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INTRODUCTION 

Statement of the Problem 

Patients lose teeth for a variety of reasons including caries, periodontal 

disease, and trauma. Implant dentistry offers attractive alternatives to traditional 

removable or fixed partial dentures for the replacement of missing teeth. 

However, not all patients and all areas of the mouth are amenable to placement 

of oral implants. The quantity and quality of bone is of significant importance in 

determining whether an oral implant can be placed into and anchored to the 

adjoining bone (Att et al. 2009). The implant material is another consideration. 

Contemporary oral implants have been manufactured from titanium. More 

recently, attention has focused on esthetics and implants replacing anterior teeth 

or teeth in the "esthetic zone." Patients with thin gingival biotype appear 

predisposed to a gray unsightly discoloration of the gingiva emanating from the 

metal implant (Sailer et al. 2007). Moreover, patients often desire a holistic 

approach to medicine and dentistry requesting metal-free options. Even though 

sensitivity to titanium is rare, there are reports on patients having developed 

possible contact allergy to titanium (Lalor et al. 1991). Thus, as advances in 

biomaterials and surface technologies become available, alternative implant 

materials and surfaces are being investigated and this could in turn significantly 

facilitate implant dentistry in areas of poor bone quality and in the esthetic zone. 

1 
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Significance 

Developing a tooth-colored ceramic implant with a surface technology that 

may rapidly osseointegrate might provide profound advantages in the 

management of patients with poor bone qualities, patients with thin mucosal 

tissues in the anterior maxilla, and patients generally concerned about metal 

implants. An osteoconductive implant generating a high level of bone contact 

would be of particular benefit in Type IV bone that generally provides modest 

osseointegration to conventional implant surfaces. Achieving this goal would 

allow successful implant placement and stable prosthetic reconstructions as well 

as a restorative option that at the same time provides esthetic and holistic 

benefrts. 
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Review of the Literature 

History of Oral Implants and Osseointegration 

The serendipitous discovery of the concept of osseointegration (the 

intimate contact between a metal implant and bone) by Dr. Per-lngvar Branemark 

originates from in situ microscopic studies of bone marrow in a rabbit fibula 

model beginning in 1952 (Biimemark et al. 1985). A titanium chamber was 

implanted into the fibula where only a very thin layer of bone remained after the 

outside covering bone was removed. The titanium chamber housed an optical 

system for trans-illumination. Once the original studies were completed, the 

chambers could not be easily removed from the surrounding bone; the titanium 

framework had become incorporated into the bone and the mineralized tissue 

exhibited an intimate contact with the micro-irregularities of the titanium surface 

(Branemark et al. 1985). Following this discovery, Dr. Branemark began 

experiments using a canine mandible model. He observed that titanium implants 

could not be removed without fractures occurring in the bone; the interface 

between bone and titanium remaining intact (Branemark et al. 1985). Thus began 

Dr. Branemark's lifetime work in the development of oral implants and 

osseointegration to create an optimal interaction between bone and endosseous 

implants. The first edentulous patient was treated in 1965 using autogenous 

bone grafts and titanium fixtures in a two-stage clinical reconstruction. Clinical 

success in treating both partially and completely edentulous patients using 

osseointegrated implants led to their use also for replacement of single missing 

teeth (Jemt 1987, Adell et al. 1990). 
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Titanium Oral Implants 

The endosseous, screw-shaped, surface-textured implant manufactured 

from commercially pure titanium is considered the standard for oral implants 

(Kohal et al. 2008). The physical qualities of titanium, including strength, 

toughness, durability, low density, corrosion resistance, and biological 

compatibility, make it useful for a variety of applications (Lautenschlager et al. 

1993). Discovered in the late 1500's, titanium was named for the mythological 

giants, the Titans. In the 1950's, it was already used by the space and defense 

industry. Titanium uses today include aerospace applications, automobiles, 

buildings, sporting equipment, prosthetic devices, jewelry and watch making, and 

cooking utensils to name a few. Titanium was initially investigated for biological 

applications because of its relatively low modulus of elasticity, which is much 

closer to that of bone than most other alloys considered for biomedical use 

(Bn3nemark et al. 1985). This biomechanical property reduces failure rate by 

allowing forces to be transduced to the bone maintaining bone density. Also, 

titanium is lighter than most construction metals due to its rather low density, 

again similar to bone allowing superior radiographic images (Branemark et al. 

1985). 

The biocompatibility of titanium appears connected with the properties of 

its surface oxide. Elemental titanium is highly reactive and oxidizes immediately 

upon exposure to air. Titanium can form several oxides of which Ti02 is the most 

common. In its oxide form titanium is extremely stable and corrosion resistant 

and has the highest strength-weight ratio of any metal. The low concentration of 
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titanium ions released at the implant surface allows it to be well tolerated in the 

body (Branemark et al. 1985). 

Bone contact and formation can be improved with titanium implants that 

are modified with respect to oxide thickness and surface topography. Studies 

have shown that smooth, electro-polished implants exhibited less 

osseointegration than machined implants exhibiting similar oxide thickness, and 

implants with thicker oxide layers (Larsson et al. 1994). Using a proprietary 

process that will cause the oxide layer to grow using an electrochemical process 

a titanium porous oxide implant surface (TiUnite® Nobel Biocare AB, Goteborg, 

Sweden) was developed and introduced (Hall & Lausmaa 2000). The porous 

surface exhibits a pore size of 0.5 - 3.0 JJ. m and the surface chemistry is altered 

due to incorporation of anions of the electrolyte (Kang et al. 2009). The TiUnite® 

implant consists of a commercially pure titanium implant where the naturally 

occurring oxide layer has been considerably increased by means of anodic 

oxidation. During this process the oxide layer is not only increased in thickness 

but also develops the porous structure. Anodic oxidation is a well-known 

electrochemical process where the implant acts as an anode in an electro

chemical cell, i.e. is dipped into an acidic electrolyte and a controlled current is 

allowed to circulate via the anode/implant through the electrolyte to the cathode 

(Hall & Lausmaa 2000). Its textured surface demonstrates favorable bone 

response in early healing, potentially increasing the rate of osseointegration. 

