of malignancy 

and Paget's disease and is currently under investigation for the treatment 

of osteoporosis. Due to its potency, ZA is administered annually and this 

low-dosing schedule has demonstrated efficacy in ensuring patient 

compliance to treatment regimens. Black et al demonstrated that a single 

15-minute infusion of ZA (5mg) has been shawn to reduce the number of 

vertebral, hip and other fractures in osteoporosis patients in a three year 

study [37]. Lyles et al has shawn that a single 5mg infusion of ZA within 90 

days after hip fracture repair is able to reduce the frequency of new 

fractures [38]. 

lt is necessary to note that adverse side effects are observed with ZA 

treatment. Flu-like symptoms have commonly been reported when ZA is 

administered as an infusion; fatigue, fever, muscle aches and swelling of 

the lower extremities have also been observed. Although these side 

effects are relatively minor, more serious effects such as osteonecrosis of 
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the jaw (ONJ) and renal impairment have been shown to occur in sorne 

patients. However, Higano reports that annual ZA dosing may be less 

likely to cause ONJ and renal problems associated with higher doses, 

resulting in less toxicity, lower costs and enhanced patient compliance 

[39]. 

Little et al studied the use of ZA in the treatment of osteonecrosis in a rat 

model. ln this model of traumatic osteonecrosis, initiation of bone repair 

was observed within the time course of the experiment in ali three groups, 

i) saline operated, ii) ZA given sub-cutaneously two weeks pre-operatively, 

and iii) ZA treatment given sub-cutaneously at 1 and 4 weeks post 

operatively. Histological evaluation revealed that saline operated contrais 

had resorbed much of the epiphysis, while treatment groups receiving ZA 

either pre- or post-operatively resulted in preservation of the femoral head 

architecture. Furthermore, animais treated with ZA showed improved 

femoral head shape and significant increase in trabecular number over 

saline animais, indicating bone repair and new bone formation [40]. Little 

et al further investigated the appropriate dose and schedule required for 

an increase in bone formation to be observed. This study investigated a 

rat model of Perthes disease where animais were assigned to one of three 

groups: i) saline monthly, ii) 3 doses of 0.05mg/kg ZA monthly and iii) 10 

doses of 0.015 mg/kg weekly. This dosing schedule resulted in ali 

treatment animais receiving a total ZA dose of 0.15mg/kg over the 15-
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week time period. At the end of the time interval a range of femoral 

deformities from spherical to flat were observed, with radiographs showing 

increased epiphyseal ossification in ZA treated animais [41]. 

Bobyn et al investigated the effect of a single dose of ZA on bone ingrowth 

within a tantalum ulnar implant. Seven dogs received single intravenous 

dose of ZA (0.1 mg/kg) immediately following bilateral implantation of 

porous tantalum ulnar implants for a time interval of 6 weeks. Histological 

examination revealed an increase in the size of the bone islands found 

within the implant; islands were 69% larger than in control animais from a 

previous study, however, the number of bone islands was nearly the 

same. Furthermore, 85% more bone ingrowth was observed in 

experimental animais as compared with controls. These results indicated 

that the administration of ZA caused a net gain in bone growth into porous 

tantalum implants [42]. 

Tagi/ et al implanted sixteen rats with a bone conduction chamber 

containing a cancellous bone graft in the proximal tibia. Half of the animais 

received a bone graft from an animal that had been pre-treated with single 

subcutaneous dose of 0.7mg of ZA while the remaining control animais 

received bone graft from an animal that had been administered saline 

injections. Animais receiving grafts that were pre-treated with ZA showed 

a 16% increase in the remodeled area, as compared to only 5% in 
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contrais. The graft was almost entirely resorbed in control animais, while 

BP treated animais demonstrated retention of the graft and the presence 

of new bone lining the trabeculae of the graft. This study demonstrated an 

increase in bone density when a graft pre-treated with ZA was implanted 

[43]. 

Pampu et al investigated the effect of ZA on bone mineral density (BMD) 

and bone mineral content (BMC) in a rabbit model at sites of mandibular 

distraction. Animais underwent distraction osteogenesis of the mandible, 

after which they were randomized into two groups receiving either an 

intravenous dose of ZA (0.1 mg/kg) or only a saline infusion. After a ti me 

interval of 28 days an increase in both BMD (on average 24.7%) and BMC 

(on average 26%) was seen in experimental animais as compared with 

controls. Furthermore, ZA caused new bone formation in areas at and 

around distraction gaps and accelerated the bone healing process after 

distraction osteogenesis [44]. 

Bransford et al demonstrated that ZA administration can increase bone 

mineral content and strength in a rabbit spinal fusion model. ln this study 

48 rabbits were divided into 3 three groups: i) local ZA treatment with iliac 

crest bone graft, ii) systemic ZA treatment with iliac crest bone graft, and 

iii) iliac crest bone only. At a time period of 12 weeks an 86% increase in 

bone mineral content and 41% increase in spinal fusion mass was seen in 
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the systemic ZA treatment group, with the local treatment group showing a 

slightly delayed remodelling response with a 69% increase in BMC and 

29% increase in spinal fusion mass. Furthermore, a 31% increase in BMD 

was observed for bath ZA treatment groups, indicating that a single dose 

of ZA can enhance the rate of spinal fusion [45]. 

r 
Matas et al studied the effect of ZA on bane remodelling after an 

osteotomy in a rabbit madel. ln this study thirty rabbits were divided into 

two groups where they received either an intraperitoneal infusion of 

0.04mg/kg ZA or an equivalent volume of double distilled water. Animais 

in the experimental group showed an increase in tissue volume and 

trabecular bane in the metaphysis (prominent site of metabolic turnover), 

with a decreased amount of fibrous tissue as compared to contrais. This 

demonstrated that ZA is an effective drug to enhance bane formation 

during fracture healing [46]. 

3.4 Methods of BP Drug Delivery 

ln the current clinical setting BPs may be administered orally or 

intravenously, however, bath routes have disadvantages. Oral 

administration suffers from poor oral absorption of BPs from the gastro-

intestinal tract; typically only about 1% of the given dose becomes 

absorbed and available for use. The level of bioavailability is further 

affected if the drug is taken with certain foods, particularly calcium or iron, 
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known chelators of BPs. This treatment regimen requires patient 

compliance, which may be difficult due to the burdensome dosing 

instructions. lntravenous infusions remove problems with patient 

compliance, however they are more costly as they must be routinely 

administered by a health care practitioner. Additionally, intravenous dosing 

results in an immediate loss of 30-80% of the unmetabolized BP [47, 48]. 

Gertz et al demonstrated that after a 2-hour intravenous infusion of radio-

labelled alendronate, plasma concentrations rapidly decreased with only 

5% of the initial dose remaining after 6-hours. Furthermore, 50% of the 

dose was recovered unmetabolized in the urine 72-hours following 

administration [49]. Lin et al demonstrated that after intravenous 

administration of 14C-alendronate to rats, only 0.36% of the dose was 

excreted in feces after 24 hours [50]. Legay et al conducted a study with 

C251]-ZA administered intravenously in rats. Radioactivity of 17-34% of the 

administered dose was present in rat plasma and urine. When studied in 

humans 39-46% of the administered dose was recovered 24 hours after 

infusion, with only trace amounts occurring at later time points [51]. 

Although satisfactory results have been achieved in studies with 

systemically delivered BPs, adverse side effects have been reported as 

mentioned earlier. The oral or intravenous method of delivery is 

advantageous when it is necessary to alter the remodelling response 

throughout the entire skeleton, as would be needed for osteoporosis 
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patients. However, systemic administration is neither necessary, nor ideal, 

for joint replacement patients, given the need to only affect the bone in the 

immediate vicinity of the implant. This leads to the topic of this thesis 

which investigates aspects of immobilizing the bisphosphonate onto an 

implant by means of an HA coating, for local elution and enhancement of 

peri-implant bone formation. 

3.4. 1 Local Delivery 

Local delivery of a small amount of a BP from an orthopaedic implant 

could both avoid deleterious side effects and increase drug bioavailability 

at the implant site. Tanzer et al demonstrated an increase in peri-implant 

bone formation in a canine madel when ZA was delivered locally from an 

implant. ln this study 0.05mg of ZA was immobilized onto porous tantalum 

implants coated with HA and bilaterally implanted into the ulnar 

intramedullary canal of four canines. Five control animais received the 

same tantalum implants without drug coating. Histological analysis and 

backscattered scanning electron microscopy (BSEM) revealed greater 

peri-implant bone formation and greater bone ingrowth with the ZA-doped 

implants. lt was hypothesized that this would result in more secure and 

relia ble mechanical implant fixation [52]. 

Since high doses of systemically administered BPs can have side effects, 

it is important to understand the dose effect of BPs on bone formation and 
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implant fixation. Peter et al investigated whether ZA could increase the 

mechanical fixation of a locally eluting implant. Twenty Wister rats were 

randomized into five groups to receive a HA coated titanium implant in the 

femoral condyle with 0, 0.2, 2.1, 8.5 or 161Jg/implant of ZA. Results 

indicated that ZA can have a positive effect on bone density and 

mechanical fixation, though positive results are dose dependant, with 

higher doses having a negative effect on bone remodelling and biological 

fixation [53]. ln a rat study involving local administration of 99mTc

pamidronate Kumar et al discovered when the BP was directly 

administered there was an increase in drug uptake at 24 hours, indicating 

an increased uptake in bone. This study further demonstrated decreased 

renal uptake and lower urinary excretion of the BP when directly applied 

as compared to a local intravenous or subcutaneous injection [54]. 

