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Abstract
Objective: The objective of this study was to screen candidate nano-technology-
modified, micro-structured zirconia implant surfaces relative to local bone formation
and osseointegration.

Materials and Methods: Proprietary nano-technology surface-modified (calcium
phosphate: CaP) micro-structured zirconia implants (A and C), control micro-
structured zirconia implants (ZiUnitet), and titanium porous oxide implants
(TiUnitet) were implanted into the femoral condyle in 40 adult male New Zealand
White rabbits. Each animal received one implant in each hind leg; thus, 20 animals
received A and C implants and 20 animals received ZiUnitet and TiUnitet implants
in contralateral hind legs. Ten animals/group were euthanized at weeks 3 and 6 when
biopsies of the implant sites were processed for histometric analysis using digital
photomicrographs produced using backscatter scanning electron microscopy.

Results: The TiUnitet surface demonstrated significantly greater bone–implant
contact (BIC) (77.6 � 2.6%) compared with the A (64.6 � 3.6%) and C (62.2 � 3.1%)
surfaces at 3 weeks (po0.05). Numerical differences between ZiUnitet
(70.5 � 3.1%) and A and C surfaces did not reach statistical significance (p40.05).
Similarly, there were non-significant differences between the TiUnitet and the
ZiUnitet surfaces (p40.05). At 6 weeks, there were no significant differences in BIC
between the TiUnitet (67.1 � 4.2%), ZiUnitet (69.7 � 5.7%), A (68.6 � 1.9%), and
C (64.5 � 4.1%) surfaces (p40.05).

Conclusion: TiUnitet and ZiUnitet implant surfaces exhibit high levels of
osseointegration that, in this model, confirm their advanced osteoconductive
properties. Addition of CaP nano-technology to the ZiUnitet surface does not enhance
the already advanced osteoconductivity displayed by the TiUnitet and ZiUnitet
implant surfaces.
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Endosseous oral implants have become
increasingly important in the prosthetic
rehabilitation of patients following tooth
loss to address aesthetic and functional

demands. The implants need to be
placed and become integrated into
alveolar bone to become successful
prosthetic anchors. The osteoconduc-
tivity of the bone anchoring implant
surface plays an important role in suc-
cessful osseointegration. A rabbit long-
bone model (Johansson & Albrektsson
1987, Sennerby et al. 2005, Susin et al.
2008) has been used as a valuable
screening instrument to select favour-
able implant surface characteristics/

technologies before pivotal evaluation
of actual implant prototypes in large
animal models and in patients.

The success of endosseous oral
implants is critically related to their
osseointegration. Near-immediate bone
apposition onto the implant surface
appears to be important for desirable
early loading strategies. Thus, implant
surface properties including topography,
composition, and geometry seem decisive
for the short- and long-term success of
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endosseous oral implants (Le Guehen-
nec et al. 2007). Recent advances have
contributed micro- and macro-porous
titanium oxide implant surfaces (Hall
& Lausmaa 2000, Albrektsson & Wen-
nerberg 2004a, b). Other surface
advances include implant surface coat-
ing with ceramic products in particular
calcium phosphate (CaP)-based technol-
ogies (Lacefield et al. 1999, Webster
et al. 2000, Xiropaidis et al. 2005). Still
other advances have applied nano-tech-
nology (Le Guehennec et al. 2007,
Coelho et al. 2008, Meirelles et al.
2008a, b) and biotechnology to implant
surfaces (Liu et al. 2005, Becker et al.
2006, Hall et al. 2007).

Patient demands for highly aesthetic
prosthetic rehabilitation have not only
resulted in the use of biotechnology to
augment the alveolar bone (for a review,
see Wikesjö et al. 2007) but also
includes alternative directions in the
use of implant base materials. In the
cervical area, the colour of a titanium
implant might be reflected through and
darken the pinkish hue of the gingiva,
especially in the presence of a thin
gingival biotype. To overcome such
cervical discolouration, zirconia is being
evaluated as an alternative base material
for endosseous oral implants. Zirconia
has adequate biocompatibility and
mechanical strength (Kohal et al. 2004,
Sennerby et al. 2005, Quan et al. 2008).
Zirconia implant surface modifications
have not been extensively reported. The
objective of this study was to screen
candidate nano-technology zirconia
implant surfaces relative to local bone
formation and osseointegration, i.e.,
implant osteoconductivity.