Histometric evaluation of titanium porous oxide surfaced implants showed high 

bone-implant contact (>70%) when used in Type II (Xiropaidis et al. 2005) and 
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IV (Huang et al. 2005) bone which may have clinical significance for its success 

and survival. It has also been found that bone formation can be stimulated by 

macroscopic grooves at the thread flank of the oxidized titanium implants (Hall et 

al. 2005). 

Zirconium Oral Implants 

High esthetic expectations from patients have prompted development of 

tooth-colored oral implants. The use of titanium implants in the esthetic zone may 

produce less than desirable results. Gingival biotype represents the thickness or 

thinness of the gingival tissues. The gray colored titanium implant may pose a 

problem when the gingival tissues exhibit a thin biotype in particular in 

combination with a high smile line (Kohal et al. 2008). The inability of a thin 

gingival biotype to effectively block reflective light may yield an unsightly bluish 

appearance from titanium abutments and implants. 

Tooth-colored ceramics such as zirconia, a bioinert non-resorbable metal 

oxide, may provide a realistic esthetic alternative to titanium for oral implants in 

the esthetic zone. Zirconia has excellent resistance to corrosion and wear, good 

biocompatibility, high bending strength and fracture toughness (Sennerby et al. 

2005). Zirconia has been used as ball heads in total hip replacements with 

favorable outcomes (Depprich et al. 2008). Zirconia is radiopaque and clearly 

visible on radiographs (Manicone et al. 2007). 

The ZiUnite™ implant (Nobel Biocare AB, Goteborg, Sweden) is 

produced by spraying a slurry including zirconia and a pore-forming material onto 
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a pre-shaped zirconia ceramic implant. The slurry is allowed to dry onto the 

implant surface and is then sintered in an oven to full density transforming the 

slurry into a surface coating. During the sintering process the pore-forming 

material is burnt away, leaving pores in the coating. Thus a porous coating of 

controlled thickness and pore size distribution is sintered onto the core material 

resulting in a virtually seamless integration between implant and coating. 

Osseointegration 

Osseointegration is defined as the direct structural and functional 

connection between ordered, living bone and the surface of a load-carrying 

implant (Branemark et al. 1985). No intervening connective tissue exists between 

bone and implant. This biological fixation is considered to be a prerequisite for 

implant-supported prostheses and their long-term success. From an 

experimental perspective, osseointegration is evaluated as the direct mineralized 

bone-implant contact in histologic sections. A high level of direct bone-implant 

contact is advantageous for clinical success. 

Considering clinical implant placement, the quality of bone is classified 

into four types (Lekholm & Zarb 1985). Type I bone represents homogenous 

cortical bone. Type II bone is considered a thick cortex surrounding a dense 

trabecular bone core. Type Ill bone comprises a thin cortex surrounding dense 

trabecular bone, and Type IV bone a thin cortex surrounding a core of low

density trabecular bone. The anterior mandible usually is classified as Type I 

bone and the posterior maxilla represents an example of Type IV bone. 
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Osseointegration in Type II bone has been shown to reach 70% bone-implant 

contact (BIC) (Xiropaidis et al. 2005). Notably, osseointegration in Type IV bone 

has also been shown to reach 70% (Huang et al. 2005). Thus the quality of bone 

may not necessarily have an immediate influence on osseointegration. 

Nevertheless, implant placement in the posterior maxilla, which is dominated by 

Type IV bone, is challenging (Huynh-Ba et al. 2008); perhaps more so due to 

bone resorption after tooth loss and pneumatization of the maxillary sinus leading 

to the inability to obtain primary stability, rather than due to bone quality. 

With the correct stimulus from growth factors and cytokines released in 

wounding, the undifferentiated mesenchymal cell can be transformed into a 

preosteoblast, a process that initiates bone induction (Aibrektsson et al. 2001). 

Preosteoblasts form cytoplasmic extensions, called pseudopodia, which are 

important for both cell attachment and migration on solid surfaces. By means of 

pseudopodia, preosteoblasts migrate and attach to the implant surface in both 

the large pores and the smallest pores. 

Wound healing after implant placement occurs by either primary or 

secondary healing. Primary healing occurs when two broken bones are 

approximated and osteoblasts travel from bone to bone with the formation of 

lamellar bone instead of through a cartilaginous callous as seen in secondary 

healing. Peri-implant bone healing, which results from contact osteogenesis 

(bone growth onto the implant surface), can be observed experimentally (Davies 

1998). Osteoconduction relies on the migration of differentiating osteogenic cells 

to the implant surface, through a temporary connective tissue scaffold. 
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Anchorage of this scaffold to the implant surface is a function of implant surface 

design (Davies 1998). Implant surface topography will determine if the interfacial 

bone formed is bonded to the implant. 

New bone formation occurs via osteoconductivity, which supports the 

attachment of new osteoblasts and osteoprogenitor cells around the implant. This 

attachment provides an interconnected structure through which new cells can 

migrate and new vessels can form. 

Surface Coating and Nano-Technology 

Nano-technology dealing with structures that are 100 nm or smaller has 

emerged and proven to be a successful path to add knowledge to the field for 

both production and characterization of nano-sized structures at the implant-bone 

interface (Meirelles et al. 2008a). Such structures added to the surface of oral 

implants to change surface texture and increase surface area could have a 

significant influence on implant anchorage in bone. Rough implant surfaces 

generally demonstrate an increase in bone apposition compared to polished or 

fine structured surfaces (Buser et al. 1991). 

Calcium phosphate (CaP) surface coated implants are being investigated 

in an attempt to create a surface that will attract osteoblasts. CaP ceramic 

coatings, have a close resemblance to the inorganic component of bone and 

teeth, which are unique in their ability to form a tight, chemical bond between the 

synthetic CaP and the implant surface and surrounding osseous tissue. The 

addition of a thin layer of CaP to these implants appears to promote a more 
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extensive implant-bone interface (Yang 2002). In a dog study four types of 

implants with different experimental coatings were evaluated. Peri-implant bone 

regeneration was assessed histomorphometrically after 1 and 3 months in each 

by measuring BIC and the volume density of the newly formed peri-implant bone. 

