
Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalInformation?journalCode=ianb20

Artificial Cells, Nanomedicine, and Biotechnology
An International Journal

ISSN: 2169-1401 (Print) 2169-141X (Online) Journal homepage: informahealthcare.com/journals/ianb20

Ti implants with nanostructured and HA-coated
surfaces for improved osseointegration

Hasret Tolga Sirin, Ibrahim Vargel, Tulin Kutsal, Petek Korkusuz & Erhan
Piskin

To cite this article: Hasret Tolga Sirin, Ibrahim Vargel, Tulin Kutsal, Petek Korkusuz &
Erhan Piskin (2016) Ti implants with nanostructured and HA-coated surfaces for improved
osseointegration, Artificial Cells, Nanomedicine, and Biotechnology, 44:3, 1023-1030, DOI:
10.3109/21691401.2015.1008512

To link to this article:  https://doi.org/10.3109/21691401.2015.1008512

Published online: 26 Oct 2015.

Submit your article to this journal 

Article views: 1029

View related articles 

View Crossmark data

Citing articles: 5 View citing articles 

https://informahealthcare.com/action/journalInformation?journalCode=ianb20
https://informahealthcare.com/journals/ianb20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.3109/21691401.2015.1008512
https://doi.org/10.3109/21691401.2015.1008512
https://informahealthcare.com/action/authorSubmission?journalCode=ianb20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=ianb20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.3109/21691401.2015.1008512?src=pdf
https://informahealthcare.com/doi/mlt/10.3109/21691401.2015.1008512?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.3109/21691401.2015.1008512&domain=pdf&date_stamp=26 Oct 2015
http://crossmark.crossref.org/dialog/?doi=10.3109/21691401.2015.1008512&domain=pdf&date_stamp=26 Oct 2015
https://informahealthcare.com/doi/citedby/10.3109/21691401.2015.1008512?src=pdf
https://informahealthcare.com/doi/citedby/10.3109/21691401.2015.1008512?src=pdf


Copyright © 2015 Informa Healthcare USA, Inc.
ISSN: 2169-1401 print / 2169-141X online
DOI: 10.3109/21691401.2015.1008512

                            

 Ti implants with nanostructured and HA-coated surfaces for improved 
osseointegration      

    Hasret Tolga     Sirin  1  ,       Ibrahim     Vargel  2  ,       Tulin     Kutsal  1  ,       Petek     Korkusuz  3     &         Erhan     Piskin  1    

  1 Bioengineering Division and Center for Bioengineering R & D Center, Chemical Engineering Department and Institute 
of Graduate Studies, Faculty of Engineering, - Biyomedtek, Hacettepe University, Ankara, Turkey,  2 Departments of Plastic 
Reconstructive and Aesthetic Surgery, Faculty of Medicine, Hacettepe University, Ankara, Turkey, and   3  Departments of 
Histology and Embryology, Faculty of Medicine, Hacettepe University ,  Ankara, Turkey                             

  Introduction 

 Titanium (Ti)-based materials are widely used by orthopedic 
surgeons for joint replacement and fi xation; however, they 
can negatively aff ect surgical outcome when not properly 
osseointegrated, which causes the loosening of the implants 

and instability of the bone fragment. Osseointegration of Ti 
implants are essential, especially in young patients (20 – 30 years 
old), and can be achieved via surface modifi cations. 

 It is well known that initial cell attachment and prolif-
eration, followed by transformation into osteoblasts, is very 
important for the success of the implant and osseointegration. 
Th ese processes can be accelerated and designed to achieve 
better osseointegration, by optimization of the surface chem-
istry (e.g., an oxide layer, chemical composition of coatings, 
etc.) and morphology (a crystalline structure, roughness, 
etc.) (Anselme et   al. 2000a, Diniz et   al. 2002, Giavaresi et   al. 
2003, Park et   al. 2007). 

