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Abstract
Background: Hierarchical micro-nano structured topography along with surface chemistry modifications of den-
tal implants have been suggested to positively contribute to the osseointegration process. However, the effect of 
such surface modifications on the molecular response as well as bone formation rate and quality are still unclear, 
especially in the early healing period. This study aimed to evaluate the effect of coating a double acid etched 
(DAE) implant surface with nano-sized (20 nm) hydroxyapatite (Nano) with respect to gene expression, histologic 
parameters, and nanomechanical properties when compared to DAE control at 1 and 2 weeks after implant place-
ment in a rodent femur model.
Material and Methods: Expression of bone-related genes was determined by qRT-PCR (Col-I, Runx-2, Osx, Opn, 
Ocn, Alp). Histomorphometric evaluation of bone-to-implant contact (BIC) and bone area fraction occupancy 
(BAFO) within implant threads was performed using photomicrographs after histologic processing. Mechanical 
properties, reduced elastic modulus and hardness, were determined through nanoindentation.
Results: At 1 week, the Nano group demonstrated significantly higher expression of Col-I and Ocn compared to 
the DAE group, indicating upregulation of osteoprogenitor and osteoblast differentiation genes. At 2 weeks, Nano 
surface further exhibited enhanced gene expression of Col-I and Osx in comparison to the DAE surface, suggest-
ing an increased mineralization of the newly formed bone. Nanoindentation analysis revealed that the Nano group 
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Introduction
From an engineering perspective, microstructured sur-
faces have first shown to maximize osseoconduction 
around dental implant by increasing the available sur-
face area for blood clot adherence and protein adsorp-
tion, modulating the host response when compared to 
conventional machined surfaces (1,2). An approach to 
further increase the biomimicry and bioactivity of end-
osteal implants has been the nanoscale and/or chemistry 
modifications of the surface, where increased molecular 
interactions enhanced selective protein adsorption, fur-
ther modulating osseointegration phenomena (3-5).
In this context, the incorporation of calcium phosphate 
(CaP), such as hydroxyapatite, on the implant surface 
have shown to facilitate bone healing response due 
to the intrinsic chemistry properties of CaP, which is 
chemically analogous to the bone; and stimulates cel-
lular migration and formation of bone towards the im-
plant surface (6,7). However, there have been previous 
reports of adverse biological events associated with hy-
droxyapatite coatings (8-10). Particularly, the CaP layer 
thickness has shown to play a critical role in the heal-
ing response, with “thick” plasma-sprayed hydroxy-
apatite coatings being more prone to delamination and 
to inflammation resulting from the release of apatite 
particles, which may increase the rate of clinical com-
plications and implant failure (8-10). In an effort to im-
prove hydroxyapatite coating properties and minimize 
adverse effects, different coating protocols have been 
explored(6,11), such as resorbable bioceramic media 
grit blasting and wet chemical methods (12,13).
Implant surface chemistry and texture modifications at 
the nanoscale level have previously shown to signifi-
cantly facilitate osseointegration due to increased in-
teraction at the biomolecular level and modulation of 
cellular response (e.g., apoptosis, differentiation, and 
growth) (14). Implants with nanotopography have dem-
onstrated enhanced differentiation of mesenchymal and 
pre-osteoblast cells in vitro, which was suggested by 
significantly higher levels of gene expression of human 
mesenchymal stem cells, and osteocalcin (Ocn), and 
osteoprotegerin (Opg), respectively (15). In agreement 
with in vitro data, previous animal studies investigating 
histological or biomechanical parameters have suggest-

ed that the presence of nanostructured implant surfaces 
improveS the amount of bone formation (16,17), with 
an up-regulation of osteogenic gene expression (4,5), 
which was further enhanced by nanocoating with hy-
droxyapatite (4).
The present study aimed to further investigate the effect 
of coating a double acid etched (DAE) implant surface 
with nano-sized (20 nm) hydroxyapatite (Nano) on gene 
expression, histologic parameters, and nanomechanical 
properties compared to the conventional, gold-standard, 
DAE surface at early healing response, 1 and 2 weeks 
after implant placement, in a rodent femur model. The 
postulated null hypothesis was that the type of implant 
surface would not influence gene expression and bone 
healing and quality parameters.

