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Purpose: To investigate the effect of chemically modified implants with similar microtopographies but
different nanotopographies on early stages of osseointegration. Materials and Methods: Forty screw-
shaped implants were placed in 10 New Zealand white rabbits. The implant surface modifications
investigated in the present study were (1) blasting with TiO, and further (2) fluoride treatment or (3)
modification with nano-hydroxyapatite. Surface evaluation included topographical analyses with inter-
ferometry, morphologic analyses with scanning electron microscopy, and chemical analyses with x-ray
photoelectron spectroscopy. Bone response was investigated with the removal torque test, and histo-
logic analyses were carried out after a healing period of 4 weeks. Results: Surface roughness parame-
ters showed a slight decrease of the average height deviation for the fluoride-treated compared to the
blasted (control) and nano-hydroxyapatite implants. Scanning electron microscopic images at high
maghnification indicated the presence of nanostructures on the chemically modified implants. Chemi-
cal analyses revealed the presence of titanium, oxygen, carbon, and nitrogen in all implant groups.
The blasted-fluoride group revealed fluoride, and the blasted-nano HA group calcium and phosphorus
with simultaneous decrease of titanium and oxygen. Removal torque values revealed an increased
retention for the chemically modified implants that exhibit specific nanotopography. The histologic
analyses demonstrated immature bone formation in contact with the implant surface in all groups,
according to the healing period of the experiment. Conclusion: Chemical modifications used in the
present study were capable of producing a particular nanotopography, and together with the ions pre-
sent at the implant surface, may explain the increased removal torque values after a healing period of
4 weeks. INT J ORAL MAXILLOFAC IMPLANTS 2008;23:641-647
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titanium fluoride

Early events that take place after oral implant
insertion are in part dictated by biomolecules
that interact with the material surface.” Several com-
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ponents of the initial healing cascade are on the
nanometer scale, and the binding sites where they
interact are even smaller.23 Furthermore, the lamellar
bone formed at the interface after an adequate heal-
ing phase exhibits nanostructures, such as abundant
collagen fibrils and apatite crystals.* Currently, most
commercially available oral implants are moderately
rough on the micrometer scale®; however, no specific
attention has been given to investigating an implant
surface with nanostructures. The in vitro influence of
nanostructures on cell activity has been demon-
strated with different cell types,® which indicates that
surface nanotopography may modulate the final tis-
sue formation.

Despite high success rates obtained with the cor-
rect protocol, in some specific cases the results of
titanium implant rehabilitation are unfavorable.”?
The factors underlying implant success or failure
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Fig 1 Diagrams of the evaluation techniques used for implant
surface and bone response analyses. Interferometer examination
provides quantitative and qualitative analyses of the surface
microtopography. Scanning electron microscopy (SEM) images
reveal the surface morphology of structures up to the nanoscale.
The chemical composition of the implant surface was monitored
by x-ray photoelectron spectroscopy (XPS). Quantitative and quali-
tative bone response analyses were performed with the removal
torque test and histologic evaluation, respectively.

have been investigated in numerous scientific
reports. However, the mechanisms that explain the
reasons for success or failure are not fully under-
stood. Nanotechnology 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-tissue interface. Thus,
the implementation of specific nanostructures at the
implant surface may represent an alternative to
improve the overall success rate of dental implants in
unfavorable cases and a way to increase knowledge
of the osseointegration phenomena.

The New Zealand white rabbit is a widely
accepted model to investigate bone response to tita-
nium implants.’®'! The results of the animal experi-
ments indicate the potential benefits of titanium
implant modifications that may improve rehabilita-
tion with bone-anchored implants. Recently, the
results of an in vivo study supported the importance
of nano-hydroxyapatite (nano-HA) structures that
altered the early bone response in a rabbit model
despite reduced micrometer roughness.’? In the pre-
sent study, nanostructures (ranging from 1 to 100
nm) were combined with microstructures (ranging
from 1 to 100 ym) present in the precursor surface,
and the final bone response was dependent on the
synergetic effects of the surface chemistry combined
with both micro- and nanoscale structures of the
implants. Therefore, the aim of the present study was
to evaluate the effect of nanostructures created by
fluoride treatment’® and nano-HA modification’* on
bone formation after 4 weeks of healing.
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MATERIALS AND METHODS

Implant and Surface Modification

A total of 40 threaded titanium implants (Astra Tech,
MolIndal, Sweden) with an external diameter of 3.5
mm and a total length of 7.5 mm were used in this
study. The surface modifications included blasting
with TiO, either (1) treated with dilute hydrofluoric
acid or (2) modified with nano-HA. Thus, the blasted
implants acted as the control of the experiment at
the same time as the underlying topography for the
tested surface modifications.