Many researchers have also compared both systemic and local 

application of BPs, with greater mechanical fixation observed in the locally 

delivered group. Skoglund et al compared systemic and local delivery of 

BP to determine which provided greater mechanical fixation of a metallic 

implant. Stainless steel screws were coated with the N-BP ibandronate 

and inserted into the proximal tibial epiphysis of seventy-six Sprague

Dawley rats for a period of 14 days. Animais were divided into one of 

three groups: i) ibandronate injected subcutaneously (systemically), ii) 

ibandronate locally applied to the insertion hole and iii) controls receiving 
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subcutaneous saline injection. Biomechanical testing revealed a 30% 

larger force at failure and a 28% increase in stiffness with animais 

receiving systemic treatment as compared to controls. The value doubled 

to 60% larger force at failure when ibandronate was locally applied, with 

no significant effect on stiffness. This study demonstrated that early 

fixation is achieved with BPs, with an increase in fixation when the drug is 

locally applied [55]. 

Astrand et al conducted studies where alendronate was given either 

systemically or locally. These rat studies involved inserting a bane 

chamber containing cancellous bane grafts into the proximal tibial 

metaphysis. Animais in the systemic study received subcutaneous 

injections of a high dose of alendronate (2051Jg/kg/day), a low dose 

(41Jg/kg/day), or saline. The local treatment study involved a similar bane 

cham ber with graft, with either saline or 201JI of 0.1 mg/ml of alendronate 

applied topically. ln the systemic study both BP treatment groups showed 

less bane resorption than contrais and a greater increase in bane 

formation, however, a much higher dose was required to inhibit bane 

resorption than in the local delivery study. Furthermore, when alendronate 

was locally applied bane resorption was suppressed after a single 

application as compared to contrais with only 1
/1 0 of the systemic dose 

used. By locally delivering the drug only 1
/ 10 of the dose was required 

yielding positive results on the local bane microenvironment [56, 57]. 
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3.5 Drug Localization and Distribution 

Although local delivery of BPs has demonstrated efficacy in enhancing 

peri-implant bone formation, it is necessary to know to what extent the 

drug remains at the site of implantation after application. Various 

researchers have studied the effects of BP localization and delivery when 

given systemically. Monkkonen et al conducted a rat study involving the 

intravenous administration of three 14C la be lied BPs ( etidronate, 

clodronate and amidronate, ali NN-BPs) to determine their in vivo 

distribution. At defined time periods animais were sacrificed and the 

tissues were analyzed for the presence of radioactivity. This study 

demonstrated the rapid clearance of BPs from plasma with only low 

concentrations observed after 12 hours. Autoradiographs indicated a large 

percentage of the drug was taken up into the skeleton in the vertebrae, 

ribs, skull and forelimbs. Furthermore, the relative BP concentrations in 

bane were high at ali time points, with peak levels achieved between 30 

minutes and 2 hours after drug administration. Over the course of 3 weeks 

the BP levels were observed to plateau, slowly decreasing with time out to 

one year. This study indicates that BPs are rapidly cleared from the body 

when given systemically, although remaining amounts will preferentially 

accumulate in osseous tissues [58]. When this same group focused on the 

distribution of clodronate, a NN-BP, similar uptake into bone was observed 

with the rapid clearance of the drug from other tissues with the exception 

of the spleen and liver which showed detectable amounts of radioactivity 
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up until 90 days after administration [59]. The results of these studies were 

supported in future work by Gertz et al, who demonstrated that after a 2-

hour intravenous infusion of alendronate, plasma concentrations rapidly 

decreased with only 5% of the initial dose remaining after 6 hours. 

Furthermore, 50% of the dose was recovered unmetabolized in the urine 

72 hours following administration. lnitially radioactivity was present 

throughout the body, with only 5% of the initial dose present after 1 hour, 

decreasing to 1% after 24 hours. However, 60-70% of the administered 

dose was found to accumulate in osseous tissue within 1 hour with high 

concentrations still present after 71 hours [49]. 

Furthermore, Smith et al demonstrated that ibandronate, a N-BP, is more 

likely to accumulate in the proximal metaphysis rather than in the distal 

metaphysis of the bone when given intravenously. This group further 

observed that a greater amount of BP accumulates in the lumber 

vertebrae (L6) as opposed to the tibia. Furthermore, when concentrations 

from whole bones were compared, higher radioactivities were observed in 

areas of trabecular bone as there is a higher surface area compared to 

cortical bone [60]. Bauss et al supported this conclusion as his group 

observed that the mean concentration in the lumbar vertebrae is always 

about 2 times the concentration found in the tibiae when ibandronate is 

administered intravenously [61]. However, Osterman et al conducted 

studies that demonstrated that when clodronate is given systemically 
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(subcutaneously) it localized in the periosteal surface of the femur. The 

highest amount of activity was seen in the primary spongiosa of the distal 

femoral metaphysis and in the lower cortical bone of the femoral 

diaphysis, with high levels seen below the epiphyseal growth plate. 

Radioactivity in the lumbar vertebrae was about half of that observed in 

the femur. Autoradiographs depicting the femur in cross-section 

demonstrated a greater presence of clodronate in the periosteal surface 

compared with the endosteal surface. Finally, the distribution of 14C

Ciodronate throughout different parts of bones or among various bones 

was uneven depending on the rate of bone turnover [62]. 

Although, BPs have demonstrated accumulation in bone when 

administered systemically it is necessary to investigate whether the 

degree of uptake in tissues outside the target area is decreased when the 

drug is given locally. Peter et al conducted a study involving the local 

delivery of ZA from within a bone chamber. This study demonstrated that 

ZA was released rather quickly into the endosteum, within 7 days, where it 

eventually seems to accumulate in the periosteum over the following 30 

days - in contradiction to locally administered BPs. This study suggests 

that ZA will enter bone through diffusion, but will not diffuse out of the 

bone afterwards [63]. 
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Little et al demonstrated that when 14C ZA was given locally (as a bolus) at 

the site of a fracture, the drug was retained at the site in the sa me order of 

magnitude as a systemic dose, even though the local dose was 1
/ 10 the 

systemic dose. This indicated that a lower amount of the locally applied 

drug escapes the site of injection, ensuring higher drug bioavailability. 

However, systemic exposure was still observed with this local delivery 

method, with the contralateral femur eventually containing half the 

concentration of ZA observed in the treated femur, presumably through 

diffusion into the bloodstream via access at the fracture site. ln a separate 

study using a rat fracture model, small quantities of ZA were also 

observed below the growth plates of both the treated and control femur 

[64]. 

There do not appear to be any studies in the literature that measure the 

skeletal distribution of ZA that elutes locally from an implant. This 

information would be important to understanding the pharmacokinetics of 

local drug release and the risk of exposure to ZA at sites remote from the 

implant. 
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4.0 PURPOSE OF THESIS 

The purpose of this thesis was to investigate several aspects of local 

delivery of ZA from an orthopaedic implant, when the BP is either locally 

injected or immobilized onto the deviee. Specifie objectives included the 

following. 

(i) 

(ii) 

(iii) 

To study the local bone response to a local injection of ZA in a 

simple rat model, using femoral intramedullary implants. 

To study the elution characteristics of ZA from various implant 

materials, including HA and non-HA coated porous tantalum metal 

implants and HA and non-HA coated grit blasted titanium implants, 

when soaked in water and serum. 

To study the skeletal distribution of ZA, when locally delivered from 

an eluting implant surgically placed in the femoral intramedullary 

canal of a canine. 
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5.0 THE EFFECT OF LOCAL BISPHOSPHONATE OELIVERY ON PERI•IMPLANT 
BONE FORMATION IN A SIMPLE RAT MODEL 

5.1 Purpose 

The usual method of examining and quantifying the bone response to 

orthopaedic implants is with undecalcified thin section histology. While 

effective and accurate, this method is both time consuming and 

expensive. Quantification of the peri-implant bone response could also be 

achieved using micro-CT technology. However, since metallic implants 

generally interfere with the x-ray signal and confound quantitative 

measurements and since lab micro-CT equipment enables measurements 

on only very small bones, the technology is generally not applicable to the 

usual animal models using larger metallic orthopaedic implants. A 

possible solution to this problem is to use a smaller animal model and to 

modify the implant so that it does not interfere with the x-ray signal. The 

purpose of this study was to quantify the peri-implant bone response to 

local delivery of a ZA in a simple rat model involving a novel implant 

design. 

5.2 Materials and Methods 

Eight nylon implants (20mm long and 1.2mm in diameter) were coated 

with a thin ( 1 OOnm) layer of commercially pure titanium (Figure 5.1) using 

physical vapour deposition, as described by Hacking et al. The reason for 

using a nylon implant was to facilitate the use of microCT for quantifying 

the peri-implant bone response. Metallic implants generally cause bearn 
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scatter and confound accurate microCT measurements; this problem is 

avoided with the use of polymer implants. The titanium coating on the 

implant was added to provide biocompatibility without affecting microCT 

imaging [65]. 

A solution of commercially available Zometa ™ (Novartis Pharma AG, 

Basel, Switzerland) in distilled deionized water was diluted to create four 

1 001JI aliquots each containing 1 01Jg of ZA. The aliquots were stored in 

glass vials in a freezer at -20°C until required. Four aliquots of 1 OOIJI 

distilled deionized water were a Iso prepared. 

Four male Sprague Dawley rats each weighing approximately 300g were 

bilaterally implanted with a nylon implant placed inside the femoral 

intramedullary canal. 