After 1 month, BIC was significantly enhanced only in the group of implants with 

composite coating of CaP and mineralized collagen. Volume density of the newly 

formed peri-implant bone was significantly higher in all coated implants after 1 

month. No significant difference from baseline was found in BIC for the collagen

only and HA-only groups, but bone volume density was significantly higher at 

implants with composite coating. After 3 months, BIC and bone volume density 

were significantly higher in all coated implants than in the controls with machined 

surfaces. It was concluded that composite coating of dental screw-type implant 

surfaces using CaP and collagen can enhance BIC and peri-implant bone 

formation (Schliephake et al. 2006). 

Another concern to be investigated is the tissue response to the surface 

coating. It is important to use a coating that does not elicit an inflammatory 

reaction. Submerged implants with a CaP coating and a turned surface showed 

no signs of an inflammatory reaction (Alexander et al. 2009). 

Rabbit Trabecular Bone Model 

An ideal animal model for the human skeleton system should reflect 

similar biological changes in bone to that occurring with age or disease in 

humans (Wang et al. 1998). Preclinical evaluations of candidate implant 
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technologies or biomaterials are necessary prior to clinical applications to 

determine whether a newly developed material or product conforms to necessary 

standards of biocompatibility, mechanical integrity, and safety. The rabbit femoral 

condyle represents one such preclinical model to study implant biocompatibility 

(osseointegration and osteoconductivity) in Type IV bone. The rabbit is a 

commonly used platform for screening of candidate implant technologies due to 

its ease of handling and favorable cost. The rabbit reaches skeletal maturity at 

approximately 6 months (Pearce et al. 2007). There are some similarities in bone 

mineral density and subsequent fracture toughness of mid-diaphyseal bone 

between rabbits and humans (Wang et al. 1998). However, in comparison to 

other species including primates and some rodents, the rabbit exhibits faster 

bone turnover favoring remodeling over modeling (Castenada et al. 2006). 

Moreover, there is significant intracortical Haversian remodeling in the rabbit. 

This may make it difficult to immediately extrapolate results from studies 

performed in rabbits to a human clinical response. Nevertheless, rabbit models 

such as the rabbit femoral condyle model are commonly used for screening of 

candidate implant surfaces. Successful candidate technologies should then be 

evaluated in discriminating large animal, canine or nonhuman primate models 

prior to clinical application. 

Methods of Analyses 

The development of scanning electron microscopy (SEM) in the early 

1950's has allowed detailed examination of a great variety of specimens. In SEM, 
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electromagnets are used to bend an electron beam, which is used to produce the 

image on a screen. By using electromagnets one has greater control over the 

magnification. The electron beam also provides greater clarity in the image 

produced. The electron beam originates from a filament, commonly made from 

tungsten. Photons and electrons give off signals when struck by the beam. The 

electrons interact with the atoms that make up the sample producing signals that 

contain information about the topography, composition and other properties such 

as electrical conductivity. SEM allows a greater depth of focus than the optical 

microscope. For this reason SEM can produce high-resolution representations of 

three-dimensional samples. 

Backscatter scanning electron (BSEM) images can be obtained nearly 

instantly, depending on scan rate, and at any magnification within the instrument 

range. Thus, they represent a relatively quick means of determining the number 

of phases in a material and their mutual textural relationships. BSEM images can 

be captured on film or digital media and serve as sample maps for locating spot 

analyses. BSEM thus represents a powerful technique for investigating 

cancellous bone structure. It offers information regarding the degree of 

mineralization of the tissue within individual trabeculae. New bone formation is 

easy to identify using BSEM. 

Computer software programs allow the researcher to analyze the SEM 

and BSEM images. Image-Pro Plus™ (Media Cybernetic, Silver Spring, MD, 

USA) represents one such scientific image analysis software. This software has 

the capability to process digital images of the histological specimen for analysis. 
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These images are then utilized to take measurements such as BIC and bone 

density within and outside the threads. While the software can be used with 

existing images it is most often used to capture images directly. When the image 

is opened, it can be enhanced as needed for measurement. The software is 

calibrated for the scale or magnification. Counters in the software are used for 

linear. measurements of bone and then the data can be exported to Excel 

spreadsheets. The software program also measures color and the saturation of 

the stain to determine the bone density. 

••· .. 



Purpose 

The purpose of this study is to evaluate osteoconductivity of two novel CaP

coated zirconia implant surfaces in a rabbit femoral bone model. Two CaP nano

technology surface modifications will be compared with non-coated control 

zirconia and titanium porous oxide implant surfaces. 

14 



Hypotheses 

1. CaP nano-technology modified zirconia implant surfaces are biocompatible. 

2. CaP nano-technology modified zirconia implant surfaces will exhibit 

increased osteoconductivity compared with non-coated zirconia implant 

surfaces. 

3. CaP nano-technology modified zirconia implant surfaces will exhibit 

osteoconductivity comparable with that of titanium porous oxide implant 

surfaces. 

15 



Specific Aims 

1. To evaluate tissue reactions to the implant surfaces. 

2. To evaluate peri-implant bone density at CaP nano-technology modified 

zirconia implant surfaces and at non-coated control zirconia and titanium 

porous oxide implant surfaces. 

3. To evaluate bone-implant contact ratio at CaP nano-technology modified 

zirconia implant surfaces and at non-coated control. zirconia and titanium 

porous oxide implant surfaces. 

16 



MATERIALS AND METHODS 

Animals 
Forty, adult(> 10-months-old), male New Zealand White rabbits, weight 

5.0-5.5 kg, obtained from a USDA licensed vendor were used following a 

protocol approved for this study by the Institutional Animal Care and Use 

Committee (IACUC), Medical College of Georgia, Augusta, GA. The animals 

were routinely inspected and acclimatized before initiation of the surgical 

protocol. The animals were identified by an ear tag showing the animal 10. They 

were individually housed in stainless steel cages labeled with cards identifying 

the study number, species/strain, sex, cage number, and animal 10. The cages 

were housed in purpose-designed rooms air-conditioned with 10-20 air-

changes/h. Temperature and relative humidity, monitored daily, was 22 ± 3°C 

and 50-60% respectively. A 12112h light/dark cycle was applied. The animals had 

ad libitum access to water and a standard laboratory diet throughout the study. 