Animals and Surgery Technique

New Zealand white female rabbits were used in this
study, which was approved by the local ethical com-
mittee at Goteborg University. All animals were adult
(9 months old) and had a mean weight of 4.9 kg. A
total of 40 implants were inserted in 10 rabbits.
Implant insertion was randomized and blinded, and
each rabbit received 1 implant from each group (2
implants/leg). The different implants could not be
distinguished by the naked eye.The blasted fluoride-
treated group was duplicated (F1 and F2) as a control
of the experimental design. Thus, this experiment
comprised 4 groups with 3 different surfaces, ie, (1)
blasted control, (2) F1 implants, (3) F2 implants, and
(4) nano-HA implants.

The animals were anesthetized with intramuscular
injections of fentanyl 0.3 mg/mL and fluanisone 10
mg/mL (Hypnorm Vet, Janssen Pharmaucetica,
Beerse, Belgium) at a dose of 0.5 mL/kg of body
weight and intraperitoneal injections of diazepam
(Stesolid Novum, Dumex Alpharma, Denmark) at a
dose of 2.5 mg per animal. If necessary, anesthesia
was maintained using additional doses of fentanyl
and fluanisone at a dose of 0.1 ml/kg body weight.
Before surgery 1T mL of lidocaine (Xylocain, Astra
Zeneca, Sodertidlje, Sweden) was administered sub-
cutaneously in the intended surgical sites. The exper-
imental sites were opened via incisions through skin
and fascia, and the bone surfaces exposed with the
aid of an elevator. The implants were placed after
preparation with guide and twist drills of 2.0 and 3.2
mm in diameter. During all surgical drilling
sequences, low rotational speed with profuse saline
cooling was used. The wounds were closed by sutur-
ing the fascia and skin separately. The animals were
allowed to run freely after surgery.

Surface Characterization

Surface characterization and bone response evalua-
tion methods are summarized in Fig 1.Topographical
analysis was performed using an interferometer
(MicroXAM, PhaseShift, Tucson, AZ) with a measure-
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ment area of 260 X 200 um. A Gaussian filter (size 50
X 50 um) was selected to remove errors of form and
waviness. Three specimens of each group were
selected at random and measured on 3 thread tops,
thread valleys, and flanks. The 3-dimensional rough-
ness parameters calculated were the arithmetic aver-
age height deviation (S,), the density of summits (Sg,),
and the developed surface area ratio (S,). Morpho-
logic study of the implant surfaces was performed
with scanning electron microscopy (SEM) using a
LEO Ultra 55 FEG, operating between 1 and 7 kV.
Chemical composition of the implant surfaces was
monitored with x-ray photoelectron spectroscopy
(XPS) using a PHI 5500 (Perkin Elmer, Physical Elec-
tronics Division, Waltham, MA). Monochromatic AlKa
x-ray radiation operated at 350 W was utilized, and
the relative energy scale was fixed with C 1s.

Evaluations of the Bone Response

The follow-up time was 4 weeks. After this period,
animals were anaesthetized as described and sacri-
ficed with an overdose of pentobarbital 60 mg/mL
(Pentobarbitalnatrium, Apoteksbolaget, Sweden). Of
the total of 40 implants inserted, 8 implants placed
proximally in the right tibia were selected for histo-
logical analyses (2 implants per group), and the
remaining 32 implants were used for the removal
torque test (8 implants per group). Histologic analy-
ses of undecalcified cut and ground sections'> were
analyzed with a light microscope (Eclipse 600, Nikon,
Tokyo, Japan). Histomorphometric evaluations of
bone-implant contact in all implant threads were cal-
culated with an image software analysis program
(Image Analysis 2000, Tekno Optik, Sweden). The bio-
mechanical test of the implant-bone interface was
performed with the removal torque test. The removal
torque instrument is an electronic instrument
(Detektor, Goteborg, Sweden) involving a strain
gauge transducer used for testing the implant stabil-
ity (peak loosening torque in Ncm) in the bone bed
and thus can be regarded as a 3-dimensional test
roughly reflecting the interfacial shear strength
between bone tissue and the implant.’>617 A lin-
early increasing torque was applied on the same axis
of the implant until failure of integration was
reached, and the peak value was recorded.

Statistical Analysis

Statistical analyses of removal torque values were per-
formed with the Wilcoxon signed rank test. Differences
were considered statistically significant at P <.05.