Material and Methods 
Dental implants (2.7 mm in length by 1.4 mm in diam-
eter) with 2 types of surface treatment were provided 
by the manufacturer (S.I.N. Implant System, Sao Pau-
lo, SP, Brazil): a dual acid etched surface (DAE) and 
a dual acid etched coated with a 20nm-thickness layer 
of hydroxyapatite surface (Nano - Promimic HAnano™ 
method) (n=20 implants/each), both which have been 
previously characterized (13,16).
Animal experiments were approved by New York Uni-
versity’s Institutional Animal Care and Use Commit-
tee (IACUC) (protocol #160207-01). The present study 
used a Sprague-Dawley male rat femur preclinical ani-
mal model (n = 20; 8-10 weeks old, 300-350 g each). 
The surgical areas, flat medial surface of the femur of 
both sides, were shaved and washed with 70% ethanol 
before surgery. Then, general anesthesia was first in-
duced via intramuscular injection with 0.3-0.4 ml of 
ketamine/xylazine (80-100 mg/kg and 10-20 mg/kg 
body weight, respectively). After anesthesia induction, 
the surgical area was exposed with an incision on the 
medial surface of the femur using a blade. Implants 
were placed in osteotomy beds prepared using a No.4 
round burr (1.4mm diameter) under saline irrigation to 
the level of the first layer of cortical bone. After surgery, 
the tissues were closed by layers using 5-0 absorbable 
sutures (Henry Schein, Melville, NY). Post-surgery, 
buprenorphine (0.01-0.05 mg/kg) was administered to 

presented no significant difference on the ranks of reduced elastic modulus and hardness compared to DAE for both 
timepoints. Histomorphometric analysis yielded no significant difference in the percentage of BIC and BAFO be-
tween the Nano and DAE surfaces at 1 and 2 weeks. However, Nano implants did present a higher mean value, ~50%, 
of BIC compared to DAE, ~30%, after 2 weeks in vivo.
Conclusions: While no significant differences were observed in the amount and mechanical properties of newly 
formed bone, nano surface positively and significantly increased the expression osteogenic genes compared to DAE 
surface at early healing periods.
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μm. Two groups of implant slides were created: one for 
nanoindentation and one for non-decalcified histology.
Histological images were scanned using a light micro-
scope (Leica DM2500M, Leica Microsystems GmbH, 
Wetzlar, Germany) and a computer software (Leica Ap-
plication Suite, LeicaMicrosystems GmbH). The bone-
to-implant contact (BIC) along the implant and the bone 
area fraction occupancy (BAFO) within the implant 
thread chambers were calculated Using imageJ (Na-
tional Institute of Health) software by a single examiner 
blinded to experimental groups.
Nanoindentation testing was utilized to evaluate the 
mechanical properties of the bone tissue. Indentation 
(n = 30/specimen) was performed with a nanoindenter 
(Hysitron TI 950, Minneapolis, MN, USA) equipped 
with a Berkovich diamond three-sided pyramid probe 
(16,19). A loading profile with a peak load of 300 μN at a 
rate of 60 μN/sec, followed by a dwell time of 10 sec and 
an unloading time of 2 sec was utilized. The delayed 
dwell time permits the bone to stabilize, in an effort to 
circumvent any potential creep effect. Each individu-
al implant slide had its mechanical testing performed 
within the threads of the implant, with each indentation 
yielding its own respective load-displacement curve 
(16,19). From the respective curves, the elastic modulus 
(GPa) and hardness (GPa) of the tested bone tissue were 
calculated (19).
For gene expression analysis, an ANOVA and Tukey 
tests were performed to evaluate differences between 
the groups using SPSS (IBM SPSS 23, IBM Corp., 
Armonk, NY, USA) (α=0.05). For both the histologi-
cal and nanomechanical testing, a general linear mixed 
model and Tukey tests for multiple comparisons were 
performed to determine differences between the groups 
using SPSS (α=0.05). The nanomechanical testing re-
sults and inferences which are presented are based on 
ranked data.