Oral Implants 

All zirconia ceramic implants exhibited a proprietary porous surface 

modification in the 11m scale (ZiUnitem, Cll3.75x7 mm; Nobel Biocare AB). 

Implants in the two test groups, A and C, were further modified by means of two 

different nano-technologies, each applied to the implants with a CaP nano-layer. 

The control groups included zirconia implants without the CaP nano-layer 

17 
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(ZiUnite™, 03.75x7 mm; Nobel Biocare AB) and micro-structured titanium 

porous oxide implants (TiUnite® 03. 75x7 mm; Nobel Biocare AB) (Figure 1 ). 

TiUnite 1 Okx 50kx 
Figure 1 Scanning electron microscopy photomicrographs of calcium phosphate nano
technology modified zirconia (A and C), uncoated zirconia (ZiUnite lM), and titanium porous oxide 
(TiUnite®) implant surfaces. 

The TiUnite® implant was a commercially pure titanium implant where the 

naturally occurring oxide layer had been considerably increased by means of 

anodic oxidation (Hall & Lausmaa 2000). During this process the oxide layer was 

not only increased in thickness but also developed a porous structure. Anodic 

oxidation was an electrochemical process where the implant acted as an anode 

in an electro-chemical cell , (i.e. it was dipped into an acidic electrolyte and a 
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controlled current was allowed to circulate via the anode/implant through the 

electrolyte to the cathode.) 

The ZiUnite™ implant was produced by spraying a slurry including 

zirconia and a pore-forming material onto a pre-shaped zirconia ceramic implant. 

The slurry was allowed to dry onto the implant surface and was then sintered in 

an oven to full density transforming the slurry into a surface coating. During the 

sintering process the pore-forming material was burnt away, leaving pores in the 

coating. Thus a porous coating of controlled thickness and pore size distribution 

was sintered onto the core material resulting in a virtually seamless integration 

between implant and coating. 

CaP nano-technology modified zirconia implant surface A was produced 

by immersing the ZiUnite™ implant into a phosphorous-rich solution followed by 

immersion into a calcium-rich solution at an elevated temperature during which a 

coating with a CaP ratio of 1.67 was formed onto the ZiUnite™ implant surface. 

Following this procedure the implant was rinsed in clean water and dried at 37•c. 

The thickness of the A surface was < 50 nm. 

CaP nano-technology modified zirconia implant surface C was produced 

by applying droplets to the ZiUnite ™ implant of a stable solution containing 

surfactants, water, organic solvent and crystalline hydroxyapatite nano-particles 

with a CaP ratio of 1.67 (Kjellin & Andersson 2006). The diameter of the 

hydroxyapatite particles approximated 10 nm. After applying the solution, the 

implants were dried for 30 min in air allowing the solvent to evaporate. This was 
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followed by heat treatment at 7oo•c for 5 min in oxygen atmosphere to remove 

all dispersing agents. The thickness of the C surface was < 200 nm. 

Surgical Preparation and Experimental Procedures 

Surgeries were performed using aseptic routines by one experienced 

surgeon (NAR) assisted by a surgeon (JHS) in training. General anesthesia was 

induced using ketamine/xylazine (45 mg/kg I 5 mg/kg IM). Atropine (0.2 mglkg 

IM) was administered to treat for bradycardia and decreased salivary secretion. 

The animals were intubated with an appropriately sized endotracheal tube or via 

use of a laryngeal mask airway and placed on isoflurane 2-3% for maintenance. 

The experimental sites were shaved after which the animals were brought into 

the operating room and the surgical areas isolated with drapes and disinfected 

using a 4% chlorhexidine gluconate surgical scrub solution (BD E-Z Scrub; 

Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Routine lidocaine 

infiltration anesthesia (lidocaine 2%, epinephrine 1:100,000; 0.5-1 mUsite) was 

used at the hind limb experimental sites and the sites were accessed using 

incisions through the skin and fascia. The bone surfaces were exposed using an 

elevator. Implants were placed following site preparation using sterile saline

cooled 2.0- and 3.0-mm twist drills followed by a screw tap. One implant was 

placed into each (left/right) femoral condyle; implant placement did not interfere 

with the animal's movement (Figure 2). 
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Figure 2 Surgical incision (left), implant placement into femoral condyle (left center), fascia and 
skin sutured in layers (right center), and wound closure (right). 

Twenty animals received implants A and C in contralateral femoral sites 

and twenty animals ZiUnite ™ and TiUnite® implants for a 3- and 6-week healing 

interval encompassing ten animals/group/healing interval. A vs. C, and ZiUnite TM 

vs. TiUnite® implants were alternated between left and right hind limbs (Figure 3). 

-' 

20 Rabbits 
Zirconia surface A 
Zirconia surface C 

1-___ L 
10 Rabbits 10 Rabbits 

6-week Observations 3-week Observations 

Figure 3 Flow chart of study 

I 
10 Rabbits 

3-week Observations 

I 
10 Rabbits 

6-week Observations 

Fascia and skin were closed in layers using resorbable (Vicryl Rapide 5.0; 

Ethicon Inc, Somerville, NY, USA) and non-resorbable (GORE-TEX™ Suture 

CV5, W.L. Gore & Associates, Inc., Flagstaff, AZ, USA) sutures and interrupted 

single and mattress suturing techniques as appropriate. Depth of anesthesia was 

monitored observing the response to toe pinch, corneal reflex, and the depth of 

respiration. The animals received a slow constant rate infusion of lactated 

Ringer's solution (1 0-20 mllkg/h IV) to maintain hydration during surgery. 
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Postsurgery Procedures 

A long-acting opioid (buprenorphine HCI, 0.05 mg/kg, IM, BID/3 days) was 

administered for pain control. A broad-spectrum antibiotic (enrofloxacin; 5 mg/kg 

IM/SQ, BID/7 days) was administered for infection control. Sutures were 

removed under sedation (buprenorphine HCI 0.02 mg/kg, acepromazine 0.5 

mg/kg IM) at approximately 10 days; alternatively mild manual restraint was 

used. The veterinary team with the PI (UMEW) performed postsurgery 

monitoring. 