Table 1 Optical Interferometry Surface
Roughness (Mean  SD)

Sa (um) Sdr (%) Sds (um2)
Implant Mean SD Mean SD Mean SD
Blasted 1.42 0.22 301 2.7 0.1 0.0
Blasted-F1 1.26 0.23 29.2 3.7 0.1 0.0
Blasted-F2 1.24 0.23 28.0 4.6 0.1 0.0

Blasted-nano HA 1.36 0.18 30.3 5.6 0.1 0.0

RESULTS

Surface Evaluation

Optical interferometer microscopy data showed that
all implants were moderately rough. The surface
roughness mean values for the blasted, F1, F2, and
nano-HA implants were, respectively, 1.42 ym, 1.26
pMm, 1.24 um, and 1.36 um in average height devia-
tion (S,); 30.1,29.2,28.0, and 30.3% of developed sur-
face ratio (S4,). The number of summits per sampling
area (Sy,) for all surfaces investigated was 0.1 pm~2
(Table 1). Three-dimensional images of the optical
interferometer measurements from the tip of the
thread can be observed in Fig 2. The morphologic
evaluation of each surface was performed with SEM
(Fig 3). Implant surfaces observed at 1,500X exhib-
ited similar microtopography for the blasted control
and nano-HA implants. The fluoride-treated implants
were slightly smoother, with less pronounced sharp
edges and a coral-like topography. At increased mag-
nification (20,000X), nanostructures were present on
both fluoride-treated and nano-HA implants, reveal-
ing a particular nanotopography for those implants
combined with the microtopography. At higher mag-
nification (125,000X) the nanostructures produced
by the fluoride treatment and by the nano-HA modi-
fication could be observed in more detail. Such small
structures were not observed on the blasted control
implants (Fig 3c). XPS spectra of the blasted implants
revealed binding energy correspondent to oxygen,
titanium, carbon, and traces of nitrogen.The fluoride-
treated implants revealed the same elements plus
fluoride at a relative atomic concentration of 1.0%.
The nano-HA implants revealed calcium and phos-
phorus elements with reduced concentrations of
titanium compared to the other groups. All implants
had a similar concentration of carbon contaminants.
XPS as well as SEM implant surface analyses showed
similar results for the F1 and F2 implants and were
not presented in duplicate here.
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Fig 2 Optical interferometer images of measurements from the tip of the thread. (a) Blasted, (b) fluoride-treated, and (c) nano-HA
implants.

Fig 3 SEM micrographs of the blasted (a, b, ¢), fluoride-treated (d, e, f) and nano-HA (g, h, i) implants at X 1,500 (a, d, g), X20,000 (b, e,
h), and X125,000 magnification (c, f, i).
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Bone Response Evaluation

Removal Torque Tests. The results of the removal
torque test after 4 weeks revealed a significant
increase in retention for the F2 and nano-HA
implants, whereas the F1 implant had a tendency
toward higher values compared to the control
implants. The mean values obtained for the control,
F1,F2,and nano-HA implants were 29 + 12 Ncm, 34 £
11 Ncm, 36 = 13 Ncm, and 37 = 13 Ncm. No differ-
ence was observed between F1 and F2 implants
showing that the experimental model selected was
suitable.

Histologic Analyses

Periosteal and endosteal callus formation was
observed in all groups. The bone structure at the
implant interface was immature, with a clearly distin-
guished line from the original cortical bone, as has
been reported with similar healing period.'>'® The
bone-implant contact values calculated after a heal-
ing period of 4 weeks were 21.5% for the control
group, 30.4% for the F1 group, 27.1% for the F2 group,
and 35.8% for the nano-HA implant group, respec-
tively. An interesting finding was the similar cortical
bone formation among the groups. By contrast, in the
endosteal area isolated bone formation was observed
in contact with F1, F2, and nano-HA implants. For the
control implants, no isolated bone formation from the
original cortical bone was observed.The main goal of
the histologic analyses was to perform a qualitative
evaluation of the bone healing and development
stage. However, a histomorphometric evaluation was
also performed on 2 implant sections of each group.
Thus, the analysis of bone-implant contact was based
on a limited number of samples and should be inter-
preted with caution.

DISCUSSION

Potential benefits of the nano-HA crystals and fluoride
nanostructures present at the implant surface may be
divided in 2 parts based on the biomineralization the-
ory. HA crystal precursors are initially found inside
matrix vesicles, extracellular vesicles associated with
mineralized forming tissue cells, such as osteoblasts
and odontoblasts. Ca?* and PO,3~ accumulation inside
these matrix vesicles will form noncrystalline amor-
phous calcium phosphates further transformed to HA
(phase 1). Continuous growth of the crystals inside
the matrix vesicles will expose the crystals to the
extracellular fluid, after penetrating the matrix vesicle
membranes (Phase 2).'° The extravesicular HA crystals
are deposited into the well-organized nanostructure
of collagen molecules and act as nucleation sites for

Table 2 Removal Torque Values (Ncm)

Mean SD Range

Blasted 29 12 14-481,_ 4
Blasted-F1 34 11 20537 8] P04 |p_ o
Blasted-F2 36 13 20-54 1P~ =0

