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Abstract: In a study model that aims to evaluate the effect
of nanotopography on bone formation, micrometer struc-
tures known to alter bone formation, should be removed.
Electropolished titanium implants were prepared to obtain
a surface topography in the absence of micro structures,
thereafter the implants were divided in two groups. The
test group was modified with nanosize hydroxyapatite par-
ticles; the other group was left uncoated and served as
control for the experiment. Topographical evaluation dem-
onstrated increased nanoroughness parameters for the
nano-HA implant and higher surface porosity compared to
the control implant. The detected features had increased
size and diameter equivalent to the nano-HA crystals pres-
ent in the solution and the relative frequency of the feature
size and diameter was very similar. Furthermore, feature

density per um?® showed a decrease of 13.5% on the nano-
HA implant. Chemical characterization revealed calcium
and phosphorous ions on the modified implants, whereas
the control implants consisted of pure titanium oxide. His-
tological evaluation demonstrated significantly increased
bone formation to the coated (p < 0.05) compared to un-
coated implants after 4 weeks of healing. These findings
indicate for the first time that early bone formation is de-
pendent on the nanosize hydroxyapatite features, but we are
unaware if we see an isolated effect of the chemistry or of
the nanotopography or a combination of both. © 2008 Wiley
Periodicals, Inc. ] Biomed Mater Res 87A: 299-307, 2008
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INTRODUCTION

Integrity of the tissue/material interface is a fun-
damental requirement for success of oral and
cement-free orthopaedic implants. Tissue material
interaction is dependent on surface properties of
used biomaterials together with host tissue
responses. Surface properties involved in the early
phase of wound healing are surface topography and
chemical composition known to affect cell behavior' ™
and subsequent tissue attachment to the implanted
material.*”
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The ultimate tissue response to the implanted ma-
terial may depend on the adsorbed proteins that
control cell migration and adhesion. Surface proper-
ties modulate the characteristics of the protein layer
adhered®” and such proteins are in the nanometer
scale.? An in vitro research paper has demonstrated
that 30 nm deep grooves were capable of inducing
changes in cell spread and orientation.” Furthermore,
nanoscale structures found in cell membranes have
been characterized'®"" and cell/tissue interactions
are clearly influenced by structures at the nanometer
level !>

Chemical modifications have also been imple-
mented to modulate tissue reactions to the im-
planted material. Calcium phosphate (CaP) based
materials have been intensively investigated due to
their chemical similarity to bone minerals and poten-
tial bioactivity. Some CaP preparation techniques
also produce hydroxyapatite, with a similar 3D
structure to the bone. However, when used as a
coating of metals, micron thick CaP materials may
not resist stress levels resulting in de-attachment of
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coating particles from the implant.'* The alternative
of thinner coatings, based on nanoparticles, may rep-
resent a way to avoid sequella from coat loosening.

To date, most in vitro studies have evaluated cell
activity in relation to specific nanometer designs in
forms of pits or grooves.'>'® Observed cell alignment
to the nanostructures is in accordance to the contact
guidance phenomenon. However, the implementa-
tion of nanostructures on the surface may alter the
surface roughness as well and some reports demon-
strated that surface nanoroughness influence protein
adhesion,"” cell adhesion'®° and proliferation.*
However, in vitro models to test cell interactions to
nanostructured materials represent an artificial envi-
ronment in lack of 3D cellular and extracellular reac-
tions, blood flow, loading, and humoral influences to
mention a few differences to the in vivo situation.
Therefore, the precise relevance of in vitro findings
may sometimes be difficult to conclude.

The present objective was to determine, in vivo,
early bone response (4 weeks) to electropolished tita-
nium implants modified with nanocrystalline hy-
droxyapatite. Histomorphometrical analyses were
performed of bone in contact (BIC) and bone area
adjacent to the implant in a rabbit model. Implant
surface analyses were used to verify chemical com-
positions and to evaluate the topography at the
micro and nanoscale, determining the dimensions of
the topographical features present at the surface and
calculating the surface roughness parameters. To the
knowledge of the authors, this is the first experiment
to evaluate in vivo bone response to nanostructured
modified implants.