 Most commercially available Ti implants have anatase 
and rutile phase surface properties, and mainly an amor-
phous oxide layer. Some studies have reported that sur-
face Ti crystal structure aff ects bone response to implants, 
whereas others have reported that there are no signifi cant 
diff erences (Feng et   al. 2003, Ripamonti et   al. 2012, Wheeler 
1996). Numerous  in vitro  and  in vivo  studies have reported 
that cell proliferation increases as the roughness of the Ti 
implant surface increases (Castellani et   al. 1999). It has 
been posited that not only surface roughness, but also the 
method used to increase surface roughness, aff ect cell 
attachment and proliferation (Diniz et   al. 2002). Although 
many studies report that cell proliferation increases as the 
roughness of the implant surface increases, others report 
that micro roughness does not increase cell proliferation 
(Anselme et   al. 2000b). Th e primary parameter indicative 
of the transformation of osteogenic cells into osteoblasts is 
alkaline phosphatase (ALP) activity. It has been shown that 
cells cultured on rough surfaces produce more (ALP) activity 
than cells cultured on smooth surfaces (Kokubo et al. 2006, 
B ä che and Kohal 2004, Cooper 2000, Ripamonti et   al. 2012, 
Spivak et al. 1990). 

 As hydroxyapatite (HA) has very similar properties to 
the apatite present in bone, it is widely used for biofunc-
tionalization of inert metallic implants, to accelerate 
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  Abstract 
 This study was aimed at comparing the osseointegration of 
titanium (Ti)-based K ü ntscher nails (K-nails) and plates with 
modifi ed nanostructured and hydroxyapatite-coated surfaces 
in a rat femur model. Material surfaces were fi rst modifi ed via 
a simple anodization protocol in which the materials were 
treated in hydrogen fl uoride (1% w/w) at 20 V. This modifi cation 
resulted in tubular titanium oxide nanostructures of 40 – 65 nm 
in diameter. Then, hydroxyapatite-deposited layers, formed 
of particles (1 – 5)  μ m, were produced via incubation in a 
simulated body fl uid, followed by annealing at 500 ° C. Both 
surface modifi cations signifi cantly improved cell proliferation 
and alkaline phosphatase (ALP) activity as compared to the 
control (non-modifi ed Ti implants). The controls and modifi ed 
nails and plates were implanted in the femur of 21 male 
Sprague-Dawley rats. 
 The implants, with surrounding tissues, were removed after 
10 weeks, and then mechanical tests (torque and pull-out) were 
performed, which showed that the modifi ed K-nails exhibited 
signifi cantly better osseointegration than the controls. Histologic 
examinations of the explants containing plates showed similar 
results, and the modifi ed plates exhibited signifi cantly better 
osseointegration than the controls. Surface nanostructuring 
of commercially available titanium-based implants by a very 
simple method  –  anodization  –  seems to be a viable method for 
increasing osseointegration without the use of bioactive surface 
coatings such as hydroxyapatite.  

  Keywords:    animal   femur model  ,   HA deposits  ,   surface 
modifi cation: nanotubular structures  ,   titanium implants   
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bone formation during the early osseointegration period. 
Nonetheless, HA-coating is associated with some disadvan-
tages (de Sena et   al. 2002). A common problem with HA coat-
ings is that the HA layer weakly adheres to metal surfaces. 
Although some studies indicate that there is a chemical bond 
formed between the HA – Ti interfaces (Filiaggi et   al. 1991, Ji et   al. 
1992, Yu-Liang et al. 1999), it has been shown that the bond is 
not suffi  ciently strong and can cause implant failure in the long 
term (Filiaggi et   al. 1991, Tsui et   al. 1998). Th e sintering pro-
cess is used to overcome this problem; however, sintering can 
cause HA decomposition. Another approach to increase HA – 
metal bonding is to increase the roughness of metal surfaces 
(Kokubo et   al. 1990, da Silva et   al. 2001). It should be noted 
that loosening of HA-coated Ti implants is also a common 
problem that limits the use for dental applications (Giavaresi 
et   al. 2003, Yoon et   al. 2010, Zhu et   al. 2004). 

 Th ese fi ndings indicate that even though Ti-based 
implants with and without HA coating are among the most 
widely used materials for clinical bone repair, they have some 
important limitations, especially those related to osseointe-
gration/loosening, that should be eliminated or reduced. As 
such, the present study aimed to determine whether creat-
ing nanostructures on the surface of Ti implants improves 
HA-Ti interfacial interaction forces, or whether the use of 
nanostructured surfaces only (without HA coating) pro-
motes successful osseointegration. 

 We produced tubular nanostructures on the surface of Ti-
based alloys, namely K-nails and plates, by anodization, and 
then deposited HA layers on top of these nanostructures, in 
order to investigate the eff ect of these surface modifi cations 
on osseointegration in a rat femur model.   