Figure 5. 1 Nylon implant coated with commercial/y pure titanium 

On one side a small drill hole was created in the intracondylar notch of the 

femoral intramedullary canal and 1 001JI of solution containing 1 01Jg of ZA 

was slowly injected retrograde (Figure 5.2). This concentration was 
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chosen to replicate the concentration of drug used in previous studies 

conducted by Tanzer et al in a canine model [52]. An implant was 

inserted such that it was positioned mostly within the diaphysis and the 

wound closed with a single resorbable suture. The contralateral side 

received the sa me treatment except that 1 OO!JI of distilled deionized water 

was injected prior to placing the implant. Injection of the ZA solution 

resulted in sorne leakage out of the intramedullary canal prior to implant 

insertion. lt was not possible to quantify the extent of loss hence it was 

not possible to be certain of the a mount of ZA retained within the canal. 

Figure 5.2 Insertion of ZA into intramedullary canal 

After six weeks the animais were sacrificed and both femora were 

harvested. Retrieved femora were cleaned of soft tissue and imaged by 

contact radiography in a Faxitron MX-20. The bones were subsequently 

scanned by Micro-CT in a SkyScan 1172 equipped with a 1.3Mp camera 

(SkyScan, Kontich, Belgium) yielding approximately 2600 vertical slices 

per femur. Samples were scanned in PBS 1 X. Rotation step between 

each frame was set at 0.45°. X-ray bearn was produced with source 

voltage at 70kV and 1 OO!JA, and was magnified to 121Jm/pixel. The 
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SkyScan produced raw images resembling a radiograph, that had to be 

reconstructed with NRecon (a software program provided by Skyscan, 

version 1.4.4.) into 2-dimensional transverse seriai cross sections which 

were used to create the 30 models that used for quantification. These 

models allowed the visualization of the amount of bane present in the 

canal around the implants. Quantitative analysis of bane within the canal 

and within the immediate 0.2mm annular region adjacent to the implant 

was achieved using SkyScan software CTAn, version 1.7. CTAn allows 

the user to define and isolate a region of interest (ROI) within the bane 

that allows for the calculation of the bane volume in that region. The 

volume of bane in the intramedullary canal approximately 20mm from the 

growth plate was quantified by applying a grayscale threshold of 88-255. 

Data were compared between control and ZA-dosed femora using paired 

student's t tests with p=0.05. 

5.3 Results 

Contact Faxitron radiographs as shawn in Figure 5.3 clearly demonstrated 

the effect of the locally applied drug. The nylon implants themselves were 

not apparent due to their radiolucency. However, in the ZA-dosed femur 

from each animal the outline of the implant was visible due to the density 

of peri-implant bane. ln contrast, the implants in the control femora were 

much less apparent, presumably owing to lesser degrees of peri-implant 

bane. 
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Figure 5.3 Contact radiograph indicating new bone formation around 
radiolucent implant when zoledronate is used. Arrows illustrate the outline 
created by new peri-implant bone formation around the implant that 
received ZA treatment. 

The greater amount of bone, observed with the contact radiographs, was 

more readily visualized with the 3D reconstructions of the microCT scans. 

ln Figures 5.4 to 5.6 the implant is not visible, the cortical bone appears as 

grey, and the intramedullary peri-implant bone appears as yellow. The 

peri-implant bone on the ZA-dosed side is more abundant and of greater 

density compared with the control side. This result was consistent among 

ali four animais in the experiment, with a greater degree of peri-implant 

bone observed in the ZA-dosed femur. 
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Figure 5.4 Reconstructed 30 images of segments from ZA-treated (top) 
and control femora (bottom). 

Figure 5.5 Reconstructed 30 images of segments from ZA-treated (Jeff) 
and control femora (right) from the same animal in Figure 5.4. The view of 
the distal end of femur shows a greater degree of peri-implant bone 
formation in the ZA-treated femur. 

Figure 5.6 Reconstructed 30 images of segments from ZA-treated (top) 
and control femora (bottom) from a different animal. Once again, more 
bone is observed in the femur with the ZA treatment. 
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Quantitative analysis of peri-implant bone revealed that in each animal the 

volume of peri-implant bone on the ZA-dosed side was greater than on the 

control side. The mean amount of peri-implant bone for the ZA-dosed 

femora was 23.6% compared with a mean of 12.6% for the control femora 

(p<0.05). Quantitative data from reconstructed micro-CT sections are 

illustrated in Figure 5.7, plotting percentage filling of the peri-implant space 

in an annular region within 0.2 mm of the implant. ln this analysis the 

mean bone filling of the peri-implant space was 25.3% for the ZA-dosed 

femora compared with 8.6% for the control femora (p<0.05), about a 3-fold 

difference. 
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Figure 5. 7 Percentage bone within O. 2 mm peri-implant annular spa ce for 
both fe mora of each rat and mean ± SD for al/ 4 rats. 
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5.4 Discussion 

The method of injecting the ZA at the implant site is not as elegant or 

controlled as direct elution from an implant. Sorne loss of drug occurred 

inevitably due to leaking of the solution prior to implant insertion. lt is 

unknown to what extent ZA might have diffused into the bloodstream and 

bound to femoral bane on the control side and affected peri-implant bane 

formation -this issue will be addressed in a subsequent experiment in this 

thesis. Nevertheless, the effect of ZA delivery on local bone formation 

was substantial, reproducible, and statistically significant. ln this context 

this experiment served as a valuable proof of concept that corroborated 

prior studies in the literature showing the value of local ZA delivery for 

enhancing peri-implant bane formation. 

The additional value of this experiment related to the novel animal implant 

madel and the use of titanium coated polymer implants in conjunction with 

microCT imaging. The madel is simple and cost effective and enabled 

quantitative analysis of peri-implant bane formation through 30 

visualization and reconstruction of microCT images. Such analysis on 

whole bones is not possible with metallic implants or larger animal bones. 

The described rat madel will therefore have further utility in studies of this 

type. Future work will seek to further analyze the effect of local ZA delivery 

on the bone microenvironment over additional time points. ln such studies 

it would be preferable to incorporate a method of immobilizing ZA onto the 
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polymer implant to avoid the imprecision associated with direct injection of 

ZA solution within the intramedullary canal. 
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6.0 USE OF 14C·LABELLED ZOLEDRONIC ACID FOR CHARACTERIZATION OF 

THE ELUTION PROFILE FROM POROUS IMPLANTS 

6.1 Purpose 

The concentration of bisphosphonate eluted from an implant soaked in 

fluid is a challenge to measure, particularly for 3rd generation compounds 

like ZA containing a heterocyclic ring. Previous studies analyzing the 

concentration of eluted ZA from HA coated porous tantalum implants have 

used chelating agents and ultra-violet visible molecular absorption [66]. 

This technique and others using mass spectroscopy and negative-ion 

electrospray have been complicated by the interference of HA phosphate 

groups with ZA phosphate groups. The result is that detection methods 

based on phosphate chemistry can yield erroneous results showing ZA 

elution in greater quantity than was originally deposited on an implant. As 

such, none of these methods have been able to provide conclusive, 

reproducible characterization of the ZA release profile from implants. The 

purpose of this study was to use 14C-Iabelled ZA as a means of accurately 

determining the elution profile of ZA from several types of implants in bath 

water and serum: i) HA-coated porous tantalum implants, ii) non-HA 

coated porous tantalum implants, iii) HA-coated solid grit blasted titanium 

implants and iv) non-HA coated solid grit blasted titanium implants. 
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6.2 Materials and Methods 

6.2.1 Preparation of Implants 

Tantalum Implants 

A total of twelve porous tantalum metal implants 5 mm in diameter and 50 

mm in length were manufactured for the elution studies (Figure 6.1 ). The 

implants were of two types: as-manufactured porous tantalum and porous 

tantalum with a thin (10-151-Jm) layer of HA (98% purity, 99% density, 64% 

crystallinity and a calcium:phosphate ratio of 1.67). The HA coating was 

applied by a plasma spray line-of-sight technique that resulted in only the 

outermost tantalum struts coated with HA, leaving the innermost struts 

uncoated (Figure 6.2). 

Figure 6. 1 Porous tantalum metal implants. Top implant is coated with HA, 
bottom implant is uncoated 

Figure 6.2 HA-coated (left) and Uncoated (right) Tantalum struts imaged 
by BSEM (50x magnification) 
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Three HA-coated tantalum implants that were to be immersed in water 

were doped with a ZA solution prepared from commercially pure ZA (0.04 

mg) and 14C-Iabelled ZA (0.01 mg, specifie activity = 6.507MBq/mg, Figure 

6.3) that was dissolved together in 500j..ll of deionized distilled water 

(ddH20). The total dose of 0.05 mg was the same used in ancillary animal 

experiments to study the effect on local bane formation [52]. 

OH OH OH 

1 IH 1 
O=P-C-p=O 

1 1 1 

OH CH:l OH 

1 
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() 
N 

Figure 6.3 C-14/abe//ed Zoledronic Acid 

Implants were weighed with an electronic balance (Denver Instruments 

Company, madel AB-300, Readability 0.1 mg) prior to drug impregnation. 

They were then placed in a spi nd le jig (Figure 6.4 ), whereby they cou Id be 

held at bath ends, with one end fixed and the other free to rotate, allowing 

the surface of the implant to be easily coated. Solution of ZA was slowly 

distributed drop by drop across the surface of the implant using a 

micropipette, with 1 001JI applied for every 1
/ 5 rotation of the implant. This 

technique of ZA deposition took advantage of the known chemical affinity 

of bisphosphonates for calcium phosphate, the same affinity that enables 

their selective binding to bane. The ZA was only able to chemically bind 
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to the outermost HA-coated struts although ZA solution wicked into the 

interior struts of the implants as weil. After each implant was doped the jig 

was cleaned with 95% alcohol and the jig monitored with a Geiger counter 

to determine if contamination had occurred. The aqueous ZA solution was 

pre pa red from the pure compound ( donated by Novartis Pharma AG 

Switzerland), to prevent any cross reactions that may have arisen from 

binder, buffers, and fillers that are present in the pharmaceutical 

formulation. After ZA deposition each implant was placed in an oven to dry 

at 50°C for 24 hours . 