MATERIAL AND METHODS

Implants and stabilization plate

Cylindrical implants measuring 8 mm in length and 3.5
mm in diameter were made from commercially pure (cp)
titanium rods (grade 3). Each implant had a threaded part
on the top screwed through a plate to achieve full fixation.
The plate consisted of two side holes for the fixating
screws and a threaded central hole for the tested implants
(Fig. 1). This model provides the same fixation to the
implant no matter the surface properties and prevents
uncontrolled micromovements that may cause soft tissue
integration of the very smooth implant used in this study.
The osteosynthesis plate was developed to ensure maximal
stability enabling in vivo observations of the microcircula-
tion of grafted bone** and has been used in several stud-
ies.” > The superior cylindrical part of the implant was to
be placed underneath the plate at the cortical level of tibia
whereas the remaining inferior part of the implant was in
the bone marrow. A total of 20 cylindrical implants were
divided in two groups. One group (10 implants) served as
control and had the surface electropolished (E) implants.
The second group (10 implants) had electropolished sur-
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face and was further modified with nanocrystalline hy-
droxyapatite (E-HA) implants.

Implant surface modification

Electropolishing technique

The turned implants (as received) were topographically
analyzed and microstructures were detected [Figs. 2(a) and
3(a)]. In order to remove the microstructures the implants
were electropolished according to the procedure described
by Piotrowski et al.*® Briefly, the implants were immersed
into an electrolyte consisting of a 3 M sulfuric acid in
methanol, kept at —10°C. The implants were rotated at a
rate of 300 rpm and a platinum wire, placed at a distance
of 5 cm away from the implant, was used as a counter
electrode. A potential of 7.75 V was applied for approxi-
mately 15 min.

HA nanocrystalline synthesis and titanium
implants modification

Ten samples were surface modified with hydroxyapatite
(HA) using the Promimic HA™"-method, a detailed
description can be found elsewhere.”” The method results in
nanocrystalline HA as observed in Figure 4. The implants
were dipped into a stable particle suspension containing 10
nm in diameter HA particles followed by a heat treatment
at 550°C for 5 min in nitrogen atmosphere. The surfactant
mediated process allows better control of the chemical com-
position of the coating. The intimate mixture of the coating
components allows lower processing temperatures prevent-
ing undesired phase transitions and a high homogeneity of
the film is expected.” Surfactant mediated process can be
used in more complex samples, requires considerably less
equipment and is potentially less expensive than many the
alternative coating techniques.

Topographical surface characterization

Topographical analyses were performed using optical
interferometry (MicroXAM™, PhaseShift, Tucson, USA)
and atomic force microscopy (AFM) (Dimension 3000
sPM™, Digital Instruments, Santa Barbara, USA), respec-
tively. The optical interferometry has a lateral resolution of
0.3 um and vertical resolution of 0.05 nm and is suitable to
evaluate numerically microstructures. Higher resolution
evaluation of nanostructures was performed with AFM,
with lateral resolution of 2 nm and vertical resolution in
the atomic level. For the optical interferometry analysis a
measurement area of 200 X 260 pm (50X objective, zoom
factor 0.625) was used and a Gaussian filter (size 50 X 50
pm) selected to remove errors of form. Three specimens of
each type of implant were analysed at the top, middle and
bottom part, making a total of 27 measurements for each
group.

AFM analysis was performed in TappingMode™ using
etched silicon probes (Digital Instruments) with cantilever
lengths of 125 nm and resonance frequencies of 270-310
kHz. A measurement area of 10 X 10 pm was used and
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Figure 1. Titanium fixation plate with two side screws
positioned in the rabbit tibia. External and internal thread
design was used to ensure implant stability and adequate
levelling to the cortical bone. Bone area measurements
made on the cortical (C) and endosteal (E) region are
marked. Ground section, X1 magnification. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

the measurements were performed at a scan rate of 1.0 Hz
on six different places. Errors of tilt and bow were
removed with a third order least mean square fit (SPIP™,
Image Analysis A/S, Denmark). The 3D roughness param-
eters calculated from both resolutions investigated were
the arithmetic average height deviation (S,), the density of
summits (Sgs), and the developed surface ratio (Sq,). Math-
ematical descriptions of the parameters can be found in
the literature.?®

The AFM measurements were further analysed with a
software processor package (Scanning Probe Image Proces-
sor, SPIP™, Image Analysis A/S) to characterize the sur-
face structures configuration. This software performs auto-
matic structure identification and provides the dimension
for each distinct structure.?’ Grain analysis mode was used
to identify the surface features diameter, size and number
per um?”. Pore analysis mode was used to identify the sur-
face pores diameter, depth, and surface porosity (%).