Euthanasia 

The animals were sedated and euthanized at 3 and 6 weeks postsurgery 

using an overdose of sodium pentobarbital (100 mg/kg IV) when tissue 

specimens including implants and surrounding bone were collected and fixated in 

a 1 0% buffered formalin solution for histotechnical preparation. 

Histotechnical Preparation 

The femoral implants (2 implants/animal x 40 animals = 80 implants) were 

prepared for histologic analysis. The fixed specimens were dehydrated in a 

graded ethanol series using a dehydration system with agitation and vacuum and 
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embedded in light-curing methacrylate (Technovit 7200 VCL, Kulzer, Wehrheim, 

Germany). The implants were cut in a mid-axial coronal-apical plane using the 

sawing-and-grinding technique (EXAKT Apparatebau, Norderstedt, Germany) 

(Donath & Breuner 1982). 

Backscatter Scanning Electron Microscopy 

For the BSEM, the slices with the ground sections were mounted on 

special alumina stubs with a silver containing glue (Plano GmbH, Wetzlar, 

Germany). The specimens were coated using a 6 nm thick carbon layer using a 

sputter device (Bai-Tec AG, Balzers, Liechtenstein). The alumina stubs were 

connected to the carbon layer by two thin spurs of silver containing glue; this 

avoided electric loading of the specimen that would disturb their evaluation. The 

specimens were recorded using a Zeiss Supra 40VP Scanning Electron 

Microscope (Carl Zeiss NTS GmbH, Oberkochen, Germany) using the 

backscatter detector. The evaluation was performed at 20 kV and a working 

distance of 9 mm (Boyde & Wolfe 2000). 

Histometric Analysis 

One masked, calibrated examiner (JL) performed the histometric analysis 

using a PC-based image analysis system (Image-Pro Plus™, Media Cybernetic, 
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Silver Spring, MD, USA). The most central section from each implant was used 

or the analysis. The following parameters were recorded for each implant (Fig. 

4): 

•:• Bone density outside the threads (BOoT): fraction mineralized bone 

immediately outside the implant threads; 

•:• Bone density within the threads (BDwr): fraction mineralized bone within 

the root area of the implant threads; and 

•:• Osseointegration: percent bone-implant contact (BIC) within the area of 

trabecular resident bone. 

Figure 4. Schematic representation of the histometric analysis including representative 
backscatter scanning electron microscopy photomicrograph of a ZiUnitem implant placed into the 
femoral condyle. Magnified sections show the implant thread area under analysis (left), the bone
implant contact (BIC) analysis (left centre); the area of interest for the analysis of bone density 
within the threads (BDwr) (right centre); and the area of interest for the analysis of bone density 
immediately outside the threads (BOor) (right). 
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Statistical Analysis 

Examiner reliability for the histometric evaluation was assessed using the 

Concordance Correlation Coefficient (Lin 1989, 2000). This coefficient ranged 

between 0 and 1, the higher the coefficient the greater the reliability. 

The statistical analysis was performed using Stata 9.2 for Windows (Stata 

Corporation, College Station, TX, USA). Linear models were used to compare 

the experimental groups. Clustering of observations within animals was 

accounted for using appropriated variance estimators. Significance was set at 

5% and p-values were adjusted for multiple comparisons. Means and standard 

errors (SE) were calculated. 



DATA DESCRIPTION 

Independent Variables 

•!• CaP nano-technology modified zirconia implant surface A 

•!• CaP nano-technology modified zirconia implant surface C 

•!• Zirconia control implant surface (ZiUnite ™) 

•!• Titanium porous oxide implant surface (TiUnite~ 

Dependent Variable 
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•!• Bone density outside the threads (BDoT): fraction mineralized bone 

immediately outside the implants threads 

•!• Bone density inside the threads (BDwr): fraction mineralized bone 

within the root area of the implant threads; and 

•!• Osseointegration: percent bone-implant contact (BIC) within the area 

of trabecular bone. 
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RESULTS 

Clinical Observations 

There were no noteworthy differences in stability between the implants at 

placement. Most animals/experimental sites exhibited uneventful healing over the 

3- and 6-week interval. Four animals were excluded from the study due to 

various reasons: immediate post-surgery death (1), wound failure exposing 

implants (2), broken ankle (1), and extensive seroma formation (1). The 

removed animals were replaced accordingly. 

Backscatter Scanning Electron Microscopy Observations 

All implants showed bone formation directly onto the implant surfaces 

(Figure 5 and 6). There were no remarkable differences between implants and 

the sites. Two specimens were excluded from the histometric analysis due to 

defects (fractured bone-implant interface) in the histotechnical preparation. Sites 

that did not represent a model of trabecular bone well were also excluded from 

the analysis; our laboratory uses a cutoff BOoT value> 75% to identify such sites. 

The histotechnical preparation of some specimens prevented meaningful 

evaluation of BOoT and on one occasion BDwr. 



A c ZiUnite™ TiUnite~ 
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Figure 5. Backscatter scanning electron microscopy photomicrographs following a 3-week 
healing interval for animals receiving A, C, ZiUnite.,., and TiUnite" endosseous oral implants. 

A c ZiUnitelU 

healing interval for animals receiving A, C, 

Histometric analysis 

The results of the histometric analysis for the 3-week specimens are 

shown in Table 1 and Figure 7. Following a 3-week healing interval, the TiUnite® 

surface demonstrated a significantly greater BIC (77.6 ± 2.6%) compared with 

the nano-technology-structured implant surfaces A (64.6 ± 3.6%) and C (62.2 ± 

3.1 %) (p<0.05). There were no significant differences in mean BOoT and BDwT 

between the TiUnite® (48.9 ± 1.5 and40.5 ± 1.7), the A (47.7 ± 4.2% and 34.3 ± 

3.2%), and C (48.5 ± 1.5 and 39.6 ± 3.5%) implant surfaces at the 3-week 
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healing interval (p>0.05). Numerical differences in BIC between the ZiUniteTM 

(70.5 ± 3.1 %) and the A and C implant surfaces did not reach statistical 

significance (p>0.05), although significant differences in BOoT and BDwr were 

observed (p<0.05). Similarly, there were non-significant differences in BIC 

between the TiUnite® and the ZiUniteTM implant surfaces (p>0.05). 