 Materials and methods  

 Materials preparation 
 We used highly purified Ti-based biomaterials (99.7%) 
for clinical bone repair (Trimed   ®    Ankara, Turkey). 
K-nails of 20 mm height and 2 mm diameter, and Ti 
plates of 10 mm length, 3 mm width and 1 mm height, 
were prepared and donated by Trimed   ®   . Non-modified 
K-nails and Ti plates (Group I - control), and modified 
K-Nails (Group 2) and modified plates (Group 3), were 
utilized. Modifications (nanostructuring) of these mate-
rial surfaces was achieved by two methods, anodization, 
and HA deposition. 

 Before anodization, the materials were mechanically 
cleaned using silicon carbide (SiC) sand paper, and 
were polished with a diamond polishing material (Struers, 
Germany). Th ey were then sonicated in a detergent solu-
tion for 5 min, followed by sonication in a 70% ethyl alcohol 
solution. In order to remove the oxide layer on the so-called 
pacifi ed Ti surfaces, the materials were placed in an etching 
solution (1% HF; 1.5% HNO 3 ) for 5 min, washed with deion-
ized water, and then dried in an oven at 70 ° C. Lastly, the 
materials were subjected to an anodization procedure using 
a potentiostat (Micro Medical Electronics, Ankara, Turkey) 
in an HF solution (1% w/w) at 20 V and 5A for 20 min at room 
temperature. Th ese anodized K-nails and Ti plates (NanoTi) 
constituted Group 2. 

 Following the anodization process, some of the materials 
were further modifi ed by a deposit of HA on their surfaces. 
Th ese materials were incubated for 3 h in a 10x simulated 
body fl uid (SBF) solution containing 1000 mM NaCl, 5 mM 
KCl, 25 mM CaCl.2H 2 O, 5 mM MgCl 2 .6H 2 O, 3.62 mM 
NaH 2 PO 4 .H 2 O, and 10 mM NaHCO 3 , and were sintered at 
500 ° C in ambient air for 1 h, as previously described [14, 15, 
17, 20]. Th ese HA-coated K-nails and Ti plates (NanoTiHA) 
constituted Group 3. 

 Th e morphology of the material ’ s surface was inves-
tigated by scanning electron microscopy (SEM) (Quanta 
200 FEG, FEI Instruments, Oregon, USA). Contact angles 
were measured using the sessile drop technique (Kr ü ss, 
DSA 100, Hamburg, Germany). Deionized water droplets of 
about 3  μ L volume were dropped on the surfaces, and mea-
surements were recorded at 20 ° C. For each surface, at least 
8 measurements at diff erent points were obtained. Th e 
results are presented as mean values.   

 In vitro tests 
 Th e human osteosarcoma cell line (Saos-2/An1, SAP 
Institute, Ankara, Turkey) was used to investigate cell 
proliferation. Th e cells were cultured as a monolayer in 
Dulbecco ’ s Modifi ed Eagle ’ s Medium (DMEM), (Sigma-
Aldrich, USA) supplemented with 10% fetal bovine serum 
(FBS), (BIOCHROM, Germany), and 1% L-glutamine (Invit-
rogen, USA), together with 100 U mL  �    1  of penicillin (Invitro-
gen, CA, USA) and 100 mg mL  �    1  of streptomycin (Invitrogen, 
USA). Th e medium was replaced every 3 d, and the cultures 
were maintained in 5% CO 2  at 37 ° C. When the cells reached 
80% confl uence, they were trypsinized with 0.25% trypsin 
containing 1 mM ethylene-diamine tetraacetic acid (EDTA) 
(Invitrogen, CA, USA), and were enumerated using a hemo-
cytometer (Hausser Scientifi c, PA, USA) prior to use. Th ese 
cells were then used in the following cell culture tests. 

 Cell culture tests were performed only with the Ti plates 
(both modifi ed and non-modifi ed). Samples ( n     �    6) were 
placed in 24-well plates, and 50  μ L of cell suspension 
(2    �    10 3  cells) was transferred into each well. Th e well 
plates were incubated at room temperature for 2 h, and 
then 1 mL of culture medium was transferred to the wells; 
the culture medium was replaced with fresh medium every 
3 d. Th e samples were cultured for 3, 5 and 7 d, and cell 
proliferation on the sample surfaces was measured using 
the MTT test. Briefl y, the samples were washed with PBS 
buff er, followed by 4 h of incubation in 200  μ L of culture 
medium and 30  μ L of MTT solution. Th en, the culture 
medium was removed and 200  μ L of pure isopropanol 
containing 0.04 M HCl was transferred into each well. Th e 
wells were then incubated at room temperature for 15 min. 
Th is solution was then transferred to 96-well plates and 
formazan absorbance was measured at 570 nm, using a 
microplate reader (Biochrom, Asys Expert Plus Microplate 
Reader, Cambridge, England). 