Results
At 1 week, Nano displayed significantly higher gene 
expression of Col-I (2.1-fold), Runx-2 (10.2-fold), Opn 
(8.6-fold), Ocn (3.6-fold), and Alp (3.4-fold) compared 
to control (p < 0.05). DAE induced significantly high-
er gene expression of Opn (4.9-fold) than control (p < 
0.05). In addition, Nano exhibited levels of Opn (1.7-
fold) and Ocn (3.3-fold) over those seen in DAE (p < 
0.05). At 2 weeks, the expression level of Col-I (2.8-
fold) and Osx (4.5-fold) in Nano was significantly high-
er than control (p < 0.05). Moreover, Nano significantly 
enhanced gene expression of Col-I (2.3-fold) and Osx 
(3.3-fold) in comparison to DAE (p < 0.05) (Fig. 1).
When evaluating ranks of hardness and reduced elastic 
modulus as a function of time in vivo (data collapsed 
over implant surface), no significant difference was 
detected between 1 and 2 weeks (Fig. 2) (p>0.194). 

control pain for 3 days. The implants remained for 1 or 
2 weeks in vivo since main effect of surface treatment 
modifications occur at early healing timepoints (18). 
After euthanasia by anesthesia overdose, the implants 
and surrounding bone tissue were retrieved and pre-
pared for gene expression, histological, and mechanical 
characterizations.
For qRT-PCR, the retrieved samples containing the 
implants were placed into Trizol reagent (Invitrogen, 
Carlsbad, CA) at -80°C. RNA was extracted from the 
pulverized bone powder using Trizol reagent according 
to the manufacture’s protocol. Then, RNA levels were 
measured using a NanoDrop ND-2000 Spectrophotom-
eter (NanoDrop Technologies, Wilmington, DE) and 
treated with DNase I. Target-specific PCR primers for 
type I collagen (Col-I), runt-related transcription fac-
tor 2 (Runx-2), osterix (Osx), osteopontin (Opn), osteo-
calcin (Ocn), alkaline phosphatase (Alp) and β-actin (as 
for an internal control) were designed using the Probe-
Finder assay design software. cDNA was synthesized 
using a total of 1 µg RNA using QuantiTect® Quan-
tiscript reverse-transcriptase and RT Primer Mix (Qia-
gen, Valencia, CA), according to the manufacturer’s 
protocol. Reactions for the Chromo4 (Bio-Rad, Hercu-
les, CA) were performed in 20-µl reaction volumes for 
the genes encoding Col-I, Runx-2, Osx, Opn, Ocn, Alp 
and β-actin using 100 ng of cDNA under the following 
conditions: 95ºC for 5 minutes, 50 cycles for 95ºC for 
10 seconds, 60ºC for 15 seconds, and 72ºC for 1 second. 
To confirm qRT-PCR specificity, gel electrophoretic as-
sessment was conducted. Each product size of PCR was 
the following (unit bp): Col-I, 106; Runx-2, 150; Osx, 
166; Opn, 216; Ocn, 354; Alp, 183; β-actin, 150. The 
method used for obtaining quantitative data of relative 
gene expression was the comparative Ct method (also 
known as the 2-ΔΔCt method). All the results were nor-
malized to β-actin gene. All the graphic data for mRNA 
expression are presented as the fold expression relative 
to the control group. Mean values of the triplicates were 
used for statistical analysis.
For histology and nanoindentation, the bone samples 
were stored in 70% ethanol (EtOH) for 24 hours and sub-
sequently subjected to progressive dehydration through 
a series of alcohol solutions (70% to 100% ethanol) and 
embedded in a methyl methacrylate, according to the 
manufacturer's instructions (Technovit 9100, Heraeus 
Kulzer GmbH, Wehrheim, Germany). The blocks were 
sectioned following the long axis of the implants with 
a precision diamond saw (Isomet 2000, Buehler, Lake 
Bluff, IL) and glued to an acrylic slide. Then, samples 
were grinded (400-2400 grit SiC abrasive papers) and 
polished (diamond suspension solutions of 9-1 μm par-
ticle size; Isomet 2000, Buehler, Lake Bluff, IL) using a 
grinding/polishing machine (Metaserv 3000, Buehler) 
under irrigation to a final thickness of approximately 50 
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The osteogenic markers, collagen type I (Col-I), runt-related transcription factor 2 (Runx-2), osterix 
(Osx), osteopontin (Opn), osteocalcin (Ocn), and alkaline phosphatase (Alp) were analyzed. Note that 