Materials and Methods

Animals

Forty, adult (410 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 Medical
College of Georgia Institutional Animal
Care and Use Committee. The animals
were routine inspected and acclimatized
before initiation of the surgical protocol.
The animals were identified by an ear
tag showing animal ID. They were
individually housed in stainless-steel
cages labelled with cards identifying
the study number, species/strain, sex,
cage number, and animal ID. The cages
were housed in purpose-designed rooms

air-conditioned with 10–20 air-changes/
h. Temperature and relative humidity,
monitored daily, were 22 � 31C and
50–60%. A 12/12 h light/dark cycle
was applied. The animals had ad libitum
access to water and a standard labora-
tory diet throughout the study.

Oral implants

All zirconia ceramic implants exhibited
a proprietary porous surface modifica-
tion in the micrometre scale (ZiUnitet,
Ø3.75 � 7 mm; Nobel Biocare AB,
Göteborg, Sweden). Implants in the
two test groups, A and C, were further
modified by means of two different
nano-technologies, each applying the
implants with a CaP nano-layer. The
control groups included ZiUnitet im-
plants without the CaP nano-layer and
standard micro-structured titanium por-
ous oxide implants (TiUnitet, Ø3.75 �
7 mm; Nobel Biocare AB) (Fig. 1). Ra

estimates supplied by the manufacturer
were 1.0mm for the ZiUnitet and mod-
ified (A and C) ZiUnitet surfaces, and
1.3 mm for the TiUnitet surface.

The TiUnitet implant is a commer-
cially pure titanium implant where the
naturally occurring oxide layer has been
considerably increased by means of
anodic oxidation (Hall & Lausmaa
2000). During this process, the oxide
layer is not only increased in thickness
but also develops a porous structure.
Anodic oxidation is a well-known elec-
trochemical process where the implant
acts as an anode in an electro-chemical
cell, i.e. it is dipped into an acidic
electrolyte and a controlled current is
allowed to circulate via the anode/
implant through the electrolyte to the
cathode.

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

Surface A 10kx Surface A 50kx

Surface C 10kx Surface C 50kx

ZiUite 10kx ZiUnite 50kx

TiUnite 10kx TiUnite 50kx

Fig. 1. Scanning electron microscopy photomicrographs of the calcium phosphate-modified
(A and C), ZiUnitet, and TiUnitet implant surfaces.
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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 bulk and coating.

Test implant surface A is produced by
immersing the ZiUnitet implant into a
phosphorous-rich solution, followed by
immersion into a calcium-rich solution
at an elevated temperature, during
which a coating with a Ca/P ratio of
1.67 is formed onto the ZiUnitet
implant surface. Following this proce-
dure, the implant is rinsed in clean water
and dried at 371C. The thickness of the
A surface was o50 nm.

Implant surface C is produced by
applying droplets to the ZiUnitet
implant of a stable solution containing
surfactants, water, organic solvent, and
crystalline hydroxyapatite nano-parti-
cles with a Ca/P ratio of 1.67 (Kjellin
& Andersson 2006). The diameter of the
hydroxyapatite particles approximates
10 nm. After applying the solution, the
implants are dried for 30 min in air,
allowing the solvent to evaporate. This
is followed by heat treatment at 7001C
for 5 min in an oxygen atmosphere to
remove all dispersing agents. The thick-
ness of the C surface was o200 nm.

Surgical preparation and experimental

procedures

Surgeries were performed using aseptic
routines by one experienced surgeon (N.
A. R.). General anaesthesia was induced
using ketamine/xylazine (45; 5 mg/kg;
i.m.). Atropine (0.2 mg/kg; i.m.) was
administered to treat for bradycardia
and decrease salivary secretion. The
animals were intubated with an appro-
priately sized endotracheal tube or via
use of a facemask and placed on iso-

flurane 2–3% for maintenance. The
experimental sites were shaved, after
which the animals were brought to the
operating theatre and the surgical areas
were isolated with drapes and disin-
fected using a 4% chlorhexidine gluco-
nate surgical scrub solution (BD E-Z
Scrub; Becton, Dickinson and Com-
pany, Franklin Lakes, NJ, USA). Rou-
tine lidocaine infiltration anaesthesia
(lidocaine 2%, epinephrine 1:100,000,
0.5–1 ml/site) 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 (Fig. 2).