 Th e samples were treated with lysis buff er containing 
1% Triton X-100. Th e pellets and supernatants of the cell 
lysates were separated out via centrifugation at 12,000 rpm 
for 10 min, and then the supernatant was used to measure 
ALP activity. P-nitrophenylphosphate (pNNP) was used as 
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the substrate for this purpose. ALP activity of the control 
samples (without supernatant) was measured at 405 nm by 
reading the reaction (Jasco V-530, Tokyo, Japan). Th e ALP 
activity was measured using a SensoLyte  ®   pNPP Colorimet-
ric Alkaline Phosphatase Assay Kit (Anaspec, CA, USA)   

 Animal model 
 Th e study protocol was conducted in accordance with 
the local laws on animal research and was approved by 
the Hacettepe University Animal Experimentation Ethics 
Committee (date: 14.05.2010, #:2010/30-2). Male Sprague-
Dawley rats, ( n     �    21) aged 7 weeks and weighing 300 – 350 g, 
were kept in standard cages with a 12 h light/dark cycle. 
Th e room temperature and humidity were maintained at 
20    �    10 ° C and 40    �    10%, respectively. Care was taken to avoid 
unnecessary stress and discomfort to the animals through-
out the experimental period. Th e animals were divided into 
3 groups, each with 7 rats: control  –  Group 1, NanoTi  –  Group 
2, and NanoTiHA  –  Group 3. 

 Surgery was performed under aseptic conditions. Food 
was withheld from the animal for 8 h prior to surgery. 
Th e rats were anesthetized via intraperitoneal injection 
of Ketamine HCL at 10 mLkg  �    1  (Parke Davis, 50 mg ml  �    1 , 
Taiwan) and Rompun at 1 mLkg  �    1  (2%; Bayer, Germany). 
Anesthesia was performed by an independent animal han-
dler in accordance with the standard protocol, under the 
supervision of a veterinarian. Th e rats ’  legs were shaved and 
disinfected using a10% iodine solution (Batticon, Droksan, 
Turkey). Skin-subcutaneous tissues were cut from a 2 cm 
incision made on the lateral side of the right and left femurs 
so that it passed the intermuscular plane of the fl exor and 
extensor muscles. Th e femur and the bone crest were exposed 
via subperiosteal dissection. Th e left femur was divided in 
two from 1/3 proximal under saline irrigation, using a 1 mm 
trephine bur inserted on the tip of a rotary cutting acces-
sory. K-nails were implanted in the left femurs that were 
divided in two along the medulla (Figure 1A). Th e crest was 
pierced, and stainless steel nails (No. 4) were passed through 
the holes, so that rigid bone fi xation was attained. With this 
method, axial and lateral movements of the femur were pre-
vented. Using this animal model, the aim was to measure the 
eff ect of implant surface modifi cation on implant integration 
with cancellous bone and the formation of new bone tissue, 
based on torque and pull-out tests. 

 On the lateral side of the right femur, a longitudinal open-
ing the same size as the plate implants was made at the lateral 

cortex using a 1 mm bur, and then the plates were inserted at 
the single-layer osteotomy line (Figure 1B). Using this animal 
model, the aim was to measure histologic changes and the 
rate of osseointegration of surface-modifi ed implants, and to 
compare these fi ndings with those in the control groups. 

 All incisions were closed using 5-0 silk sutures. Th e 
animals were sacrifi ced after 10 weeks, and the left femurs 
were removed with implants and stored in formaldehyde 
(4%) for histologic analysis, or in cold saline for mechanical 
testing the next day (pull-out and torque tests).   

 Mechanical tests 
 After removal of the stainless steel wire used for bone fi xa-
tion, the femurs implanted with K-nails were mounted in a 
quick-setting epoxy resin (Buehler, IL, USA) to 8 mm barrels 
fi tting the torque testing apparatus, so that a standard 1-cm 
length of bone centered on the implant site was exposed for 
testing. Th e test was performed on only 1 side of the explant. 
Th e torque failure force test was conducted using a CDI 
torque-meter (CDI Suretest, CDI Torque Products, CA, USA) 
with a 4 Nmm load cell. After torque testing, the femurs were 
carefully removed from the sample holder and then sub-
jected to pull-out testing. 