the number of asterisks depicts specific p-values (*p < 0.05, **p < 0.01, and ***p < 0.001).

Fig. 1: Gene expression levels of selected markers quantified by qRT-PCR.

Fig. 2: Statistical results summary (mean ± 95%CI) of rank hardness values (a, b and c) and ranked 
elastic modulus (d, e, and f) with respect to implant surface and time in vivo: (a and d) time in vivo; 
(b and e) implant surface; (c and f) time in vivo and implant surface. Different symbols indicate 
statistically significant difference.
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Similarly, when considering implant surface type as a 
factor (data collapsed over time), no significant differ-
ence in hardness or reduced elastic modulus between 
surfaces was observed (Fig. 2) (p>0.106). When surface 
and time in vivo were evaluated concurrently, the Nano 
surface showed no significant difference in hardness 
and reduced elastic modulus compared to DAE surface 
for both timepoints (p>0.05). While DAE surface ex-
hibited a significant increase between 1 and 2 weeks in 
hardness and reduced elastic modulus (p<0.05), no sig-
nificant difference was observed for the Nano surface 
(Fig. 2) (p=0.584).
The histomorphometric data as a function of time in 
vivo (data collapsed over implant surface) yielded 12% 
higher percent of BIC at 2 weeks relative to 1 week, al-
though no significant difference was detected between 
timepoints (Fig. 3) (p=0.099). Similarly, no significant 
difference was obtained between 1 and 2 weeks for 
BAFO (Fig. 3) (p=0.660). When considering implant 
surface type as a factor (data collapsed over time), no 
significant difference was observed between Nano 
relative to DAE for percent of BIC (Fig. 3) (p=0.301). 

Although 20% higher percent of BAFO for DAE rela-
tive to Nano, no significant difference was observed 
between groups (Fig. 3) (p=0.125). Evaluating implant 
surface and time in vivo concurrently, the Nano surface 
yielded a higher mean BIC value relative to DAE at 2 
weeks, though no significant differences were observed 
between surfaces at both 2- and 1-week timepoints 
(p>0.201). While DAE surface presented no significant 
increase in the percent BIC when 1 week was compared 
to 2 weeks timepoints (p=0.583), a significant increase 
was observed for Nano surface at 2 weeks relative to 1 
week (Fig. 3) (p<0.05). For BAFO parameter, although 
DAE surface presented a higher tendency to increase 
bone formation within threads relative to the Nano sur-
face, no significant difference was observed for any 
pairwise comparisons (Fig. 3) (p>0.196).
The histological micrographs revealed newly formed 
bone with the presence of remodeling units for both 
groups in contact and in proximity with the implant 
surface after 1 and 2 weeks of healing, with no visible 
differences in the amount or type of bone between the 
implant surfaces (Fig. 4).