Blasted-nano-HA 37 13 17-54

the continuous mineralization phenomenon. Adding
extra ions to the interface, assuming some dissolution
of the nano-HA may increase the HA formation inside
the matrix vesicles (phase 1) and increase the continu-
ous formation of the crystals located in the collagen
fibrils network (phase 2). Furthermore, the nano-HA
modified implants have structures of similar dimen-
sions and similar chemical composition of the HA
crystals found in bone. Thus, the surface of such
implants may represent a binding site for molecules,
such as collagen, after implant placement. Fluoride-
treated implants have structures on the surface with
similar dimensions as found in bone as well, but the
potential chemical effect of fluoride ions follows a dif-
ferent route. The production of crystals in the matrix
vesicles is controlled partially by alkaline phos-
phatase,?® and fluoride has a direct stimulation effect
on the alkaline phosphatase?! related to increased
osteoblast activity. Small amounts of fluoride greatly
facilitated the kinetics of crystal formation,?? and the
fluoride-apatite formed is more stable than HA,?3
increasing the rate of fluoride-apatite precipitation,
which may favorably affect the biomineralization of
the bone. Recently, enhanced bone sialoprotein
expression to fluoride-treated implants was related to
increased bone-implant contact in rats after 3 weeks
of healing.?*

Surface chemical treatments can alter not only the
chemical composition but also the surface topogra-
phy. The topographical evaluation of the blasted and
nano-HA implants evaluated by interferometer
revealed microstructures with sharper edges and
more pronounced differences of the peak and valley
of the structures present at the surface compared to
the fluoride-treated implants (Fig 2). This may explain
the slight increase of the S, value of the blasted and
nano-HA implants compared to fluoride-treated
implants. The slightly smooth surface of the fluoride-
treated implants observed with interferometer corre-
sponds well to the SEM images obtained at X 1,500
magnification (Fig 3). Finally, the developed surface
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area ratio (Sy,) and density of summit (S,,) parameters
calculated on the interferometer were similar in all
tested implants, and taking into account solely the
slight difference in average height deviation (S,), it is
difficult to justify the differences observed between
the removal torque values. Experiments with bone-
forming cells in vitro demonstrated that osteoblast-
like cell attachment,? proliferation, and differentia-
tion?® were affected by the surface microtopography.
In vivo studies have demonstrated increased bone
formation with moderately rough implants,’”?” and
clinical data have revealed enhanced bone formation
in humans.2822 However, the surfaces evaluated in
those studies had a clear difference in microtopogra-
phy not observed in the present study, which could
explain the different results observed. If the micror-
oughness parameters alone are considered, the
microtopography would be favored over the blasted
implant, with the Sa value closer to the optimal value
of 1.5 um.3? Therefore, the present results indicated
that the roughness parameters at the micron level
alone did not explain the differences in the removal
torque values, where the results indicated higher
bone anchorage of the F1 and nano-HA implants
compared to blasted implants. Similar results have
been reported’® with fluoride-treated and blasted
implants. Despite the slight decrease of S, values, flu-
oride-treated implants exhibited an enhances bone
formation compared to blasted implants placed in a
rabbit model.

The only obvious topographical difference
observed in the present study was at the nanometer
scale, where the fluoride-treated and nano-HA
implants had nanostructures situated over the
microstructures, whereas the blasted implants failed
to show these nanostructures (Fig 3). Bone response
as evaluated by removal torque test revealed
increased bone anchorage (F2 and nano-HA implants)
or a tendency toward increased bone anchorage (F1)
for the implants that exhibited such nanostructures
compared to the control group. Some in vitro experi-
ments have evaluated the effects of nanostructures
and reported upregulation of bone sialoprotein,3'
increased osteoblast adhesion,3? and proliferation,33
probably mediated by specific proteins.33 More
recently, preosteoblast cells cultured on nano-HA
modified surfaces revealed developed filopodia and
lamellipodia.?* These results may be related to
increased bone healing after 4 weeks in rabbits found
in the present study. Indeed, a previous in vivo study
showed higher bone-implant contact to nano-HA
modified implants compared to noncoated controls
after a 4-week healing period, where the effect of the
microstructures was removed by an electropolishing
technique and the bone response was mainly depen-
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dent on the nano-HA structures.'? Future experiments
should address the potential effect of chemically
modified implant nanotopography on bone response
at longer healing periods. Surface modifications on
the nano scale add knowledge to what is known
about bone-implant interactions and represent an
alternative to achieve better clinical results.

CONCLUSION

The chemical modifications used produced a nan-
otopography over the microstructures present at the
blasted implants. Chemical analyses showed the
presence of specific ions on the modified implants
that together with the nanotopography observed
may explain the differences in bone response.
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