Chemical surface characterization

The chemical composition of the implants surface was
monitored using X-ray Photoelectron Spectroscopy (XPS)
using a PHI 5500 (Perkin Elmer, Physical Electronics

Figure 2.

Interferometer images of the as received implant with micro structures (a) and the very smooth electropolished

nano-HA implant revealing the grain boundaries (b). Measurement area of 200 X 260 um. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

¥[pm] 2

Figure 3. AFM 10 X 10 um images of as received (a), electropolished (b) and electropolished + nano-HA (c) implant.
Grain boundaries (GB) can be observed on (b) and (c). [Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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Figure 4. Morphology of the HA crystals by TEM.

Division). Monochromatic AlKa X-ray radiation operated
at 350 W was utilized and the relative energy scale was
fixed with C 1s.

Surgical technique

Ten female New Zealand rabbits, minimally 10 months
old, were used in this study. They were kept in one spe-
cially designed room and allowed to run freely. The rab-
bits had free access to tap water and were fed with stand-
ard pellets. The study was approved by the local animal
ethical committee at Goteborg University.

Animals were anaesthetized with intramuscular injec-
tions of fentanyl and fluanison (Hypnorm Vet, Janssen
Farmaucetica, Belgium) at a dose of 0.5 mL per kg of body
weight and intraperitoneal injections of diazepam (Ste-
solid, Dumex, Denmark) at a dose of 0.25 mg per animal.
If necessary anaesthesia was maintained using additional
doses of Hypnorm at a dose of 0.1 mL per kg body
weight. Before surgery, the shaved skin of the rabbit was
carefully washed with a mixture of 1% iodine and 70%
ethanol. Local anesthesia with 1.0 mL of 5% lidocaine
(Xylocain, Astra Zeneca, Sweden) was injected subcutane-
ously in the surgical site. A single dose of prophylactic an-
tibiotic (Borgal, Intervet, Boxmeer, The Netherlands) was
administered a dose of 0.5 mL per kg body weight. All 10
animals received 0.5 mL of an analgesic (Temgesic, Reckitt
and Coleman, England) at a concentration of 0.3 mg/mL
on the day of operation and 3 days there after.

Operations were performed under aseptic conditions.
Three holes were drilled with a round burr on the flat
proximal, medial tibial methaphysis surface parallel to the
long axis of the bone. A sequence of twist drills was uti-
lized to prepare the central hole with a final diameter of
3.5 mm that corresponds to the implant diameter, and the
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remaining two holes were to be placed as the side screws.
This procedure was performed under copious saline irriga-
tion at low rotatory speed. The implant connected to the
fixating plate was positioned in the central hole and fas-
tened against the cortical bone by two side screws (Fig. 1).

Histological analyses

Four weeks after surgery the animals were anaesthe-
tized with intramuscular injections of fentanyl and fluani-
son (Hypnorm Vet, Janssen Farmaucetica, Belgium) at a
dose of 0.5 mL per kg of body weight and further sacri-
ficed with 10 mL overdose of pentobarbital 60 mg/mL,
(Pentobarbitalnatrium, Apoteksbolaget, Sweden). The
implants with surrounding tissues were removed en bloc
and immersed in 4% neutral buffered formaldehyde.
Twenty samples (n = 10 for each implant group) were
processed to be embedded in light curing resin (Technovit
7200 VLC, Kulzer Wehrhein, Germany). Preparations of
undecalcified cut and ground sections from the implants
were performed with a sawing and grinding equipment.*
A central section was taken from each sample and ground
to an approximately 40-um-thick section and stained with
toluidine blue. The amount of titanium present in each sec-
tion did not allow further grinding to thinner sections.
Histological evaluations were carried out using a light
microscope (Eclipse ME600, Nikon, Japan) and histomor-
phometrical data analyzed by an image analysis software
(Image Analysis 2000, Tekno Optik AB,Sweden). Bone in
contact (BIC) percentage was calculated along the entire
implant and calculated with 10X objective magnification.
Bone area percentage was calculated inside a rectangle
area drawn with the implant surface as base and with a
height of 150 pm as done previously on cylindrical
implants®?" and separately analyzed for the cortical and
endosteal regions, respectively (Fig 1).