 Th e pull-out test was performed on the samples that pre-
viously underwent torque testing, to determine the degree 
of integration of the implant with the medulla, using a Lloyd 
Universal Test LRX Internal Extensometer (Lloyd, UK) and a 
500 N load cell, at a pull-out rate of 1 mm sec  �    1 .   

 Histology and histomorphometry 
 Histologic and histomorphometric analyses were only 
applied to the Ti plates implanted in the rat ’ s right femur. Th e 
explants were cut with a 10 mm hand bur (Black and Decker, 
USA) and were fi xed in a formalin solution in PBS buff er 
(pH 7.0). Samples were dehydrated sequentially in 30%, 
60%, 80% and 99.8% ethanol solutions (obtained by dilu-
tion of 99.8% ethanol, Sigma-Aldrich, USA) and dried under 
pressurized air. Th e samples were then embedded into 
epoxy resin (Buehler, IL, USA) inside a 2    �    2  �    3 cm silicon 
mold, and were degassed under vacuum for 1 h. Th ey were 
maintained at 40 ° C for 8 h, so that the resin could completely 
harden. Th en, they were cut into sections 700  μ m thick, using 
a diamond-tipped rotary-blade cutter (IsoMet 4000, Linear 
Precision Saw, Buehler, USA). For the histologic examina-
tion, 700  μ m thick ground sections were further thinned to 

  Figure 1.     Representative photographs showing implantation of Ti-based materials in rats. A. K-nails. B. Plates.  
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conditions were optimized in a preliminary study, to reach 
the present size range with homogeneous distribution. 

 Figure 2C shows that the deposition of HA particles 
varying in size between sub-micron and 5  μ m was achieved 
by treating anodized Ti materials with incubation in SBF 
solution, followed by annealing at 500 ° C. 

 Water contact angle measurements showed that the 
untreated Ti surfaces of the control had a water contact 
angle of 83.9 ° , versus 40.3 °  for the NanoTi surface (due to 
oxidation of the surfaces as a result of anodization), and 
34.9 °  for the NanoTiHA surface (due to a more hydrophilic 
HA surface layer).   

 Cell proliferation 
 Cell culture studies were conducted to investigate the eff ects 
of Ti implant surface nanostructures with and without HA 
deposition, on cell proliferation. Cell proliferation fi ndings 
are shown in Figure 3. Cell proliferation steadily increased 
on all surfaces, and the diff erences between the surfaces 
increased with time. Cell proliferation was the highest on 
the surface with HA coating. Th e nanostructured surface 
(NanoTi) had signifi cantly greater cell proliferation than the 
control on d-7. 

 As mentioned earlier, one of the primary properties of 
implant surfaces that facilitate the transformation of osteo-
genic cells into osteoblasts is ALP activity; therefore ALP 
activity in cell cultures was also studied. Figure 4 shows the 
changes in ALP activity over time in the cell culture experi-
ments, which was quite similar to that observed via the MTT 
test .  ALP activity was highest on the surfaces with HA coat-
ing (NanoTiHA); interestingly the nanotubular structures 
(NanoTi) also had much higher ALP activity that increased 
with time, compared to the controls.   

 Mechanical tests 
 Increasing osseointegration of Ti implants via surface 
modifi cations, namely nanostructuring and HA coating, was 
the primary target of this study, which was examined via 
mechanical testing (torque and pull-out).   

  Femurs implanted with K-nails were removed from the 
rats and first underwent torque tests, the results of which 
are given in the Table I. The highest torque to failure 
value was obtained for the Ti nails with HA coating (Nan-
oTiHA), which was significantly higher than that for the 

50  μ m using a polishing instrument (Phoenix Beta, Buehler, 
CA, USA). 

 Th e non-decalcifi ed ground sections were stained with 
hematoxylin  &  eosin and Masson ’  s trichrome, and were 
then evaluated as previously described (Ripamonti et   al. 
2012, Yoon et   al. 2010). In brief, photomicrographs of each 
implant-containing region were generated using a light 
microscope (Leica, Germany) attached to a computerized 
digital camera (Model DFC 500, Leica, Germany). Th e entire 
implant-containing region was visible at 4x magnifi cation. 
Bright-fi eld images were captured and analyzed quan-
titatively using an image-processing program (LAS, 
Leica, Germany), in order to calculate the Bone to Implant 
Contact (BIC) percentage. Th e percentage of BIC was cal-
culated in four consecutive sections from the bone cortex. 
Bone/implant BIC percentage ratios were considered as the 
mean for each sample.   