Fig. 3: Statistical summary (mean ± 95%CI) of (a, b and c) BIC and (d, e, and f) BAFO with respect to implant 
surface and time in vivo: (a and d) time in vivo; (b and e) implant surface; (c and f) time in vivo and implant surface. 
Different symbols indicate statistically significant difference.
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Discussion
Osseointegration of implants is characterized as a 
structural and functional union bone and implant sur-
face, which ultimately become secondary stability (20). 
Conventional methods for determining the extent of 
bone formation around the implant surface depend on 
molecular analyses, histology/histomorphometry and 
biomechanics (4,13,16). Therefore, this study investi-
gated the gene expression and characterized the histo-
logical and nanomechanical properties of bone formed 
around a dual acid etched in addition to the nano coat-
ing of hydroxyapatite (Nano) surface when compared 
to the conventional dual acid etched (DAE) surface in 
a rodent model to recognize the underlying molecular 
processes and correlate to the observed histological 
and nanomechanical results. Nano surface positively 
and significantly increased the expression of osteogenic 
genes compared to DAE surface, while no significant 
difference was observed in the amount and mechanical 
properties of newly formed bone in the early phase of 
bone healing. Hence, the postulated null hypothesis that 
the type of implant surface would not influence gene ex-
pression and bone healing and quality parameters was 
rejected.
While the microtopography of implant surfaces has been 
proposed to act at the cellular level of osseointegration, 

a surface nanotopography is thought to influence cell-
implant interactions at the cellular and molecular level 
(3-5). It was not until recently that biomedical engineers 
shifted their attention and focused onto the nanoscale 
level of implant surfaces (3). Such structurally complex 
surfaces maximize selective protein adsorption and im-
prove blood clot adherence due to increased surface en-
ergy, enhancing platelets activation and producing den-
sity gradients of cytokines and growth factors through 
which a more consistent presence of leukocytes and 
osteogenic cells results in significantly hastened and 
higher degrees of osseointegration (1,21). The favorable 
properties of nanoscale implant surfaces are not mere-
ly a result of changes in surface texture but to a large 
extent due to alterations to the surface chemistry, for 
example in the current surface through the incorpora-
tion of calcium phosphate (CaP) coating on the surface 
(20nm-thickness hydroxyapatite coating) (13,16). Thus, 
changes in nano implant surfaces convey their effects at 
a physical, chemical, and biological level (22).
Hydroxyapatite exhibits functionality in promoting os-
teoblast adhesion, migration, differentiation, and prolif-
eration; all of which are essential for bone regenerating 
(6,7). Hydroxyapatite also has the ability to bond direct-
ly onto bone due to their similar chemical and struc-
tural composition, which has made this ceramic the 

New bone (green arrows) filling the threads and remodeling units (yellow arrows) can be observed for 
both surfaces at 1 and 2 weeks timepoints.