Table 1 Group means (± SE) for the backscatter scanning electron microscopy histometric 
analysis following a 3-week observation interval (BIC: bone-implant contact; BOwr: bone density 
within the threads; and BOOT: bone density outside the threads in %). 
[_ ___ s_l!_rface _____ ..=__ __ Eiifo~ ---- _ B_oWI ____ ~--~----- j 

A 47.7 ± 4.2 A 34.3 ± 3.2 A 64.6 ± 3.6 A 
C 48.5 ± 1.5 A 39.6 ± 3.5 A 62.2 ± 3.1 A 

ZiUniteTM 
TiUnite" 

54.7 ± 2.4 B 
48.9 ± 1.5 A 

45.5 ± 2.5 B 
40.5 ± 1.7 AB 

70.5 ± 3.1 AB 
70.5 ± 3.1 AB 

The results of the histometric analysis for the 6-week specimens are 

shown in Table 2 and Figure 7. There were no significant differences in BIC 

between the TiUnite® (67.1 ± 4.2%), ZiUniteTM (69.7 ± 5.7%), A (68.6 ± 1.9%), 

and C (64.5 ± 4.1 %) implant surfaces at the 6-week healing interval (p>0.05). 

Similarly, there were no statistically significant or meaningful differences in BOoT 

and BDwr among the various implant surfaces; the mean BOoT ranged from 

49.7% to 53.7%, and BDwrfrom 39.4% to 48.7%. 

Table 2 Group means (± SE) for the backscatter scanning electron microscopy histometric 
analysis following a 6-week observation interval (BIC: bone-implant contact; BDwr: bone density 
within the threads; and B00 r: bone density outside the threads in %) . .:_-__ _ 
L-SUrface--------go,;:;: --~~~----- BIC J 

A 51.8 ± 3.0 A 45.4 ± 3.4 AB 68.6 ± 1.9 A 
C 49.7 ± 1.6 A 39.4 ± 3.5 A 64.5 ± 4.1 A 

ZiUniteTM 51.2±3.1 A 47.4±2.3 B 69.7±5.7 A 
TiUnite" 53.7±1.9 A 48.7±1.7 B 67.1±4.2 A 
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DISCUSSION 

The present study showed favorable tissue response to CaP nano

technology-modifed ZiUnite™ as well as to control ZiUnite™ and TiUnite® 

implants without dramatic or meaningful differences between the surface 

technologies following 3- and 6-week healing intervals using a rabbit trabecular 

bone model. The histometric evaluation indicates that all surfaces tested 

exhibited a high level of osseointegration, suggesting that they might all be 

osteoconductive, i.e., the implant surfaces enhanced osteogenic bone formation 

as shown in various other studies comparing TiUnite® with control turned titanium 

implants (Glauser et al. 2001, Rocci et al. 2003). The rabbit femoral trabecular 

bone model herein is used for its potential to display the osteoconductivity of 

candidate implant surfaces. Because bone healing in rabbit has been suggested 

to be two to three times faster than in humans (Robert et al. 1987), healing 

intervals of 3 and 6 weeks were chosen. The 2-week interval approximates a 

healing interval of 6-9 weeks in humans and this interval is suggested for early 

bone healing following implant placement. The 6-week interval approximates a 

healing interval of 12-18 weeks in humans suggested to coincide with bone 

remodeling (LaStayo et al. 2003, Matos et al. 2008). 

BSEM is based on compositional contrast and provides information not 

only on the surface but also within a specimen (Goldstein et al. 1984, Boyde & 
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Wolfe 2000). The present study used BSEM to produce digital photomicrographs 

of the zirconia ceramic implants for histometric analysis. The reason for this is 

twofold. First, processing of ceramic implants using traditional histotechnical 

cutting-grinding techniques (Donath & Brauner 1982) may not translate well to 

zirconia ceramic implants to standards demanded for histometric analysis using 

light microscopy. Second, parallel studies in our laboratory evaluating 

conventional titanium implants suggested that BSEM produced 

photomicrographs superior in contrast, and thus more diagnostic, compared with 

photomicrographs generated from histologic specimens for light microscopy 

processed using routine histotechnical cutting-grinding techniques (Poulos et at. 

2010, unpublished). Consequently, BSEM appears to be an acceptable 

alternative for histometric analysis of immediate bone density and 

osseointegration. 

The major component for the clinical success of oral implants is the 

establishment of an immediate contact between the implant and adjoining bone. 

It is thought that the bone response is influenced by the implant surface texture 

and composition (Wennerberg 1996, Sui et at. 2004). Moderate surface 

roughness appears to be associated with increased bone contact (Buser et at. 

1991, Shalabi et at. 2006). Thus, various methods including oxidation, sand 

blasting, and acid etching have been adopted to enhance implant surface texture 

(Aibrektsson & Wennerberg 2004a,b). CaP is regarded as a bioactive material 

having a direct bonding capacity to surrounding bone (Thomas et at. 1987, 

Geesink et at. 1988, Tisel et at. 1994, Sui et at. 2004). CaP implant coatings have 
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been used to accelerate early-stage bond formation and osseointegration 

(Thomas et al. 1987, Geesink et al. 1988, Tisel et al. 1994, Kim et al. 2004a,b, 

Sui et al. 2004, Quan et al. 2008). Cohesive failure between the implant and a 

CaP coating has been observed and has been related to implant failure (Buser et 

al. 1991, Jansen et al. 1993). Recently, developed CaP nano-technology implant 

coatings have been shown to accelerate local bone formation (Webster et al. 