Figure 6.4 Jig for doping implants consisting of two spindles at either end 
to secure the implant in place. Implant was then manually doped with 
aqueous ZA solution using a micropipette. 

Elution from the remaining nine tantalum implants (3 HA coated and 6 

uncoated) of the original twelve implants was analyzed later; these 

implants were doped with a ZA solution containing a 1 0-fold lower dose of 

14C C4C ZA= 0.11Jglimplant + 0.05mg of ZA). A lower dose was prepared 
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for these implants in arder to conserve the small quantity of radio-labelled 

drug received from Novartis Pharma. 

Solid Grit Blasted Titanium Implants 

A total of twelve grit blasted solid titanium implants as seen in Figure 6.5 

were used in this study. Six of the implants were coated with a thin HA 

coating while the remaining six were left untreated. Each implant was 

coated with a prepared ZA solution containing 0.05mg of cold ZA and 

0.1 ~g of 14C ZA in a volume of 200~1. A lower volume was used than with 

the porous tantalum implants since the solid grit blasted implants lacked 

pores to absorb greater fluid volume. Implants were placed in the jig and 

coated with 50~1 of solution at each ~ turn. Application of the solution 

resulted in adhered droplets due to surface tension effects; a small 

wooden applicator was used to manually disperse the droplets evenly over 

the surface at each ~ turn. Once ali the solution had been added and the 

implants were thoroughly dried in an aven at 5o·c, they were weighed to 

ensure that no additional fluid remained. 

Figure 6.5 Grit Blasted (GB) implants. Top implant is HA coated, bottom 
implant is uncoated. One end of the HA coated implant was used to grip 
the implant during plasma spray coating, hence it remained uncoated. 
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A complete list of the type of implant used and the fluid in which the 

elution was studied is outlined in Table 6.1. 

Implant# Mate rial Immersion Solution 
1 HA-coated Porous Tantalum Water 
2 HA-coated Porous Tantalum Water 
3 HA-coated Porous Tantalum Water 
4 HA-coated Porous Tantalum Serum 
5 HA-coated Porous Tantalum Serum 
6 HA-coated Porous Tantalum Serum 
7 Uncoated Porous Tantalum Water 
8 Uncoated Porous Tantalum Water 
9 Uncoated Porous Tantalum Water 
10 Uncoated Porous Tantalum Serum 
11 Uncoated Porous Tantalum Serum 
12 Uncoated Porous Tantalum Serum 
13 Uncoated Grit Blasted Titanium Water 
14 Uncoated Grit Blasted Titanium Water 
15 Uncoated Grit Blasted Titanium Water 
16 Uncoated Grit Blasted Titanium Serum 
17 Uncoated Grit Blasted Titanium Serum 
18 Uncoated Grit Blasted Titanium Serum 
19 HA-coated Grit Blasted Titanium Water 
20 HA-coated Grit Blasted Titanium Water 
21 HA-coated Grit Blasted Titanium Water 
22 HA-coated Grit Blasted Titanium Serum 
23 HA-coated Grit Blasted Titanium Serum 
24 HA-coated Grit Blasted Titanium Serum 
Table 6. 1 Description of Implants by material and immersion solution 

6.2.2 Elution in Water 

Three HA-coated, three uncoated tantalum implants, three HA coated grit 

blasted implants and three uncoated grit blasted implants were placed into 

individual vials and immersed in ?ml of ddH20 such that the implants were 

,1~' tully submerged and surrounded by fluid and maintained at 3TC and 
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vortexed for 5s. Vials were then kept in an oven at 3TC, sealed to prevent 

fluid evaporation. At pre-defined sampling intervals (5min, 15min, 30min, 

1 hr, 3hr, 12hr, 24 hr, 1 week, and weekly thereafter) each implant was 

removed from solution, the solution was vortexed for 5s and a 3.0 ml 

aliquot was withdrawn for analysis by liquid scintillation counting. Each 

implant was placed into a clean vial and re-immersed in 7ml of fresh 

ddH20 and the process was repeated at each time interval. After each 

time interval a Geiger counter was employed to monitor the laboratory 

bench-top, oven, tweezers and any other item that may have come into 

contact with the radioactive material, and the CPMs recorded. Any 

contaminated material was suitably cleaned with soap and water and then 

rinsed in 95% alcohol and measured again with the Geiger counter until 

only background counts were present. 

6.2.3 Elution in Serum 

Three HA-coated, three uncoated tantalum implants, three HA coated grit 

blasted implants and three uncoated grit blasted implants were immersed 

in 100% bovine calf serum (Hyclone, p=1.031g/ml). Serum was prepared 

with 20ml of EDTA, 3ml Streptomycin and 5 ml Amphotericin to 500ml of 

serum (to prevent calcium precipitation and bacterial growth), and agitated 

prior to use. These implants were also maintained at 3TC and handled in 

the sa me manner as the implants immersed in water. 
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6.2.4 Water Elution Ana/ysis by Liquid Scintillation 

Water elution samples were vortexed for 1 minute to ensure even drug 

distribution and then placed in 9 ml (3:1 cocktail to sample volume) of 

scintillation cocktail (Uitima Gold AB, Perkin-Eimer USA) and read for 3 

minutes in a Tri-Carb 2100TR scintillation counter. A calibration curve 

(~=0.9999) as shown in Figure 6.6 was generated using standard ZA 

solutions with the following concentrations: 0, 0.025, 0.05, 0.1, 0.25, 0.5, 

1.0, 5.0, 1 0.0, 30.0, 50.0 and 1 00.01-Jg in distilled deionized water, and 

measured with the same scintillation cocktail and counter. The 

concentration of drug in each sample was determined from the calibration 

curve. Since the ratio of radiolabelled ZA to unlabelled drug was known 

(1 :5), it was possible to determine the total concentration of eluted drug. 

The % mass eluted was determined by: 

01 l, R l d ( Sample Concentration) l ooo/ ;o 1V1ass e ease = x 10 

Initial Concentration 
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Figure 6. 6. Calibration curve based on known ZA concentrations for use in 
determining elution profiles. 

6.2.5 Serum Elution Analysis by Liquid Scintillation 

Implants immersed in serum were analyzed in the same manner as the 

implants immersed in water. However, analysis of serum samples involved 

a ratio of 10:1 cocktail to sample. Sampling continued at increasing time 

intervals until only background CPM values were produced during the 

analysis, indicating the absence of eluted ZA compound. 

6. 2. 6 Analysis of additional items 

lt was observed that sorne the HA coated implants immersed in serum 

yielded % mass elution values slightly over 1 00%. Geiger countering of 

the jig spindles used to hold the implants in place while doping, yielded 
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counts per minute over 1 000; however, washing with soap and water and 

soaking overnight in alcohol failed to remove the drug from the spindles. 

To determine if the spindles may have been contributing to the abnormally 

high 14C counts, they were removed from the jig and soaked in 1 Oml of 

scintillation cocktail overnight. Additionally, tweezers used to remove 

implants from tubes were soaked overnight in water and the eluate was 

analyzed to determine if sample cross-contamination may have occurred. 

Finally, analysis of a serum sample and a serum sample containing an HA 

implant was analyzed to determine if the serum was yielding a false 

positive and thus affecting the values of % mass eluted. 

6.3 Results 

6.3. 1 Elution Profile from Porous Tantalum Implants 

The elution data for the 3 HA-coated tantalum implants immersed in water 

are presented in Table 6.2 and Figure 6.7. The data were very similar 

between the implants. An average of 34% of the 14C-Iabeled ZA eluted 

from the implant within the first 5 minutes. This increased to an average 

elution of about 50% by 12 hours, with slow but progressive elution up to 

about 55% of the total out to 12 weeks. After the initial burst release of ZA 

from the implant, the rate at which the drug was released began to plateau 

as -1% of the ZA was released weekly up until week 6. For the remaining 

time period to 12 weeks the elution rate lowered considerably, with little 

progression in elution. 
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Time lnterval % Mass Eluted 
0 0.00 
5 min 36.54 ± 2.60 
15 min 42.10 ± 0.91 
30 min 44.91 ± 1.66 
1 hr 47.18 ± 0.85 
3 hrs 48.72 ± 0.98 
12 hrs 50.73 ± 0.95 
24 hrs 51.87 ± 0.99 
1 wk 52.63 ± 1.04 
2wks 52.88 ± 1.04 
3wks 53.06 ± 1.00 
4wks 53.29± 0.79 
5wks 53.67 ± 0.55 
6wks 54.19 ± 0.60 
7wks 54.66 ± 0.84 
8wks 55.20 ± 1.12 
9wks 55.21±1.14 
10 wks 55.26 ± 1.14 
11 wks 55.33 ± 1.15 
12 wks 55.37 ± 1.15 

Table 6.2 Mean% Mass ZA ± SD eluted from porous HA coated tantalum 
implants in water over 12 weeks. Each mean and SD was derived from 
the measurements of 3 different implants. 
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Figure 6. 7 Elution profile for ZA from HA coated tantalum implants in water 
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Although elution in water is a simple first experiment for characterizing the 

ZA release profile, it was thought to be more realistic to repeat the 

experiment in serum since the protein content and pH of serum might 

react differently with the ZA and the HA on the implants. A substantial 

difference was observed. As with elution in water, good reproducibility 

(Table 6.3, Figure 6.8) in ZA elution between implants was observed, with 

low standard deviations. 