Twenty animals received implants A
and C in contralateral femoral sites and
twenty animals received ZiUnitet and
TiUnitet implants for a 3- and 6-week
healing interval encompassing ten ani-
mals/group/healing interval. A versus C,
and ZiUnitet versus TiUnitet implants
were alternated between left and right
hind limbs.

Fascia and skin were closed in layers
using resorbable (Vicryl Rapide 5.0; Ethi-
con Inc., Somerville, NY, USA) and non-
resorbable (GORE-TEXt Suture CV5,
W.L. Gore & Associates Inc., Flagstaff,
AZ, USA) sutures and interrupted single
and mattress suture techniques as appro-
priate. The depth of anaesthesia was
monitored by 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 (10–20 ml/kg/h; i.v.) to maintain
hydration during surgery.

Post-surgery procedures

A long-acting opioid (buprenorphine
HCl, 0.05 mg/kg, i.m., b.i.d./3 days)
was administered for pain control. A

broad-spectrum antibiotic (enrofloxacin;
5 mg/kg, i.m./SQ b.i.d./7 days) was
administered for infection control. As
needed, sutures were removed under
sedation (buprenorphine HCl 0.02 mg/
kg, acepromazine 0.5 mg/kg i.m.) at
approximately 10 days; alternatively,
mild manual restraint was used.

Euthanasia

The animals were sedated and eutha-
nized at 3 and 6 weeks post-surgery
using an overdose of sodium pentobar-
bital (100 mg/kg) when tissue specimens
including implants and surrounding
bone were collected and fixated in a
10% buffered formalin solution for his-
totechnical preparation.

Histotechnical preparation

The femoral implants (2 implants/ani-
mal � 40 animals 5 80 implants) were
prepared for histologic analysis. The
fixated specimens were dehydrated in a
graded ethanol series using a dehydra-
tion system with agitation and vacuum
and embedded in light-curing metha-
crylate (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, Nor-
derstedt, Germany) (Donath & Breuner
1982).

Backscatter scanning electron

microscopy

For backscatter scanning electron
microscopy, the slices with the ground
sections were mounted on special alu-
mina 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
(Bal-Tec AG, Balzers, Liechtenstein).
Eventually, the alumina stubs were con-
nected to the carbon layer by two thin
spurs of a silver-containing glue; this
was done to avoid electric loading of the

Fig. 2. Surgical incision (left), implant placement into femoral condyle (left centre), fascia and skin sutured in layers (right centre), and wound
closure (right).
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specimen, which would have disturbed
their evaluation. The specimens were
evaluated using a Zeiss Supra 40VP
scanning electron microscope (Carl
Zeiss NTS GmbH, Oberkochen, Ger-
many) using the backscatter detector.
Evaluation was performed at 20 kV
and a working distance of 9 mm (Boyde
& Wolfe 2000, Schüpbach et al. 2005).

Histometric analysis

One masked, calibrated examiner (J. L.)
performed the histometric analysis using
a PC-based image analysis system
(Image-Pro Plust, Media Cybernetic,
Silver Spring, MD, USA). The most
central section from each implant was
used for the analysis. The following
parameters were recorded for each
implant (Fig. 3):

� Bone density outside the threads
(BDOT): ratio bone/marrow spaces
in the adjoining bone immediately
outside the implant threads;

� Bone density within the threads
(BDWT): ratio bone/marrow spaces
in the adjoining bone within the
implant threads; and

� Osseointegration: percent bone–
implant contact (BIC) measured
within the area of trabecular (femur)
resident bone.

Statistical analysis

Examiner reliability for the histometric
evaluation was assessed using the Con-

cordance Correlation Coefficient (Lin
1989, 2000). This coefficient ranges
between 0 and 1; the higher the coeffi-
cient the greater the reliability. The
concordance correlation coefficient for
the histometric measurements ranged
from 0.95 to 0.98, demonstrating high
reliability for all the parameters
assessed.

The statistical analysis was per-
formed using Stata 9.2 for Windows
(Stata Corporation, College Station,
TX, USA). Linear models were used to
compare the experimental groups. Clus-
tering 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) are presented.

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 ani-
mals were excluded from the study due
to various reasons: immediate post-
surgery death (1), wound failure expos-
ing 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 (Figs
4 and 5). There were no remarkable
differences between implants and sites.
Two specimens were excluded from the
histometric analysis due to defects (frac-
tured bone–implant interface) in the his-
totechnical preparation. Sites that do not
represent a model of trabecular bone well
were also excluded from the analysis; our
laboratory uses a cut-off BDOT value
475% to identify such sites. The histo-
technical preparation of some specimens
prevented meaningful evaluation of
BDOT and on one occasion BDWT.