Statistical analysis

To test if there were surface topographical differences in
different regions of the same implant, surface roughness
parameters were calculated in the top, middle, and bottom
parts and statistical analysis was then performed with the
Kruskal-Wallis Test. Surface roughness parameters com-
parison between the E and E-HA implants were performed
with the Mann-Whitney Test. For the histomorphometric
evaluation between the two groups, the Wilcoxon sign
rank test was used. Significance level considered was
p < 0.05.

RESULTS

Topographical surface characterization

Optical interferometry images of both E and E-HA
implants revealed very smooth surfaces and the
presence of titanium grain boundaries [Fig. 2(b)].
Surface roughness parameters measured in the
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TABLE I
Optical Interferometry Roughness Parameters Comparison Within Each Group on the Three Regions Evaluated®
and Between Electropolished and Electropolished Nano-HA Implants®

Electropolished Electropolished-HA
P b
Top  Middle Bottom Value® Mean Top  Middle Bottom Value® Mean p Value
Sa (nm) 109.3 94.3 78.9 NS 942 =716 1286 141.4 133.3 NS 1344 + 554 0.03
Sas (um ™ ?) 0.01 0.02 0.02 NS 0.01 = 0.0 0.01 0.02 0.02 NS 0.01 = 0.0 NS
Sar (%) 0.07 0.07 0.04 NS 0.06 = 0.1 0.18 0.31 0.47 NS 0.32 = 04 0.00

*Kruskal-Wallis Test (p < 0.05).
bMarm—Whi’cney Test (p < 0.05).

implant top, middle and bottom part were compared
and revealed similar mean values, exhibiting a ho-
mogenous surface along the entire implants in both
groups (Table I). A second evaluation compared sur-
face roughness between the E and E-HA implants.
Sgs parameter calculated showed similar values,
whereas the S, and S4, parameters showed higher
nanometer values for the E-HA group (Table I).

Surface roughness parameters calculated at higher
resolution with AFM exhibited also increased S, and
S4r parameters at the nanometer level for the E-HA
implants compared to the E implants (Table II),
whereas the Sy; were slight higher for the E
implants. Following surface roughness calculation,
the topographical features detected with the AFM
were characterized (Fig. 3). Surface pore analysis of
the implants showed increased mean value of 669
pores and higher coverage area of 7.2% for the E-HA
implant compared to the E implant, with 29 pores
and coverage area of 2.3%. The few pores present at
the E implant surfaces had greater diameter of 151
nm and increase depth of 2.6 nm compared to 82.9
and 1.3 nm of the E-HA implants, respectively (Ta-
ble II).

The range of differences found in the pore dimen-
sions was not observed in the grain analysis. E
implant exhibited an increase of 104 features per
um? compared to 90 features per um?” for the E-HA
implant. Feature size and diameter mean values cal-
culated for the E implant was 86.2 * 86.6 and 61.3 =
40, while the mean values for the E-HA implant was
93.3 = 99.9 and 66.9 *+ 54.3, respectively. In addition,
there was a very similar frequency (measured as
percentage) of the different diameters of the detected
features (Fig. 5).

Chemical surface characterization

XPS spectra of the two surface types (E and E-
HA) are presented in Figure 6. The electropolished
surface consisted of pure titanium oxide [Fig. 6(a)]
compared to the HA modified sample, which had
peaks originating from calcium and phosphorus
present [Fig. 6(b)]. No pronounced differences in
the carbon contents could be observed, i.e. the HA
modification step did not leave any additional car-
bon on the surface. Furthermore the calcium to
phosphorous ratio was measured to be approxi-
mately 1.2, which corresponds to hydroxyapatite
with some calcium deficiency, as reported recently
on nano-HA based materials.?>*?> However, it
should be noted that the accuracy of this technique
is somewhat limited in terms of determining abso-
lute amounts.

Animal follow-up

One animal died during surgery from unknown
reasons. During the first week two animals bit the
wound area and new sutures were applied. In these
animals no signs of infection could be observed and
they kept running throughout the healing period
and were not excluded from the experiment.