Time lnterval % Mass Eluted 
0 0.00 
5 min 68.34 ± 0.23 
15 min 83.08 ± 0.70 
30 min 88.29 ± 0.95 
1 hr 91.36 ± 1.13 
3 hrs 93.61 ± 1.01 
12 hrs 97.16 ± 1.14 
24 hrs 99.82 ± 2.40 
1 wk 100.34 ± 2.65 

Table 6.3 Average % Mass ZA eluted from porous HA coated tantalum 
implants in serum over 1 week period. 
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Figure 6. B. Elution profile of ZA from HA-coated TM implants in serum 
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However, it was observed that during the initial burst release phase 

approximately double the amount of drug was eluted in the first 5 minutes 

in serum compared with water, and ali the drug was eluted within just one 

week. A similar biphasic curve was observed in serum as in water; 

however the rate with which the drug was released into serum was much 

quicker (Figure 6.9). 
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Figure 6.9 Elution profiles of ZA from HA-coated TM implants in water and 
serum (averaged data) 

To further understand the elution profile from porous tantalum implants 

and the effects of HA coatings, the experiment was repeated with six 

additional implants that were not HA coated. Three of these implants were 

immersed in waterand three were immersed in serum. As shawn in Figure 

6.10 and Table 6.4 below, ali drug eluted from the implants within the first 
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12-24 hours, regardless of whether the implant was placed in water or 

serum. 
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Figure 6. 10 Elution profile of ZA from uncoated TM implants in water and 
serum (averaged data). 

However, there was slightly more variation between implants in the serum 

group. Two of the implants in this group had nearly identical results to 

each other as weil as to the three implants in the "water'' group. The third 

implant in the "serum" group produced slightly lower mass release than 

the other implants causing it to appear as though uncoated implants had 

varying results for serum and water. 
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Water Serum 
Ti me 

lnterval Implant Implant Implant 
Avg. 

Implant Implant Implant 
Avg. 

7 8 9 10 11 12 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

5min 92.57 102.58 97.50 
97.55 ± 96.45 90.75 71.45 

86.21 ± 
5.01 13.10 

15 min 99.69 110.36 103.67 104.57 105.11 99.70 79.01 94.61 ± 
+ 5.39 13.77 

30 min 100.22 111.03 104.14 
105.13 106.17 100.74 79.75 

95.55 ± 
± 5.47 13.95 

1 hr 100.25 111.13 104.19 
105.19 

106.49 100.98 80.01 
95.83 ± 

± 5.51 13.97 

3 hrs NIA NIA NIA NIA 106.76 101.32 80.23 
96.10 ± 
14.01 

12 hrs NIA NIA NIA NIA 106.87 101.55 85.27 
97.90 ± 
11.25 

24 hrs NIA NIA NIA NIA 106.91 104.77 85.50 
99.06 ± 
11.79 

Table 6.4 ZA ElutJOn results from porous tantalum wtthout HA coatmg. 

6.3.2 Elution Profile from Grit Blasted So/id Titanium Implants 

ln this study, ali of the drug eluted from the non-HA coated implants within 

the first 24 hours, regardless of whether the implants were immersed in 

water or serum (Figure 6.11 ), with the exception of one implant (Implant 

18) that was immersed in serum. 
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Figure 6. 11 ZA Elution profile from non-HA coated grit blasted titanium 
implants in water and serum 

Water 
Serum Ti me 

lnterval Implant Implant Implant 
Avg. 

Implant Implant Implant 
13 14 15 16 17 18 

0 0.00 0.00 0.00 0.00 

5min 94.56 ± 96.24 90.21 67.61 91.11 98.48 94.09 3.71 

15 min 96.61 ± 98.41 92.65 69.54 93.26 100.34 96.22 3.56 

30 min 97.09 ± 
99.42 93.99 70.69 93.79 100.70 96.78 3.47 

1 hr 97.61 ± 100.87 95.85 72.10 94.34 101.18 97.31 3.43 

3 hrs 98.39 ± 
102.65 98.18 74.08 95.03 101.95 98.18 3.46 

12 hrs 99.51 ± 
104.23 99.91 75.48 96.07 103.00 99.47 3.46 

24 hrs 100.35 104.99 100.78 76.22 96.98 103.81 100.25 ± 3.41 
1 week NIA NIA NIA NIA NIA NIA 76.90 

2 weeks NIA NIA NIA NIA NIA NIA 77.35 
3 weeks NIA NIA NIA NIA NIA NIA 77.63 
Table 6.5 Elutton results m water of ZA from non-HA coated GB soltd 
titanium implants. 
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Avg. 

0.00 
84.69 ± 
15.09 

86.87 ± 
15.28 

88.03 ± 
15.26 

89.61 ± 
15.37 

91.64 ± 
15.37 

93.21 ± 
15.50 

94.00 ± 
15.54 
NIA 
NIA 
NIA 



8oth Implant 18 and Implant 12 yielded lower rates of elution than either of 

the remaining implants in their respective groups. Furthermore, both of 

these implants had no HA coating and were immersed in serum. As with 

the other implants immersed in serum, only 1 ml of the eluate was 

analyzed by LSC, and from the value of CPMs present in this sample and 

the known volume of each elution solution, the total CPMs for the sample 

was extrapolated. For example, if there was 300CPMs in 1.0ml of eluate 

and the total volume of the eluate sample was 6.0ml, then the total CPMs 

in the sample was (300CPMs) x (6.0ml). This method of extrapolation was 

considered an accurate method for determining the concentration of ZA 

elution samples in water that have been weil mixed (using a vortex mixer) 

- ensuring even distribution of the drug in the sample. If the drug were 

unevenly distributed in the sample, perhaps as a result of inadequate 

mixing, then a single aliquot might not accurately represent the entire 

solution. To determine if the drug were unevenly distributed in the serum 

samples, an implant (Implant 16) was randomly selected and the entire 

elution sample analyzed in individual 1.0ml aliquots. The total CPMs were 

added to determine the concentration of ZA (additive method), as opposed 

to extrapolating from a single aliquot. The values obtained from the 

additive method were compared with the extrapolation method. This 

revealed nearly identical results as shown in Table 6.6. 
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Time lnterval Extrapolated Value Additive Value Mean 
0 0.00 0.00 0.00 
5 min 96.24 95.58 95.91 ± 0.47 
15 min 98.41 97.67 98.04 ± 0.52 
30 min 99.42 98.66 99.04 ± 0.54 
1 hr 100.87 99.96 100.42 ± 0.64 
3 hr 102.65 101.75 102.20 ± 0.64 
12 hr 104.23 103.24 103.74 ± 0.70 
24 hr 104.99 104.04 104.62 ± 0.67 

Table 6.6 Implant 16 tmmersed in serum. Results for analysis of entire 
sample, nearly identical to extrapolated values. 

The HA-coated grit blasted titanium implants showed slower elution rate 

than those without HA coating. After 5 minutes, a mean of 65.1% ZA 

eluted from the HA-coated implants in serum (Table 6.7). After a period of 

24 hours ali the drug from the implants soaked in serum was eluted 

(Figure 6.12). 

Time lnterval Water Serum 
0 0 0 
5 min 29.21 ± 2.00 65.13±5.78 
15 min 50.01 ± 3.07 79.01 ± 6.64 
30 min 61.18 ± 3.51 85.37 ± 6.27 
1 hr 68.14 ± 3.86 90.14 ± 6.02 
3 hrs 73.19 ± 4.36 93.75 ± 6.05 
12 hrs 76.32 ± 4.67 97.31 ± 6.79 
24 hrs 78.26 ± 4.78 100.26 ± 8.45 
1 week 79.23 ± 4.62 NIA 
2 weeks 79.93 ± 4.54 NIA 
3 weeks 80.24 ± 4.53 NIA 

Table 6. 7 Elution results in water of ZA from HA coated GB so/id titanium 
implants 
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Figure 6. 12 ZA Elution profile from HA coated grit blasted titanium 
implants in serum. 

Implants soaked in water showed an initial burst release of the drug up 

until 1 hour of immersion (Table 6.7, Figure 6.13). After this time, a 

biphasic elution profile was observed as the remainder of the drug slowly 

eluted over ti me, with a mean of 80.2% of the drug released at 3 weeks. 
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Figure 6. 13 ZA Elution profile from HA-coated grit blasted titanium 
implants in water. 

6.3.3 Analysis of additional items 

Analysis of the jig spindles by LSC indicated -1550 CPM or 0.00289!-19 of 

ZA per spindle; this was equivalent to about 6% of the starting dose for 

both spindles. Analysis of the tweezers, serum and serum sample with 

an HA-coated implant revealed values equivalent to background counts. 

6.4 Discussion 

6.4.1 Elution Profile from Porous Tantalum Implants 

The elution profile from HA-coated tantalum implants immersed in water 

and serum was biphasic in nature, consisting of an early burst release of 
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ZA in the first 5 to 15 minutes followed by a much slower, progressive 

release. The early burst is reasonably explained by mere physical 

attachment of the ZA to the innermost, non HA-coated struts, and easy 

availability for aqueous dissolution and release. The slower release is 

explained by dissolution of ZA from the outermost HA-coated implant 

struts where covalent binding of ZA was possible. The lower rate of elution 

after the first 6 weeks may be due to resistance of HA dissolution and 

more tenacious drug attachment after this time. Although, HA-coated 

tantalum implants immersed in serum produced a biphasic profile, the rate 

of elution from the implants was much greater than for the same implants 

immersed in water. Within the first 5 minutes of elution approximately 

double the amount of ZA was released into the serum sample (mean of 

68.34%) than the water samples (mean of 36.54%). The increase in 

elution rate observed in the serum samples might weil have resulted from 

the use of EDT A, a compound added to reduce the rate of calcium 

precipitation. EDTA is known to cause an increase in the dissolution of 

HA, thus releasing theZA bound to the HA at a much greater rate. Future 

studies will seek to repeat this elution in the absence of EDTA or using a 

suitable substitute (e.g. sodium azide) to control the calcium precipitation. 