Fig. 4: Histological micrographs of Nano and DAE implants. 
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first-choice for implant applications. The novel modes 
of application of hydroxyapatite on implants surfaces 
have resulted in much thinner layers (12,13), herein 20 
nm thickness, than those used previously when plasma 
was sprayed with a minimum coating of 50 μm thick-
ness (8-10). The modern hydroxyapatite applications of 
nanometer thickness have reduced the risk of biological 
complications around the implants (23).
There is a substantial body of evidence showing that 
nantopographic and chemistry surface modifications 
of implants are associated with the up-regulation of 
osteogenesis-related gene expression at early stages of 
bone healing (4,24). Strontium-incorporated titanium 
oxide surfaces have shown to remarkably up-regulate 
expression of Runx-2, Osx, bone sialoprotein, and Ocn 
at 2 weeks of healing (24). In a previous study, the cur-
rent group has also demonstrated that resorbable bio-
ceramic media grit blasted surfaces presenting nano-
meter-scale texture within a micrometer-scale texture 
significantly increased the expression of osteogenic 
genes compared to conventional micrometer-scale tex-
ture DAE surface at early healing periods (4). Similar-
ly, the present study data showed that gene expression 
levels of osteogenic markers significantly increased for 
implant surfaces with nano coating of hydroxyapatite 
(Nano) at 1 and 2 weeks compared to standard DAE. 
At 1 week, the tissue surrounding the Nano peri-im-
plant surface exhibited significantly higher expression 
of Col-I, Runx-2, Opn, Ocn, and Alp relative to the tis-
sue around the control surface and higher expression of 
Opn and Ocn genes than DAE, which indicate superior 
osteoprogenitor activity (4). At 2 weeks, the expression 
levels of Col-I and Osx were significantly higher for 
Nano compared to control and DAE surface, also sug-
gesting increased osteoblast differentiation (25). Runx-
2 is a vital transcription factor in osteoblast differen-
tiation (26) and is located upstream to Osx (27), Opn, 
and Ocn (28). Alp is known to be a regulatory factor 
for matrix mineralization and is expressed at the early 
stages of osteogenesis (29). Altogether, nanostruc-
tured hydroxyapatite coated surfaces demonstrated 
increased expression of markers related to early bone 
formation, growth, and maturation when compared to 
conventional dual acid etched surfaces.
Literature findings evaluating bone formation and ar-
chitecture as well as bone quality through histomorpho-
metric analyses and nanomechanical properties, respec-
tively, have reported a higher formation rate and more 
mature bone architecture surrounding implants with 
complex nanostructured surfaces relative to grit blasted 
and/or acid etched surfaces, and both improved over 
standard machined surfaces (2,4,30). Percent BIC has 
shown up to 15% increase when hydroxyapatite coat-
ed surfaces were compared to grit blasted and/or acid 
etched surfaces (2,4,30). Similarly, percent BAFO has 

depicted up to 10% higher values at early healing time-
points for topographically complex surfaces relative to 
others (2,4). Although no significant difference was ob-
served in the current study between Nano and DAE sur-
faces for either BIC or BAFO parameters, implants with 
Nano surface did present 30% higher mean percent of 
BIC, ~50%, compared to DAE, ~30%, after 2 weeks in 
vivo, which is in line with the cited literature findings.
Although implants with a Nano surface presented high-
er rank hardness and ranks elastic modulus compared 
to DAE at the very early time point, no significant dif-
ference was observed between them for both timepoints 
evaluated (1 and 2 weeks in vivo). Such data is in con-
trast with the main body of the literature that has pre-
sented an increased degree of mineralization for newly 
bone formed around implants with nanostructured hy-
droxyapatite coating (16). The rationale behind the ben-
eficial results of nano hydroxyapatite coating has been 
associated with the effect of the surface topography and 
increased biomolecular interactions at the nanoscale 
level as well as chemistry osseoconductive properties of 
hydroxyapatite, hastening bone formation as mentioned 
above, as well as a result of the release of calcium and 
the phosphate from the surface that might be incorpo-
rated into the surrounding new bone and due to the in-
crease in the expression of Alp, strengthening the min-
eralization process (5,16). However, more experiments 
must be performed to establish the ideal topographical 
dimensions and chemistry modifications to understand 
the mechanisms behind the difference in bone response 
with different healing periods. Also, large animal mod-
els should be planned to obtain more clinically transla-
tional data regarding the effect of implant surface modi-
fications on osseointegration.

Conclusions
Although no significant difference was observed in the 
amount and mechanical properties of newly formed 
bone, nanohydroxyapatite coating over a dual acid 
etched (DAE) surface positively and significantly in-
creased the expression osteogenic genes compared to 
DAE surface at early healing periods.

References

1. Calciolari E, Mardas N, Dereka X, Anagnostopoulos AK, Tsan-
garis GT, Donos N. Protein expression during early stages of bone 
regeneration under hydrophobic and hydrophilic titanium domes. A 
pilot study. J Periodontal Res. 2018;53:174-187.
2. Granato R, Bonfante EA, Castellano A, Khan R, Jimbo R, Marin 
C, et al. Osteointegrative and microgeometric comparison be-
tween micro-blasted and alumina blasting/acid etching on grade II 
and V titanium alloys (Ti-6Al-4V). J Mech Behav Biomed Mater. 
2019;97:288-295.
3. Coelho PG, Jimbo R, Tovar N, Bonfante EA. Osseointegration: 
hierarchical designing encompassing the macrometer, micrometer, 
and nanometer length scales. Dent Mater. 2015;31:37-52.