 Statistical analysis 
 Th e results of the torque and pull-out tests were compared 
by one-way ANOVA (95% signifi cance level), and then the 
Tukey ’ s test was used to identify statistically signifi cant 
diff erences between the groups. A  P  value of  �    0.05 was 
considered statistically signifi cant, where the indepen-
dent variables were the surface treatment methods and 
the dependent variables were torque failure and pull-out 
forces. 

 Histomorphometric data were analyzed using the non-
parametric Kruskal-Wallis test for multiple comparisons, 
and the Mann Whitney U test with Bonferroni correction 
was used to identify signifi cant diff erences between two 
groups. A  P  value of    �    0.05 was considered statistically 
signifi cant, with the independent variables as the surface 
treatment methods and the dependent variables as the BIC 
percentages.    

 Results  

 Surface characterization 
 Representative SEM images of the control, NanoTi, and Nan-
oTiHA surfaces are shown in Figure 2. As seen, anodization 
in HF (1% w/w) at 20 V resulted in tubular TiO 2  structures 
of 40 – 65 nm in diameter. Note that the anodization process 

  Figure 2.     Representative SEM micrographs of Ti surfaces before surface modifi cation (control) (A), after anodization (NanoTi) (B), and after HA 
deposition (NanoTiHA) (C).  
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control. Nanostructuring alone (NanoTi) also improved 
the integration of the nails to the surrounding bone. Note 
that the mean torque to failure for intact bone of the rats 
was 417    �    36.9 Nmm. The relative torque value in the 
control group was 45.17% of the intact femur, whereas 
the value was significantly higher for NanoTi (55.96%) 
and for NanoTiHA (60.86%) ( P     �    0.05).   

 Pull-out tests 
 Following torque testing, the pull-out failure forces were 
measured and statistically evaluated as described earlier 
(Table I). Th e mean  �  SD pull out-forces for the 3 implant 
materials tested was as follows; control: 2.4    �    0.5 N, NanoTi: 
4.4    �    0.8, and NanoTiHA: 3.3    �    0.5 N. Interestingly, the 
force needed for separation (pull-out) of the implants was 
the highest in the case of the Ti nails with a nanostructured 
surface (NanoTi group), which was 87.2% higher than that 
in the control group, whereas the pull-out force for the 
NanoTiHA implants was only 41.1% higher than that in the 
control group.   

 Histologic and histomorphometric analyses 
 The effects of nanostructuring and HA deposition on 
osseointegration were histologically and histomorpho-
metrically analyzed. Histologic analysis was only per-
formed for the explants containing Ti plates (modified 
and non-modified). Figure 5 shows some representative 
images, t. The Ti implant is seen filling the marrow cav-
ity and the entire layer of the compact bone in all groups. 
Bone marrow depletion and replacement by fibrous and/
or bony tissue adjacent to the implant was observed in 
all groups. The implants were well integrated, with their 
surfaces having established intimate contact with mature 
cortical bone, indicating osseointegration. Nonetheless, 
in addition to integrated surfaces, compact bone contain-
ing some empty lacunae-lacking osteocytes was observed 
near the implant in several specimens of each group. 

 Figure 6 shows the BIC percentage. Specimens in the 
NanoTiHA group had a significantly higher BIC percent-
age than those in the control group ( P     �    0.007). Histomor-
phometric analysis showed that there wasn ’ t a significant 
difference in the BIC percentage between the control and 
NanoTi groups or between the NanoTi and NanoTiHA 
groups.    

 Discussion 

 The primary aim of this study was to determine the effect 
of Ti-based implants treated with two surface modifica-
tions  –  at the nano and micro levels  –  with different sur-
face topographies and chemistries, on osseointegration. 
The first Ti surface modification was the formation of 
TiO 2  nanotubes 40 – 65 nm in diameter, via a simple anod-
ization protocol in HF (Huang and Yao 2005, Mac á k et   al. 
2005). The diameter of the nanotubes was arranged/opti-
mized based on preliminary research, in consideration of 
earlier studies which reported that nanotubes    �    30 nm in 
diameter do not increase osteoblast functions, but induce 
cellular apoptosis (Gutwein and Webster 2004, Park et   al. 
2007). 