Uncoated tantalum metal implants resulted in the rapid release of ZA 

within 24 hours, regardless of whether the elution was conducted in water 

or serum. As previously mentioned, the burst release observed with the 
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HA-coated implants is attributable to the rapid release of ZA that is only 

physically bound to the uncoated struts. Without an HA coating, ali the ZA 

is bound by mere physical attachment and thus there is a high rate of drug 

dissolution. This indicates that the HA coating is instrumental in creating 

the delayed, biphasic release profile. 

ln this study several of the non-HA coated implants produced ZA elution 

values slightly in excess of 1 00%. However, is necessary to note that 

these implants (Implants 4-18) were coated with a 10-fold lower dose of 

14C-ZA, which may have contributed to the appearance of % ZA mass 

released values slightly above 1 00%. The use of a lower concentration 

required the inclusion of data points that would have been considered 

background values in the implants (Implants 1-3) with the higher dose. For 

example, values for Implants 1-3 ranged from -100,000CPMs to 

800CPMs, with values <200CPMs considered to be background. These 

values were then multiplied by the appropriate factor, as in the 

extrapolative method (i.e. 1 OO,OOOCPMs/3.0ml aliquot yields 

600,000CPMs for a 6.0ml elution sample). However, values obtained from 

Implants 4-18 resulted in a count range of -9500CPMs to 20CPMs, 

requiring the inclusion of data points in the range of <200CPMs, points 

that would normally not be included. Furthermore, when these values 

were multiplied by the appropriate factor in the extrapolative method, this 

created values that were high enough to affect the% ZA mass eluted. For 
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example, if a 1.0ml aliquot of serum were analyzed to reveal 1 OOCPMs 

(below the cutoff value) the total CP Ms for that 6.0ml sample would be 

600CPMs - a value that would be considered significant in a range of 

-9500CPMs to 20CPMs, but much less significant in a range of 

-1 OO,OOOCPMs to 800CPMs. The larger disparity apparent between data 

points and background values in Implants 1-3 (higher dose) would have 

prevented the inclusion of lower values and thus did not create values in 

excess of 100%. This problem was most prevalent in serum samples, 

where a smaller portion of the sample was analyzed thereby leaving room 

for a greater source of error due to the multiplication factors used with the 

extrapolation method. 

lt is not known what sort of elution profile is optimum for enhanced peri

implant bone formation. However, the biphasic profile characterized for 

HA-coated porous tantalum implants has certainly been shown to be 

effective in animal models. The initial burst release could be argued to be 

helpful for initial binding of ZA to peri-implant bone while the subsequent 

slower release rate could be argued to be helpful for more continuous 

exposure of healing bone to ZA in the longer term. The elution profile 

generated for implants soaked in serum is more likely to represent what 

occurs in vivo. This suggests that while there still an initial burst release, 

the subsequent dissolution of remaining ZA is completed relatively soon 

after surgery. 
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6.4.2 Elution Profile from Grit Blasted Solid Titanium Implants 

Since many non-cemented joint replacement deviees are not porous 

coated but either grit blasted or HA-coated, elution experiments were also 

performed for these types of surfaces. Initial release of ZA from the HA-

coated grit blasted implants immersed in water (mean = 29.2%) was 

slightly lower than the rate of release from HA-coated porous tantalum 

(mean = 36.5%) in water. Values between these groups remained similar 

until 30 minutes when the rate of release from the grit-blasted implants 

surpassed the rate at which the drug eluted from the porous tantalum 

implants. Even though both groups of implants displayed a steady state 

release at 1 hour, the grit blasted implants had a greater mean amount of 

drug released at this time point (68.1 %) as compared to tantalum implants 

(47.2%). 

The release profile of the HA-coated grit blasted implants immersed in 

serum was quite similar to the profile observed for the HA-coated tantalum 

implants in water with a mean initial rate of release of 65.1% for the former 

and 68.3% for the latter within the first 5 minutes. Furthermore, at 15 

minutes both groups of HA-coated implants in serum released 

approximately 80% of the drug and full release of the drug essentially 

occurred within 24 hours for both implant types. 
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The rate of ZA elution from HA-coated implants in serum was faster than 

in water, corroborating the results obtained with the porous tantalum 

implants. Of interest is that the biphasic release profile persisted for HA-

coated grit blasted implants in both water and serum. The initial burst 

release may have been due to unbound ZA on the implant surface, 

perhaps due to saturation of HA binding sites, hydrating quickly into 

solution. The somewhat slower subsequent release may have been the 

result of partial chemical binding to the HA coating. 

6.4.3 Ana/ysis of additional samp/es 

Analysis of the jig spindles indicated that a measurable amount of 14C 

(0.00289~g of ZA per spindle) had accumulated. Such an amount of drug 

represented about 6% of the initial starting dose, when both spi nd les were 

considered. lt is therefore possible that the spindles were a source of 

additional ZA transfer to the implants; this would explain sorne of the 

elution readings greater than 100%. 

This study demonstrated that the use of 14C-Iabeled ZA is an effective 

and accurate method for characterizing the elution of ZA from HA-coated 

and uncoated porous tantalum and grit blasted implants. The 

measurement of radioactive labelled compound by liquid scintillation 

eliminated numerous problems and chemical complexities encountered 

with other measurement modalities such as mass spectroscopy, negative-

ion electrospray and ultra-violet visible molecular absorption. 
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Figure 6.14, displays the differences in elution results obtained in the 

present study and in a prior study by White (66]. When UV spectroscopy 

was used to measure ZA elution from HA-coated porous tantalum 

implants in water a biphasic profile was also obtained but the rate of 

elution differed substantially. The liquid scintillation study presented in this 

thesis indicated just over half the release rate of ZA at 5 minutes (36.5%) 

compared with that reported using UV Spectroscopy (58.8%), with much 

slower subsequent elution out to 14 weeks. 

"0 
cl) 

:5 
ill 
(/) 
(/) 

ro 
:! 
<( 
N 

"* 

100.00 

90.00 

80.00 

70.00 

~ 
-~ 

~ 

60.00 

50.00 

40.00 

~ 

/ 
~ -+- Liquid Scintillation r 

30.00 -lit- UV Spectroscopy 

20.00 

10.00 

0.00 

~,~~~~~~~~~~~~~~~~~$~~ 
(:) ..._(:)~".;~~ ".. n.;""..._"v"(;'~"(;' ".. "v~".J~ t;;..~(:)~c,/'\~<ô~O;,~..._~~ .......... ~..._"v ..._".J~~~ 

Time lnterval 

Figure 6. 14 Comparison of elution techniques using either LSC or UV 
spectroscopy [66]. Bath studies were conducted with HA coated porous 
tantalum metal implants immersed in water. 
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The elution profiles were very similar for ali implants in the same groups 

(i.e. water or serum), indicative of the reproducibility of the technique of ZA 

dosing and the technique of measuring radiolabelled ZA. Elution results 

from non-HA coated implants indicated the rapid release of the drug, as 

would be expected since dehydrated compound would quickly rehydrate 

once in aqueous solution. lt is not exactly known what sort of biologie 

response would occur using implants without HA coating, although the 

results from the rat study in Chapter 5 suggest that an initial burst release 

of ZA would still be effective for enhancing peri-implant bone formation. 

Additional analysis of local delivery of ZA from implants immersed in 

whole blood will be required to determine the elution profile that most 

resembles in vivo conditions. However, due to time constraints, this thesis 

did not explore the elution of ZAin whole blood. 
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7.0 DISTRIBUTION OF 14C-LABELED BISPHOSPHONATE AFTER LOCAL 

ELUTION FROM POROUS IMPLANTS 

7.1 Purpose 

ZA has been demonstrated to increase peri-implant bane formation when 

locally delivered from an eluting implant. Ancillary studies have also 

shawn the release profile of ZA from a locally eluting porous tantalum 

implant when immobilized with HA. However, it is still unknown to what 

extent eluted ZA remains local to the site of implantation, only affecting the 

bane remodelling response in the immediate area of the implant. 

Localization of ZA primarily at the site of implantation would be desirable 

to keep the effect where it is most needed and eliminate the risk of 

systemic side effects. Furthermore, localization of the drug would prevent 

unnecessary changes to the normal remodelling cycle of healthy bane in 

the rest of the skeleton. Therefore, the purpose of this study was to 

quantify the localization and systemic distribution of ZA after elution from 

an implant. 

7.2 Mate rials and Methods 

7.2.1 Preparation of Tantalum Implants 

Three porous tantalum implants (50mm in length and Smm in diameter) 

(Trabecular Metal™, Zimmer, Warsaw IN), were plasma-sprayed coated 

with a thin layer (10-151Jm) of HA of 98% purity, 99% density, 64% 

crystallinity and a calcium:phosphate ratio of 1.67. Each implant was 
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placed into a freely movable jig (Figure 6.4) where it was evenly and 

uniformly coated with a pre-prepared solution of ZA. The doping solution 

was prepared to contain 1 OO!Jg 14C-Iabelled ZA (specifie activity=6.51 

MBq/mg) in 5001JI of ddH20. This solution was stirred (vortexed) for one 

minute prior to doping to ensure even drug distribution within the vial. 