e333

Med Oral Patol Oral Cir Bucal. 2024 May 1;29 (3):e326-33. Effect of a nano hydroxyapatite coating on implant surfaces

4. Coelho PG, Takayama T, Yoo D, Jimbo R, Karunagaran S, Tovar 
N, et al. Nanometer-scale features on micrometer-scale surface tex-
turing: a bone histological, gene expression, and nanomechanical 
study. Bone. 2014;65:25-32.
5. Jimbo R, Xue Y, Hayashi M, Schwartz-Filho HO, Andersson M, 
Mustafa K, et al. Genetic responses to nanostructured calcium-phos-
phate-coated implants. J Dent Res. 2011;90:1422-7.
6. Coelho PG, Freire JN, Granato R, Marin C, Bonfante EA, Gil 
JN, et al. Bone mineral apposition rates at early implantation times 
around differently prepared titanium surfaces: a study in beagle 
dogs. Int J Oral Maxillofac Implants. 2011;26:63-69.
7. Junker R, Manders PJ, Wolke J, Borisov Y, Jansen JA. Bone-
supportive behavior of microplasma-sprayed CaP-coated implants: 
mechanical and histological outcome in the goat. Clin Oral Implants 
Res. 2010;21:189-200.
8. Albrektsson T. Hydroxyapatite-coated implants: a case against 
their use. J Oral Maxillofac Surg. 1998;56:1312-26.
9. Gottlander M, Johansson CB, Albrektsson T. Short- and long-term 
animal studies with a plasma-sprayed calcium phosphate-coated im-
plant. Clin Oral Implants Res. 1997;8:345-51.
10. Johnson BW. HA-coated dental implants: long-term consequenc-
es. J Calif Dent Assoc. 1992;20:33-41.
11. Yang Y, Kim KH, Ong JL. A review on calcium phosphate coat-
ings produced using a sputtering process--an alternative to plasma 
spraying. Biomaterials. 2005;26:327-37.
12. Bonfante EA, Granato R, Marin C, Jimbo R, Giro G, Suzuki 
M, et al. Biomechanical testing of microblasted, acid-etched/micro-
blasted, anodized, and discrete crystalline deposition surfaces: an 
experimental study in beagle dogs. Int J Oral Maxillofac Implants. 
2013;28:136-42.
13. Jimbo R, Sotres J, Johansson C, Breding K, Currie F, Wennerberg 
A. The biological response to three different nanostructures applied 
on smooth implant surfaces. Clin Oral Implants Res. 2012;23:706-12.
14. Huang S, Ingber DE. Shape-dependent control of cell growth, 
differentiation, and apoptosis: switching between attractors in cell 
regulatory networks. Exp Cell Res. 2000;261:91-103.
15. Gittens RA, McLachlan T, Olivares-Navarrete R, Cai Y, Berner 
S, Tannenbaum R, et al. The effects of combined micron-/submi-
cron-scale surface roughness and nanoscale features on cell prolif-
eration and differentiation. Biomaterials. 2011;32:3395-403.
16. Jimbo R, Coelho PG, Bryington M, Baldassarri M, Tovar N, 
Currie F, et al. Nano hydroxyapatite-coated implants improve bone 
nanomechanical properties. J Dent Res. 2012;91:1172-7.
17. Jimbo R, Coelho PG, Vandeweghe S, Schwartz-Filho HO, Hayas-
hi M, Ono D, et al. Histological and three-dimensional evaluation 
of osseointegration to nanostructured calcium phosphate-coated im-
plants. Acta biomater. 2011;7:4229-34.
18. Oliveira P, Coelho PG, Bergamo ETP, Witek L, Borges CA, Be-
zerra FB, et al. Histological and Nanomechanical Properties of a 
New Nanometric Hydroxiapatite Implant Surface. An In Vivo Study 
in Diabetic Rats. Materials (Basel). 2020;13:5693.
19. Baldassarri M, Bonfante E, Suzuki M, Marin C, Granato R, 
Tovar N, et al. Mechanical properties of human bone surrounding 
plateau root form implants retrieved after 0.3-24 years of function. J 
Biomed Mater Res B Appl Biomater. 2012;100:2015-21.