Histological analysis

After 4 weeks, the histological specimens showed
older cortical bone and darker stained newly formed
bone. Newly formed bone stage development corre-
sponded to the early healing period, with clear bone

TABLE II
AFM Roughness Parameters and Pore Analyses®

Implant S, (nm)  Sgqe (LM>) S, (%) n Pores % Coverage Diameter Mean Z Value
E 09+02 115+25 00*00 29 (8-39) 23 + 14 (0.8-4.1) 151.6 + 282.8 (31.2-1599) 2.6 = 1.2 (1.7-32.6)
E-HA 23 *15 90*23 04 =*03 669 (248-1642) 7.2 =58 (24-18.6) 829 = 78.7 (22.1-1057) 1.3 £ 0.4 (1.0-19.1)

Given are mean values of the electropolished (E) and electropolished nano-HA (E-HA). Mean *+ SD (range).

Journal of Biomedical Materials Research Part A
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Figure 5. Feature diameter histograms detected on the AFM evaluation. The relevant difference observed is the decrease
of 2.5% of the lower segment in diameter for the nano-HA implant due to the addition of HA crystals with dimensions in
this range and the few more features detected in the range of 200-300 nm compared to the electropolished implant (left).
Plotted values correspond to a cumulative percent of 99.8%. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

tissue distinguishing lines between the cortical la-
mellar bone and woven bone (Fig. 7).
Histomorphometric evaluations showed signifi-
cantly higher bone in contact for the E-HA compared
to E implants (p = 0.038). The mean percentage calcu-
lated was 9.0% * 6.1% for the E-HA implants com-
pared to 3.2% = 3.6% for the E implants (Table III).
Comparisons of the bone area in the cortical and endo-
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steal region revealed similar values between E and E-
HA implants. Values are presented in Table III.

DISCUSSION

This study demonstrated increased BIC values to
electropolished nano-HA modified implants com-
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Figure 6. XPS analysis of as prepared electropolished samples without (a) and with (b) nano-HA. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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100um

100um

Figure 7. Ground section X20 magnification of the implants. (a) E implant (uncoated) demonstrates less bone contact
than (b) E-HA (coated) implant. Cortical lamellar bone (CB) edges with signs of resorption and new bone formed with a
clear distinguishing line (arrows). Osteoblasts rim intense activity (*) is observed around the woven bone (WB). [Color fig-
ure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

pared to electropolished implants. Chemical analyses
revealed different surface composition for the two
groups. While E-HA implants revealed calcium and
phosphorous peaks on XPS spectra, E implants con-
sisted of pure titanium oxide. Several reports have
demonstrated that calcium phosphate (CaP) based
materials affect early events at the tissue/material
interface leading to increased bone formation on
micron thick CaP layers.*>** The assumed ability to
bond to bone tissue is a property of bioactive
ceramics™ and a possible explanation for our results.
The characteristics of CaP materials that may
improve bone tissue formation are, for example, dis-
solution of calcium and phosphate ions at the inter-
face that could enrich the environment at the inter-
face, forming carbonate apatite, an apatite similar to
the one found in bone.*® Some in vitro investigations
of nano-HA showed increased osteoblast adhesion,
probably mediated by specific protein adsorption
followed by greater osteoblast proliferation.'”*' In
contrast, no differences were observed in osteogenic
cell attachment and spreading on nano-HA coated
and uncoated titanium samples."®*® Cells demon-

strated well developed filopodia on the nano-HA
implants, as observed previously on nanotextured ti-
tanium samples.”” Such events occur prior to bone
formation and a better understanding may explain
the present higher bone in contact values for the
nano-HA implants.

In this study, the BIC values found in both groups
(Table III) were low compared to raw values of
others studies investigating micrometer-rough surfa-
ces. The present surfaces were extremely smooth at
the micrometer scale (Table I), with the surface
roughness parameters far from the optimal for bone
formation.”® While the BIC values calculated on the
two implants were different, bone area measure-
ments showed similar values.’** One possibility is
that the surface properties observed on the nano-HA
implant alters the bone response at the interface and
do not interfere with bone density at early stages,
such as 4 weeks used in this study. Moreover, most
reports from our group have found similar results,
with different BIC but similar bone area values in
other not related studies,®*™! hence we are uncertain
about the relevance of the bone area observations.

TABLE III
Bone Contact Percentage and Bone Area Percentage Measured on the Cortical and Endosteal Region
of the Electropolished (E) and Electropolished Nano-HA (E-HA)?