Histometric analysis

The results of the histometric analysis
for the 3-week specimens are shown in
Table 1. Following a 3-week healing
interval, the TiUnitet surface demon-
strated a significantly greater BIC
(77.6 � 2.6%) compared with that of
the nano-technology-structured implant
surfaces A (64.6 � 3.6%) and C
(62.2 � 3.1%) (po0.05). There were
no significant differences in mean
BDOT and BDWT between the TiUnitet
(48.9 � 1.5% and 40.5 � 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 healing interval
(p40.05). Numerical differences in BIC
between the ZiUnitet (70.5 � 3.1%)
and the A and C implant surfaces
did not reach statistical significance
(p40.05), although significant differ-
ences in BDOT and BDWT were observed
(po0.05). Similarly, there were non-
significant differences in BIC between
the TiUnitet and the ZiUnitet implant
surfaces (p40.05).

The results of the histometric analysis
for the 6-week specimens are shown in
Table 2. There were no significant dif-
ferences in BIC between the TiUnitet
(67.1 � 4.2%), ZiUnitet (69.7 � 5.7%),
A (68.6 � 1.9%), and C (64.5 � 4.1%)
implant surfaces at the 6-week healing
interval (p40.05). Similarly, there were
no statistically significant or meaningful
differences in BDOT and BDWT among
the various implant surfaces; the mean
BDOT ranged from 49.7% to 53.7%, and
BDWT from 39.4% to 48.7%.

Discussion

The present study showed a favourable
tissue response to CaP nano-technology-

Fig. 3. Schematic representation of the histometric analysis including representative back-
scatter scanning electron microscopy photomicrograph of a ZiUnitet 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 (BDWT) (right centre); and the area of interest for the analysis of
bone density immediately outside the threads (BDOT) (right).

Evaluation of zirconia oral implants 613

r 2009 John Wiley & Sons A/S



modified ZiUnitet as well as to control
ZiUnitet and TiUnitet implants with-
out dramatic or meaningful differences
between the implant surface technolo-
gies following 3- and 6-week healing
intervals using a rabbit trabecular bone
model. The histometric evaluation indi-
cates that all surfaces tested exhibited a
high level of osseointegration, suggest-
ing that they might all be osteoconduc-
tive, i.e., the implant surfaces enhanced
osteogenic bone formation as shown in

various other studies comparing TiUni-
tet with control turned titanium
implants (Glauser et al. 2001, Rocci
et al. 2003). The rabbit femoral trabe-
cular bone model herein is used for its
potential to display the osteoconductiv-
ity 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 3-week interval

approximates a healing interval of 6–
9 weeks in humans and this interval is
suggested for early bone healing follow-
ing implant placement. The 6-week
interval approximates a healing interval
of 12–18 weeks in humans suggested to
coincide with bone remodelling (LaS-
tayo et al. 2003, Matos et al. 2008).

Backscatter scanning electron micro-
scopy is based on compositional con-
trast and provides information not only
on the surface but also within a speci-
men (Goldstein et al. 1984, Boyde &
Wolfe 2000). The present study used
backscatter scanning electron micro-
scopy to produce photomicrographs of
the zirconia ceramic implants for histo-
metric analysis. The reason for this is
twofold. First, processing of ceramic
implants using traditional histotechnical
cutting–grinding techniques (Donath &
Breuner 1982) may not translate well to
zirconia ceramic implants to standards
demanded for histometric analysis using

TiUniteZiUniteCA

Fig. 5. Backscatter scanning electron microscopy photomicrographs for animals receiving A, C, ZiUnitet, and TiUnitet endosseous oral
implants following a 6-week healing interval.

TiUniteZiUniteCA

Fig. 4. Backscatter scanning electron microscopy photomicrographs for animals receiving A, C, ZiUnitet, and TiUnitet endosseous oral
implants following a 3-week healing interval.

Table 1. Group means (� SE) for the backscatter scanning electron microscopy histometric
analysis following a 3-week healing interval

Surface BDOT (%) BDWT (%) BIC (%)

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
ZiUnitet 54.7 � 2.4 B 45.5 � 2.5 B 70.5 � 3.1 AB
TiUnitet 48.9 � 1.5 A 40.5 � 1.7 AB 77.6 � 2.6 B

Means followed by the same capital letters do not differ statistically (p40.05).