20. Branemark PI, Adell R, Breine U, Hansson BO, Lindstrom J, 
Ohlsson A. Intra-osseous anchorage of dental prostheses. I. Experi-
mental studies. Scand J Plast Reconstr Surg. 1969;3:81-100.
21. Salvi GE, Bosshardt DD, Lang NP, Abrahamsson I, Berglundh 
T, Lindhe J, et al. Temporal sequence of hard and soft tissue healing 
around titanium dental implants. Periodontol 2000. 2015;68:135-52.
22. Junker R, Dimakis A, Thoneick M, Jansen JA. Effects of implant 
surface coatings and composition on bone integration: a systematic 
review. Clin Oral Implants Res. 2009;20:185-206.
23. Wennerberg A, Albrektsson T. On implant surfaces: a review 
of current knowledge and opinions. Int J Oral Maxillofac Implants. 
2010;25:63-74.
24. Park JW, Kim YJ, Jang JH, Song H. Positive modulation of os-
teogenesis- and osteoclastogenesis-related gene expression with 
strontium-containing microstructured Ti implants in rabbit cancel-
lous bone. J Biomed Mater Res A. 2013;101:298-306.
25. Hayashi M, Jimbo R, Xue Y, Mustafa K, Andersson M, Wenne-
rberg A. Photocatalytically induced hydrophilicity influences bone 
remodelling at longer healing periods: a rabbit study. Clin Oral Im-
plants Res. 2014;25:749-54.
26. Komori T, Kishimoto T. Cbfa1 in bone development. Curr Opin 
Genet Dev. 1998;8:494-9.
27. Ma HP, Ming LG, Ge BF, Zhai YK, Song P, Xian CJ, et al. Icariin 
is more potent than genistein in promoting osteoblast differentiation 
and mineralization in vitro. J Cell Biochem. 2011;112:916-23.
28. Pinzone JJ, Hall BM, Thudi NK, Vonau M, Qiang YW, Rosol TJ, 
et al. The role of Dickkopf-1 in bone development, homeostasis, and 
disease. Blood. 2009;113:517-25.
29. Hoemann CD, El-Gabalawy H, McKee MD. In vitro osteogenesis 
assays: influence of the primary cell source on alkaline phosphatase 
activity and mineralization. Pathol Biol (Paris). 2009;57:318-23.
30. Coelho PG, Teixeira HS, Marin C, Witek L, Tovar N, Janal MN, 
et al. The in vivo effect of P-15 coating on early osseointegration. J 
Biomed Mater Res B Appl Biomater. 2014;102:430-40.

Funding
Authors have no funding to declare.

Conflict of interest
The authors have no conflict of interest to declare.

Ethics
Authors received approval from the Ethics Committee for Animal 
Research at Ecole Nacionale Veterinaire Maíson Alfort (ENVA, 
Maíson Alfort, France) with file #13-011 and review #14/05/13-3.

Authors contributions
All authors have made substantial contributions to the study. PGC, 
LW, and SY conceptualized and designed the project. PGC, LW, and 
SW prepared the methodology. PGC and LW performed the surgical 
aspects of the study. HK, IFB, ETPB, KI, EBJ, and KI were involved 
in sample processing, data collection, and statistical analysis. HK, 
ETPB, LW, EBBJ, EAB, and PGC drafted the manuscript. HK, KI, 
EAB, KI, LW, and SY revised the drafts and prepared for submis-
sion. All authors have reviewed and allowed for submission.