Using a micropipette, 1001JI of the solution was applied for every 1
/5 

rotation of the jig. After doping, implants were placed into the aven to dry 

at 50°C overnight and the jig monitored with a Geiger counter to ensure 

contamination had not occurred. Dry implants were packaged and gas 

sterilized. One implant was surgically inserted within the left femoral 

intramedullary canal in each of three dogs in a manner similar to that 

described by Tanzer et al for ulnar implants [52]. 

7.2.2 Preparation of Harvested Bones for Analysis 

After a time interval of 6 weeks the animais were sacrificed and the left 

and right femora, tibia, radius and humerus were harvested and cleaned 

of soft tissue. Femora containing the radioactive implant were imaged by 

contact radiography to display the location of the implant (Figure 7.1 ). 

Based on landmarks provided by the contact radiograph, 1-cm thick 

transverse seriai sections were eut with a bandsaw and carefully placed 

into pre-labelled containers. Implants were sliced into -1 cm long sections 

with the bone sample where they were located in two of the canines 

(animais 1 and 2). The remaining dog (animal 3) had the implant removed 
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by bi-valving the femur to try to remove the implant intact - this resulted in 

implant removal in 2 pieces. Any osseous tissue adhering to the implant 

pieces was shaved with a scalpel and added to the appropriate container 

from which that implant section had been located. The implant pieces 

were collected and placed into a separate container for each dog. 

Figure 7. 1 Radiograph of harvested femur containing ZA-doped implant at 
6-weeks. Illustration depicts location of sections for C-14 analysis 

The right femur and left and right tibia were each sliced with a bandsaw to 

produce three 1-cm long transverse sections from the proximal 

metaphysis, middle diaphysis and distal metaphysis and placed into 

labelled containers. The radius and humerus were sectioned in the same 

manner, with the exception that 0.5-cm long transverse sections were 

prepared. 

7.2.3 De-fatting and Drying of Bone Segments 

Each bone segment was placed in a container with approximately 25ml of 

ether-acetone (50:50) solution for a period of 24 hours. The metaphyseal 

sections were each drilled to create small hales to allow infiltration of the 
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de-fatting solution prior to immersion in ether-acetone. Following de

fatting, samples were transferred to new containers and immersed in 

approximately 25ml of 100% ethyl alcohol overnight to dehydrate the 

bones. Remaining ether-acetone and ethyl alcohol solutions were poured 

off and collected into two large containers and stored for later analysis. 

The dehydrated bane segments were transferred to an aven and dried for 

a period of 4 hours at 50°C. 

7.2.4 Grinding and Dissolving of Bone Segments 

Once dried, each bone segment was placed into a small plastic bag and 

mechanically pulverised with a hammer. The pulverized sample was 

transferred to a bone mill and ground into a fine powder (Figure 7.2). 

Grinding was conducted within the safe confines of a fume hood with 

Geiger monitoring conducted upon completion. Furthermore, this process 

was conducted while wearing a respirator mask to prevent inhalation of 

any radioactivity present in the ultra-fine bone powder released into the air 

when the grinder was opened. After grinding, each bone sample was 

transferred to a clean, pre-weighed container and the contents were 

weighed to determine the mass of the dried bone sample. 
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Figure 7.2 Ground bane in bane mill 

The powder was immersed in 6N HCI (5ml of acid per 1g of bone) to 

create a bone slurry and left in an oven at 37°C for 4 days to ensure 

dissolution. Twice daily each container of bone solution was removed from 

the oven and vortexed for one-minute to aid in the dissolution. Upon 

dissolution the samples were cooled and then weighed to determine the 

mass of each bone solution. 

7.2.5 Analysis of Bane Solution 

Each container of bone solution was vortexed for one minute to ensure 

uniform distribution of the drug within the sample. A 600~o.ll aliquot of liquid 

was removed from each sample and placed into a clean vial. To each vial 

1.2ml of distilled deionized water was added and the vial was vortexed to 

dilute the sample to 2N HCI. Diluted samples were placed into a 

scintillation cocktail (Uitima Gold AB, Perkin Elmer USA) in a ratio of 10:1 

of cocktail to bone solution and lightly agitated by hand. These samples 

were placed into a Packard Tri-Carb 2100TR liquid scintillator 

spectrometer (LSC) to analyze the level of 14C in counts per minute (CPM) 

in each sample. The ZA concentration in each bone sample (ng ZA/g dry 
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bane) was determined after subtraction for background cou nt using a 12-

point calibration curve (Figure 6.6). As the volume and mass of the entire 

bone solution was known, the actual CPMs and thus the concentration in 

the bane sample could be extrapolated from the LSC data. Since BPs are 

not found to be metabolized in mammals, the radioactivities were 

presumed to originate from unchanged drugs [67]. Data were compared 

between the bane samples from the metaphysis to the samples from the 

diaphysis using paired student's t tests with p=0.05. 

7.2.6 Analysis of De-fatting and Drying Solutions 

After analysis of the femur and tibia from each canine it was thought that 

sorne radioactivity may have been lost to the de-fatting (ether-acetone) 

and drying (ethyl alcohol) solutions. Both of these solutions had been 

reserved and combined from ali the bone samples. Therefore, 0.6ml of 

each of these solutions was placed into a vial containing scintillation 

cocktail (3:1 ratio of cocktail to solution) to mimic the amount of bone 

sample that was analyzed. Radius and humerus sections were analyzed 

at a later time, allowing the possibility to reserve the separate de-fatting 

and drying solutions from each bone slice. To confirm the individual 

sample loss of beta-radiation in the de-fatting and drying solution, both 

radius and humerus bones were sectioned, de-fatted and dried similarly to 

the bones without the implant. However, for these samples each individual 

de-fatting and drying solution for each bone was conserved in individual 
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containers - this enabled analysis of radioactivity in the fluid from each 

separate bane slice. 

7.2. 7 Analysis of Radioactivity in Harvested Implant 

lt was also of interest to determine the amount of radioactivity (and hence 

drug remaining) bound to the tantalum implant. To determine the best way 

to process implant pieces, two different methods of preparation were 

analyzed. The first method involved ta king a 1 cm segment of the implant 

from dog #1 and preparing it in the manner of the bane samples as 

described above, by soaking in 6N HCI for 4 days, while another 1-cm 

implant segment from the same dog was placed in an equivalent volume 

of ddH20 for the same period of time. 

When samples were analyzed by LSC, the concentration in the implant 

piece soaked in acid showed a 28-fold higher concentration than the one 

soaked in water. This lead to the supposition that the implant piece 

soaked in ddH20 still contained drug that was not detectable by the LSC 

(likely because of physical interference). To confirm this idea, the implant 

piece soaked in water was placed in 6N HCI for 4 days, whereupon it was 

re-analyzed. Based on the results of the analysis, the remaining implants 

were immersed in 6N HCI for 4 days and analyzed by LSC. 
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7.3 Results 

7.3.1 Localization and Distribution of ZAin Site of Implantation and Other 

Bon es 

The mean ZA values for 1-cm intervals along the 3 test femora and 21 

other bones are listed in Table 7.1. The most striking observation was 

that very high amounts of ZA were present within the bane samples 

immediately adjacent to the implants - these values ranged from 391 ng to 

1143 ng ZA/ g of dry bane, with a mean of 732 ng ZA/g dry bane. 

5. 
Radius 

Table 7.1 Concentration of ZA (nanograms per g of dry bone), /=section 
adjacent to the implant. 

As little as 1 cm proximal or distal to the implant location the values 

diminished markedly, by up to an arder of magnitude (Figure 6.4 ). 

Excluding the 5cm region immediately adjacent to the implants, the mean 

ZA concentration for the 3 femora with implants was 132 ng ZA!g of bane 
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(range= 4 ng to 375 ng ZA/g). Ali bone samples contained measurable 

amounts of 14C indicating diffusion of ZA into the circulation and a level of 

systemic distribution. This level was very low, however, with ZA levels in 

bones without the implant 1 to 3 orders of magnitude less those measured 

within the test femora directly exposed to ZA elution 

(1) 
c 
0 
.0 

è 

3000.0000 ...-------------------------

2500.0000 +-----------f'l--------------

2000.0000 +----------+--1-----------.--+--IVc-::lE::-:-A:-:-JN 
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N 
0) 
c 

2 3 4 5 6 7 8 

"""«=:::::t'!~~'"-,----'-~-'-r-1 '--, 
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Bone Slice Proximal to Distal 

Figure 7.3 Nanograms ZA/g dry bone for each of the Le ft Femurs along 
the 18 cm bone length (at each 1 cm interval). Values are much higher 
immediate/y adjacent to the implant (slices 6-10) and fa// off quick/y 
proximal and distal to the implant. 

Readings of the remaining bones showed that although drug was present, 

the amount was generally very low, with somewhat greater amounts 

present in the metaphysis than the diaphysis. Every bone sample from 

the metaphysis of the 21 bones without the implant (mean= 9.2 ng ZA/g 
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bone) contained more ZA than bone samples from the diaphysis (mean= 

2.2 ng ZA/g bone), a 4-fold mean difference that was significant at 

p<0.002 (Figure 6.5). Absolute values in these 21 bones ranged from 0.5 

ng to 22.6 ng with a mean of 6.1 ng ZA/ g dry bone, about 21-fold less in 

magnitude than the mean concentration present in the bone samples 

proximal and distal to the implants and about 120-fold less in magnitude 

than the mean ZA concentration present in the 15 bone samples 

immediately adjacent to the 3 implants. Furthermore, it was observed that 

a higher drug concentration was present in the distal end of the radius, 

rather than the proximal end, in contrast to the average values observed 

for the other bones (Figure 6.5). However, ali values observed in bones 

outside of the left femur containing the implant were quite low. 