Implant BIC % Cortical Region Endosteal Region

E 32 + 3.6 (1.1-12.6) 754 + 15.1 (43.2-96.1) 39.1 + 189 (12.4-72.1)
E-HA 9.0 = 6.1 (2.8-20.0) 82.9 * 11.0 (59.6-98.1) 38.1 = 21.3 (11.4-79.0)
p value® 0.038 NS NS

’Given are mean * SD (range).
PWilcoxon sign rank test (p < 0.05).

Journal of Biomedical Materials Research Part A
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The surface features detected with AFM showed
increased size and diameter mean values for the
nano-HA implants when compared to the electropol-
ished implants and such differences are compatible
with the nano-HA particle used. However, this small
difference could occur as result of few larger fea-
tures present at the nano-HA implant due to the for-
mation of crystal agglomerates, resulting in the same
mean values found but with a different feature
dimensions distribution. In order to verify this hy-
pothesis the feature diameter distribution for both
implants were calculated and the histogram of the
relative frequency showed very similar percentage
for each segment. The difference of 14 features per
um® calculated from E implants (104/pm? and
E-HA implant (90/pum? may also influence early
healing events. Some studies showed that cellular ac-
tivity may depend on modifications of feature
dimensions and density. A study used colloidal li-
thography to implement hemispherical nanopillars
with a density of 11.8 umz, a diameter of 167 nm,
and a height of 100 nm on Ti-coated silicon wafers,"
a lower density and higher diameter compared to
our study. T24 cells appeared less spread with
more membrane protrusions and produced lower
amounts of cytokines compared to flat samples'.
In another study,*” varying the hemispherical
nanopillar density revealed that human osteoblast
adhesion was maintained during the experiment on
samples with 19% and 30% coverage area com-
pared to the decrease of viable cells on the flat and
3% and 43% samples (extreme values). Thus, a
decrease of 13.5% of the feature density on the
nano-HA implant may contribute to enhance bone
formation observed in the present study. However,
nano-HA modification did not alter the frequency
of feature dimensions on control and test implants
and the increased mean values of the feature
dimensions is equivalent to the nano-HA crystals
present in the solution.

Surface porosity analysis revealed a different sce-
nario. Higher porosity (%) and higher number of
pores at the E-HA implant represent more binding
sites for specific biomolecules that may adhere at the
material surface in the early inflammatory stage. If
so, this may further contribute to cell migration and
proliferation very close to the implant surface,
explaining the higher BIC values found on the E-HA
compared to the E implant. Additionally, the differ-
ence observed in pore diameter and depth repre-
sents other alterations to explain the difference in
bone formation, since E implants had wider and
deeper pores compared to E-HA implants. Probably,
the small HA particles can fill the wider pores of the
underlying substrate and at the same time increase
the number of the small pores. These findings are
relevant since cell behavior and probably further tis-
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sue formation is affected by the structure dimensions
and distribution at the nanometer scale,'>*®> known
as the contact guidance phenomenon.

The surface roughness parameters calculated from
the AFM measurements showed higher S, and Sy,
values on the E-HA implant compared to E implant
and can be explained by the increased surface poros-
ity that would lead to increased surface arithmetic
high deviation (S,) and developed surface area (S4;).
The similar density of summits values (Sgs) are
related to the similar surface structure dimensions
and relative frequency of both implants investigated
at this resolution. By coating a rougher sample, such
as anodised® or blasted,™ surface roughness is
likely to decrease with the nano-HA crystals, broad-
ening the peaks and filling the pores and grooves. In
the present study, the underlying surface was very
smooth (electropolished) and the added HA nano-
crystals increased the surface roughness of the
implant. However, the level of optimal surface
roughness for bone formation at the nanoscale
remains poorly investigated and it is unknown if the
differences found could affect the overall tissue for-
mation. More experiments must be done to establish
the ideal topographical dimensions and frequency at
the surface and to understand the mechanisms
behind the difference in bone response.

In conclusion, this experimental study provided
the first evidence in vivo of enhanced bone response
to nano-HA modified titanium implants. Implant
surface modifications were applied to ensure that
the microstructures were removed and observed tis-
sue formation was determined by the presence of
the nano-HA features. Differences in surface chemi-
cal composition and nanotopography were detected
between the electropolished and nanostructured HA
implants that explain the difference in bone forma-
tion. Future studies should address separately the
potential bioactivity of HA coating effect and the im-
portance of nanostructures present at the material
surface to the overall tissue response.
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