2000, Yang 2001). Significantly increased early bone formation has been 

observed at hydroxyapatite nano-coated implants compared with control 

(Meirelles et al. 2008b). This increased local bone formation does not appear to 

be unique to hydroxyapatite nano-structures as increased bone formation is also 

observed at titanium nano-structures (Meirelles et al. 2008c). The CaP nano

coatings used in this study were thin and dense, retaining the texture of the 

underlying ZiUniteTM surface. In other words, the CaP nano-coating may not 

have significantly altered the surface texture but only changed the surface 

composition of the ZiUnite m implant. 

Zirconia ceramics exhibit favorable mechanical properties and 

biocompatibility, which make them candidates for oral implants (Piconi & 

Maccauro 1999, Kohal et al. 2004, Sennerby et al. 2005, Quan et al. 2008). 

Zirconia surfaces show reduced bacterial colonization compared with titanium 

(Rimondini et al. 2002, Scarano et al. 2004). Zirconia exhibits color properties 

closely related to teeth for optimal esthetics in patients with thin gingival biotypes, 

which cannot be met using titanium implants. Several reports have documented 

successful application of zirconia implants in preclinical (Kohal et al. 2004, 
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Sennerby et al. 2005) and clinical settings (Oliva et al. 2007, Pirker & Kocher 

2008). Zirconia implants with microstructured ZiUnite ™ surfaces exhibit 

enhanced osseointegration compared with smooth surface zirconia implants 

(Sennerby et al. 2005, Oliva et al. 2007). The candidate CAP nano-technology

structured ZiUnite ™ implants showed a somewhat lower, but statistically 

significant, osseointegration compared with the TiUnite® implants at 3 weeks 

although the immediate osseous environment evaluated using bone density 

assessments did not differ among the surfaces. This observation in itself may 

depend on differences in chemistry, micro-, or nano-topography between the 

surfaces evaluated. Moreover, this observation affirms favorable early bone

implant surface interactions of the TiUnite® surface observed in various other 

settings and bone qualities (Zechner et al. 2003, Huang et al. 2005, Xiropaidis et 

al. 2005). Following a 6-week healing interval, however, the apparent advantage 

of the TiUnite® surface was reached by the various ZiUnite ™ implants 

irrespective of surface treatment. 
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SUMMARY 

•:• CaP nano-technology modified zirconia implant surfaces are 

biocompatible. 

•:• CaP nano-technology surface modified zirconia implants exhibited 

similar osteoconductivity compared with non-coated zirconia implant 

surfaces. 

•:• CaP nano-technology modified zirconia implant surfaces exhibited 

osteoconductivity comparable with that of titanium porous oxide 

implant surfaces. 
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CONCLUSION 

Both TiUnite® and ZiUnite™ implant surfaces exhibit high levels of 

osseointegration that, in this model, confirm advanced osteoconductive 

properties. Addition of CaP nano-technology to the ZiUnite™ surface does not 

enhance the osteoconductivity displayed by the TiUnite® and ZiUnite™ implant 

surfaces. 
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Appendix Table 2 Individual scores and group means ± SE for the backscatter scanning 
electron microscopy histometric analysis for animals receiving A and C implants following a 3-
week observation interval (BIC: bone-implant contact; BDwr: bone density within the threads; and 
BDDT: bone density outside the threads in %). 
3weeks A C 

Animal# 
40 

41 

42 

43 

44 

45 

Surface 

L 

R 
L 

R 

L 

R 

L 

R 

L 

R 
L 

BIC 

71.50 

54.01 

89.90 

76.61 

62.53 

61.52 

72.13 

71.81 

74.97 

BDwr 

23.84 

26.73 

52.62 

50.61 

38.57 

36.83 

34.94 

42.49 

26.34 

BDoT 

38.11 

26.55 

55.06 

65.62 

56.30 

49.41 

55.93 

51.65 

BIC 

70.90 

83.99 

49.31 

53.11 

70.91 

54.55 

66.88 

48.37 

57.07 

63.69 

61;88 

BOW,. 

46.39 

50.08 

28.99 

24.89 

34.60 

38.25 

33.95 

22.59 

37.60 

57.26 

36.89 

BDoT 

44.71 

65.39 

40.92 

35.95 

51.46 

59.11 

34.24 

46.84 

52.18 

52.78 

R 76.51 41.36 62.82 68.58 49.87 42.98 

I: ~ ~ ~ = ~ ~ ~I 
I R 66.63 45.55 61.75 69.99 39.97 44.14 I I 49 L 46.15 14.84 25.91 69.85 51.94 43.88 I R 48.58 19.35 25.08 56.46 46.83 60.210 J 
L. --~~---~----~:~~----_;: --- ::~: -- :~:~~ _ _;:::: __ ;~:~: 

Mean±SE 64.6±3.6 34.3±3.2 47.7±4.2 62.2±3.1 39.6±3.5 48.5±1.5 
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Appendix Table 3 Individual scores and group means ± SE for the backscatter scanning 
electron microscopy histometric analysis for animals receiving ZiUnite"" and TiUnite® implants 
following a 3-week observation interval (BIG: bone-implant contact; BOwr: bone density within the 
threads; and BOoT: bone density outside the threads in %). 

3 weeks ZiUnite"" TiUnite® 

Animal# Surface BIG BDwr BOoT BIG BDwr BDoT 
60 L 77.48 44.72 62.98 83.43 26.63 39.38 

R 78.53 52.31 46.43 90.28 34.89 52.87 

61 L 53.70 41.80 55.02 54.07 32.23 45.12 

R 76.04 61.83 56.86 78.58 48.56 62.75 
62 L 57.30 56.13 69.01 82.92 35.68 52.13 

R 67.63 47.27 66.07 76.17 52.18 53.09 
68 L 88.75 57.95 55.89 87.64 48.76 37.83 

R 93.81 44.02 47.58 88.10 37.68 47.70 
70 L 46.54 42.63 40.81 87.10 48.97 42.58 

R 76.25 30.76 44.29 41.28 48.91 
71 L 70.23 31.16 55.83 69.76 41.21 61.90 

R 74.07 26.11 43.08 67.45 43.53 42.34 
72 L 68.75 47.22 79.90 37.77 45.99 

R 76.27 40.41 50.46 77.34 31.19 40.57 
74 L 65.65 39.73 53.64 74.91 40.02 55.26 I 

R 73.18 53.35 68.62 65.51 36.80 50.16 ' 

77 L 58.60 49.00 60.08 86.79 38.09 32.15 I 
I 

R 65.33 52.69 52.68 69.61 53.62 69.14 I 
~ ------- ----·-- -- ---------~ --- ---- ----- ------ --- ---~---- ------ -------- --- ----------- -· 

Mean± SE 70.5 ± 3.1 45.5 ±2.5 54.7 ± 2.4 77.6±2.6 40.5 ± 1.7 48.9 ± 1.5 

Appendix Table 4 Group means (± SE) for the backscatter scanning electron microscopy histometric 
analysis following a 3-week observation interval (BIG: bone-implant contact; BOwr: bone density within 
the threads; and BOoT: bone density outside the threads in %). 