14.--------------------------------------------

10+-------~---~----------------------,F-------.---~~-
-+- Left Tibia 

Q) 
c: 
0 -11-- Rigl1t Femur 

..0 8 Ri gl;t Ti bi a è':' +-----.-------"<-----'r-----------------r--:r--------
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~ 6 +---------..,--------"'<----'<: ---'<---------------r--r-------:7"'--------- -+-RightHurnerus 
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Cl 
c: 

0+--------------.-------------.----------, 
Proximal Metapyhsis Diaphysis Distal Metaphysis 

Figure 7.4 Lower concentrations of drug are a/ways observed in the 
diaphysis of each bone. 
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7.3.2 Analysis of De-fatting and Drying Solutions 

Analysis by LSC revealed only a small amount of 14C in the combined de

fatting solution. This sample yielded an average of 352 CPMs, which 

translated 6.33x1 o-41Jg of ZA. Analysis of individual de-fatting solutions 

from both humerus and radii revealed an average of 0.031-Jg of ZA per 

bone sample. On average there was twice the amount of ZA observed in 

the solution reserved from the distal segments (0.0451-Jg of ZA) than in 

either the proximal metaphysis (0.0211-Jg of ZA) or in the diaphyseal 

sections (0.0271-Jg of ZA). Sections analyzed from the distal radius had 

more ZA (0.051-Jg) than in the proximal radius (0.0221-Jg) while the 

diaphysis contained only 0.0131-Jg of ZA on average per sample. 

Unlike the ether-acetone solution, analysis of the various ethyl alcohol 

solutions from the different bone samples revealed counts that were 

equivalent to background radiation; they were therefore not considered a 

source of drug presence. 

7.3.3 Analysis of Radioactivity in Harvested Implant 

The implant soaked in acid solution had nearly the same value whether 

the implant was contained in the vial or whether it was removed during 

scintillation counting. ln contrast, the implant section soaked in water 

showed nearly half the concentration of drug present when the implant 

was removed. This confirmed the thought that acid soaking was effective 
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for solubilizing remaining ZA and provided the rationale for soaking the 

remaining implant pieces in acid. Analysis of the remaining pieces 

showed that 19 1-19 to 441-19 of ZA remained bound to the different implants 

six-weeks after surgery (Table 7.2). 

7.3.4 Total Estimate of ZA Distribution and Loss 

lt was determined that an average of 10.9 IJg ZA was present within a 

canine femur containing a ZA-dosed implant, as seen in Table 7.2 in the 

column indicating the mass of the ZA in the femur with the implant. A 

similar estimate could not easily be made for the other bones (i.e. both 

humeri, both radii, both tibiae and the right femur) because they were only 

sampled at three discrete locations Additionally, between 0.2 to 0.6 1-19 of 

ZA was recovered in the de-fatting solutions from ali the bones, with an 

average of 0.371-Jg of ZA. These values were determined by summing the 

amount of ZA that was recovered from each bone solution for each dog. 

However, when the drying solutions were similarly analyzed and the 

values for each solution recorded, negligible amounts of drug was 

observed. This means that the amount of drug lost to sample preparation 

and excretion or present in other parts of the skeleton varied between 

about 41.1% to 69.1% for the three animais. 
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MZA in Femur MZA in MZA in Ether- MZA in MZA- Other* 
Dog with Implant Implant 

(J.Jg) (J.Jg) Acetone (1-'9) Alcohol (J.Jg) (1-'9) 

1 12.9 44.6 0.6 0.0 41.9 
2 9.5 19.6 0.3 0.0 70.6 
3 10.2 19.4 0.2 0.0 70.2 

Table 7.2 Total mass of ZA (MzA) accounted for in bones analyzed, 
implant, and defatting and drying solutions. Values for Ether-Acetone and 
Alcohol are the combined values of the mass of ZA in each solution. *MzA 
/ost in sample preparation, or excreted, or present in other parts of the 
skeleton. 

7.4 Discussion 

7.4. 1 Loca/ization and Distribution of ZA in Site of Implantation and Other 

Bon es 

The results of this study clearly demonstrated th at ZA remains mostly local 

to the site of implantation when delivered from an eluting implant. 

Furthermore, systemic distribution of the drug does occur, although it is 

very low and weil below the therapeutic dose required to elicit an effect on 

skeletal bane remodelling. This is supported by the observation in ancillary 

studies that increases in net bane formation around ZA-dosed porous 

tantalum implants are very much confined to the immediate peri-implant 

space [52], where the ZA concentration was measured in this study to be 

at least two orders of magnitude greater than in remote sites of the 

skeleton. 

lt is presumed that systemic delivery results from diffusion of the drug from 

the implant site into the circulation. lt was observed that a greater amount 

of ZA was observed in the metaphyseal sections compared with the 
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diaphysis. This is probably due to the higher surface area of this bone and 

the higher prevailing rate of bone turnover in cancellous bone. 

As table 7.2 demonstrates, between 30-60% of the starting dose was 

recovered in osseous tissues, the implant and defatting solutions, leaving 

about 40-70% of the starting dose presumably present in other parts of the 

skeleton that weren't analyzed or lost through excretion. Given the very 

small amounts that were measured in the bones that were analyzed, it is 

reasonable to think that a considerable amount of ZA was excreted. The 

in vitro elution studies in serum described in Chapter 6 indicated that 68% 

of the drug was released within the first 5 minutes, with complete elution 

occurring by one week. An undetermined portion of this apparently would 

diffuse into the bloodstream; this would result in an immediate loss of 30-

80% through urinary excretion, as described by Ezra et al [47]. Excretion 

in fecal matter is expected to be quite low, as Lin et al found that only 

0.36% of a dose of 14C-alendronate was recovered in fecal matter after 24 

hours [50]. 

The residual amount of ZA measured on the implants after 6 weeks is in 

conflict with the elution data in serum that showed complete elution of ZA 

within 1 week (Chapter 6). This discrepancy is hypothesized to be related 

to the use of EDTA in the serum elution studies of Chapter 6 causing the 

rapid release of the drug. Additionally, the high readings of radioactivity 
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observed on the implant pieces may have been due to the presence of 

retained bone within the implant. Although it was attempted to remove 

bone from the implants, it was not possible to remove bone that formed 

within the internai struts of the trabecular structure. As such, it is 

postulated that readings of radioactive ZA were at least partially the result 

of drug bound to the bone attached to the inner struts, rather than to the 

metallic implant itself. The elution data in serum (Chapter 6) would need to 

be repeated without EDTA to see how they correspond with the 

measurements of ZA on/within the implant pieces." 

lt was observed that Dog 1 greatly differed in the amount of drug 

remaining bound to the implant, with just over double the amount 

remaining, as compared to the other animais. lt is unknown why such a 

large variation existed between this animal, while the other two canines 

had nearly equivalent results. Even though the amount of ZA drug 

remaining on the implant in Dog 1 was much greater than in Dogs 2 and 3, 

the other ZA values recorded in the bone sections and ether-acetone 

solution were ali similar. Further research will be required with a larger 

group of animais to determine the expected residual amount of drug on 

the implant to determine whether the outlier in this group is due to 

measurement error orto natural variance between animais. 

91 



Small but measurable amounts of ZA were observed in the collected 

ether-acetone solutions. Since ether-acetone solution was used to remove 

fat from the bone segments, the presence of ZA in these solutions 

indicated the presence of ZA in the fatty substance of the bone marrow. 

The ether-acetone was effective in removing residual ZA in the bone 

segments given that only background counts were measured in the ethyl 

alcohol solution, as indicated in Table 7.2. 

Further work will be necessary to track the amount of drug lost through ali 

routes (e.g. waste products) as weil as localization in other bones and soft 

tissues. However, as demonstrated by this single low dose study, ZA has 

a high affinity for bone, thus little drug would be expected to be located in 

the soft tissues and organs. lt would be helpful to conduct longer term 

studies of this type to ascertain the skeletal distribution of ZA over time. 

Autoradiography could also be conducted to quantify the ZA concentration 

and location in the peri-implant bone throughout the bone sections. The 

extremely low levels of ZA that existed remote from the implant would 

probably mitigate against any risk of complications from ZA exposure, an 

added advantage of local elution directly from an implant. 
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8.0 CONCLUSION 

As inhibitors of bone resorption bisphosphonates have potential use for 

enhancing peri-implant bone formation. This has been demonstrated in 

several independent studies using both systemic and local delivery of the 

compound, most often with ZA, a potent third generation bisphosphonate. 

lt would appear that local delivery of ZA to the implant site is an ideal 

approach since it targets the area of interest and avoids or minimizes 

skeletal exposure. 

This thesis has provided insight into several aspects of the concept of 

using ZA in conjunction with orthopaedic implants. A simple and 

inexpensive rat model was described that enables the use of microCT for 

quantifying the local bone response around an implant. An accurate 

method was developed for characterizing the elution profiles of ZA from 

different implant types of implants using radiolabelled compound. Finally, 

the extent to which locally eluted ZA remains at the implant site and is 

skeletally distributed was ascertained in a 6 week canine model. Based 

on the results of these experiments suggestions were made for further 

studies that will add to the knowledge base of the concept of local 

bisphosphonate elution from orthopaedic deviees. 
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