BDOT, bone density immediately outside the threads; BDWT, bone density within the threads; BIC:

bone–implant contact; SE, standard error.
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light microscopy. Second, a parallel
study in our laboratory evaluating con-
ventional titanium implants suggested
that backscatter scanning electron
microscopy produced photomicrographs
superior in contrast, and thus more
diagnostic, compared with photomicro-
graphs generated from histologic speci-
mens for light microscopy processed
using routine histotechnical cutting–
grinding techniques (N. Poulos et al.
2009, unpublished data). Consequently,
backscatter scanning electron micro-
scopy appears to be an acceptable alter-
native for histometric analysis of
immediate bone density and osseointe-
gration.

The major component for the clinical
success of oral implants is the establish-
ment of an immediate contact between
the implant and adjoining bone. It is
thought that the bone response is influ-
enced by the implant surface texture and
composition (Wennerberg 1996, Sul
et al. 2004). Moderate surface roughness
appears to be associated with increased
bone contact (Buser et al. 1991, Shalabi
et al. 2006). Thus, various methods
including oxidation, sand blasting, and
acid etching have been adopted to
enhance implant surface texture
(Albrektsson & Wennerberg 2004a, b).
CaP is regarded as a bioactive material
having a direct bonding capacity to
surrounding bone (Thomas et al. 1987,
Geesink et al. 1988, Tisel et al. 1994,
Sul et al. 2004). CaP implant coatings
have been used to accelerate early-stage
bone formation and osseointegration
(Thomas et al. 1987, Geesink et al.
1988, Tisel et al. 1994, Kim et al.
2004a, b, Sul 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 forma-
tion (Webster et al. 2000, Yang 2001).
Significantly increased early bone for-

mation has been observed at hydroxya-
patite nano-coated implants compared
with control (Meirelles et al. 2008a).
This increased local bone formation
does not appear to be unique to hydro-
xyapatite nano-structures as increased
bone formation is also observed at tita-
nia nano-structures (Meirelles et al.
2008b). The CaP nano-coatings used in
this study were thin and dense, retaining
the texture of the underlying ZiUnitet
surface. In other words, the CaP nano-
coating may not have significantly
altered the surface texture but only
changed the surface composition of the
ZiUnitet implant.

Zirconia ceramics exhibit favourable
mechanical properties and biocompat-
ibility, 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 colour properties closely related
to teeth for optimal aesthetics in patients
with thin gingival biotypes, which can-
not be met using titanium implants.
Several reports have documented suc-
cessful application of zirconia implants
in preclinical (Kohal et al. 2004, Sen-
nerby et al. 2005) and clinical settings
(Oliva et al. 2007, Pirker & Kocher
2008). Zirconia implants with micro-
structured ZiUnitet surfaces exhibit
enhanced osseointegration compared
with smooth surface zirconia implants
(Sennerby et al. 2005, Oliva et al. 2007).
The candidate CaP nano-technology-
structured ZiUnitet implants showed a
somewhat lower, but statistically signif-
icant, osseointegration compared with
the TiUnitet implants at 3 weeks
although the immediate osseous envir-
onment 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 favourable early
bone–implant surface interactions of
the TiUnitet surface observed in var-
ious 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 TiUnitet
surface was reached by the various
ZiUnitet implants irrespective of sur-
face treatment.

In conclusion, both TiUnitet and
ZiUnitet implant surfaces exhibit high
levels of osseointegration that, in this
model, confirm their advanced osteo-
conductive properties. Addition of CaP
nano-technology to the ZiUnitet sur-
face does not enhance the osteoconduc-
tivity displayed by the TiUnitet and
ZiUnitet implant surfaces.
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Clinical Relevance

Scientific rationale for the study: The
objective of this study was to screen
candidate nano-technology-modified,
micro-structured zirconia implant sur-
faces relative to local bone formation
and osseointegration.

Principal findings: Using the rabbit
femoral trabecular bone model, we
show that CaP nano-technology mod-
ified zirconia (ZiUnite), ZiUnite, and
TiUnite implant surfaces all exhibit
high levels of osseointegration.

Practical implications: Addition of
CaP nano-technology to the ZiUnite
surface does not enhance the already
advanced osteoconductivity dis-
played by the TiUnite and ZiUnite
implant surfaces.
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