3 weeks 

Surface BIG BDwr BDoT 

i A 64.6±3.6 A 34.3±3.2 A 47.7±4.2lJA I 
I G 62.2 ± 3.1 A 39.6 ± 3.5 A 48.5 ± 1.5 A 

i Z1Unite"" 70.5 ± 3.1 AB 45.5 ± 2.5 B 54.7 ± 2.4 B 

I_ __ -·- _!~~~ite,. _______ _!!_:~ :._2.:_~--- ____ -~:~± 1.7 AB -----· _48.9 ± 1.::; A 
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Appendix Table 5 Individual scores and group means ± SE for the backscatter scanning electron 
microscopy histometric analysis for animals receiving A and C implants following a 6-week observation 
interval (BIC: bone-implant contact; BDwr: bone density within the threads; and BDoT: bone density 
outside the threads in % ). 

6weeks A G 

Animal# Surface BIG Brlwr BDOT BIG BDwr BDor 
48 L 51.24 33.50 56.97 

R 63.15 55.59 61.41 50.35 33.54 34.44 

50 L 67.25 44.41 57.10 48.51 31.66 29.67 

R 63.28 34.86 43.21 40.48 .62.61 69.76 
51 L 73.08 50.88 49.31 

R 63.70 59.29· 69.02 
52 L 66.44 33.61 37.69 

R 62.24 36.12 41.03 
53 L 57.01 22.90 38.87 75.71 34.04 46.02 

R 72.09 36.36 54.55 65.60 24,08 53.81 
54 L 66.79 30.31 

R 60.08 46.17 40.36 70.67 32.12 46.11 
56 L 69.34 37.45 35.67 56.82 29.20 53.66 

R 74.50 48.33 62.71 72.82 24.62 42.81 
57 L 79.24 64.60 64.45 79.98 53.95 48.41 

I 
R 65.46 62.48 65.10 61.26 55.06 67.51 

58 L 69.34 37.45 35.67 78.24 47.37 39.49 

l __ R 74.50 48.33 62.71 83.78 32.66 48.42 
59 L 79.24 64.60 64.45 69.44 56.31 46.68 J 

R 65.46 62.48 65.10 62.56 39.63 62.12 ---·-·--------·------------ ---------
Mean±SE 68.6 ± 1.9 45.4 ± 3.4 51.8 ± 3.0 64.5 ± 4.1 39.4±3.5 49.7 ± 1.6 
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Appendix Table 6 Individual scores and group means ± SE for the backscatter scanning electron 
microscopy histometric analysis for animals receiving ZiUnite m and TiUnite" implants following a 6-
week observation interval (BIC: bone-implant contact; BDwr: bone density within the threads; and BDoT: 
bone density outside the threads in %). 

Sweeks ZiUnitem TiUnite"' 

Animal# Surface BIC BOwr BOoT BIC BOwr BOoT 
63 L 78.78 66.21 69.33 31.73 57.81 54.48 

R 82.68 44.05 38.95 41.13 52.04 59.96 

64 L 81.13 38.25 40.45 64.64 47.76 48.92 

R 62.21 38.60 43.60 58.29 50.94 54.08 
66 L 74.63 51.25 67.79 77.49 58.28 53.30 

R 65.55 56.99 73.74 
67 L 26.93 29.16 27.14 66.82 46.04 50.42 

R 24.56 44.76 40.63 74.93 47.25 49.13 
78 L 73.85 32.63 56.98 74.05 51.24 51.96 

R 87.01 73.14 63.23 77.45 48.83 54.59 
79 L 84.01 69.27 58.85 72.82 51.03 45.89 

R 58.53 26.56 39.15 87.52 34.26 45.34 
80 L 87.19 37.68 35.00 73.90 53.84 65.66 

R 72.07 52.02 55.69 66.99 40.03 48.95 

' 81 L 68.23 51.82 49.26 73.03 56.55 58.34 

I R 76.83 59.59 65.83 62.90 39.51 55.52 
I 82 - -L 71.90 46.54 55.13 -L ____ ---------~--- -·------~~,!~ ____ --~3.88 _____ 63.~--- 71.~~-------- 35_:10 _____ -~1_,!!_! __ J 

Mean±SE 69.7±5.7 47.4 ±2.3 51.2 ± 3.1 67.1 ±4.2 48.7 ± 1.7 53.7 ± 1.9 

Appendix Table 7 Group means (± SE) for the BSEM histometric analysis following a 6-week 
observation interval (BIC: bone-implant contact; BDwr: bone density within the threads; and BDoT: bone 
density outside the threads in % . 

6 weeks 

Surface 

A 

c 
ZiUnite"' 

TiUnite" 

BIC 

68.6 ± 1.9 A 

64.5 ±4.1 .A 

69.7±5.7 A 

67.1 ±4.2 A 
-------------------- -----

BDwr BOoT 

45.4 ± 3.4 AB 51.8 ± 3.0 A 

39.4±3.5 A 49.7±1.6 A J 
47.4 ± 2.3 B 51.2 ± 3.1 A 

48.7±1.7 B ______ !_3-7:.2_~~ 



Figures 

Appendix Figure 1 BEM photomicrographs for animals receiving A, C, ZiU, and TiU implants 
a 3-week observation interval. 
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Figure 2 BEM photomicrographs for animals receiving A, C, ZiU, and TiU implants 
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