 As mentioned in the Introduction, both the structure 
and composition of the oxide layer on Ti aff ect cell-surface 
interactions including osseointegration (Zhu et   al. 2004) 
Published fi ndings are inconsistent; however, there is gen-
eral consensus that TiO 2  surface layers facilitate better cell 
proliferation, which was considered during the planning of 
the present study (Feng et   al. 2003, Sul et   al. 2001). In addi-
tion to oxidized surfaces, we aimed to create nanotubular 

  Figure 3.     Changes in formazan activity in cell cultures containing Ti 
plates show SAOS proliferation (both non-modifi ed [control] and 
modifi ed).  

  Figure 4.     Changes in ALP activity in cell cultures containing Ti plates 
(both non-modifi ed [control] and modifi ed).  

  Table I. Mechanical test.  

Results

Group
Torque to Failure *   �   

(Nmm)
Pull-out Force 

(N)

Control 212.94    �    23.26 2.4    �    0.5
NanoTi 263.81    �    39.17 4.4    �    0.8
NanoTiHA 286.87    �    44.21 3.3    �    0.5

  *  Seven explants were tested in each group.   
   �   Th e mean  �    SD torque to failure for intact bone was 417    �    36.9 Nmm.   

1027  Nanostructured and HA Coated Ti Implants



Ti surfaces, which could be considered an indication of 
improved osseointegration. Cells not only attached and 
proliferated better on modified Ti implant surfaces, but 
also exhibited higher ALP activity on the Ti implants fur-
ther modified with HA coating (NanoTiHA), which was 
expected and is in agreement with the literature (Moroni 
et   al. 1999 Sato et   al. 2008, Mavis et   al. 2009). Interestingly, 
the TiO 2  nanotubular structures that were prepared via 
a simple anodization process resulted in much higher 
cell proliferation and ALP activities than in the control 
samples. 

 Mechanical testing of the K-nails in the present study 
clearly showed that the TiO 2  nanostructures positively 
affected osseointegration. According to the pull-out test 
results, the highest resistance to separation was observed 
for NanoTi, which was significantly better than that for 
both the control and NanoTiHA samples, which might 
have been because the HA layer deposited on top of the 
nanostructures reduced the binding forces between the 
material and bone surface; however, NanoTiHA samples 
showed the best mechanical resistance to torque, which is 
inconsistent with the pull-out test results, and difficult to 
explain. K-nails with different properties have been tested 

structures by etching the surface layers, which resulted in an 
oxide layer. 

  In vitro  cell culture experiments in the present study 
showed that cells proliferated significantly better on the 
modified Ti surfaces than on the non-modified (control) 

  Figure 5.     Micrographs of the non-decalcifi ed sections show bone marrow depletion and replacement by fi brous and/or bone tissue adjacent 
to the implant. Th e implant exhibits osseointegration at several contact points. I: implant; B: bone; BM: bone marrow; H & E: hematoxylin-eosin; 
MT: Masson ’ s trichrome.  

  Figure 6.     Boxplot graph of the histomorphometric BIC percentages. 
Note that the NanoTiHA group is signifi cantly better than the control 
( P     �    0.05).  
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able method can be used against early period losses and to 
increase implant-bone tissue compatibility. Osseointegra-
tion will be an essential parameter for even more successful 
implants in the future. Th is study shows that osseointegra-
tion increases through surface modifi cation.                 
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in numerous studies using similar animal models (primar-
ily Sprague-Dawley rats); the torque values reported were 
in the range of 290 – 680  Nmm and were dependent on age, 
gender, fixation method, and fracture model (Ripamonti 
et   al. 2012, Sul et   al. 2001). 

 As it is similar to its biological counterpart, synthetic HA 
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(such as sintering), several problems, including the loosen-
ing of the implant, have been observed in preclinical stud-
ies and in clinical uses. Th e method used in the present 
study is to obtain similar adherence and osseointegration, 
via nanostructuring alone or deposition of HA particles on 
nanotubes. 

 As shown in Figure 2, micron-sized HA particles were 
deposited using a very simple incubation technique in 
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literature, was used to increase the binding strength of 
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sub-layer (Kusakabe et   al. 2004, Moroni et   al. 1994, Moroni 
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Tsui et   al. 1998). Th e present study ’ s mechanical test and 
histologic fi ndings showed that HA coating improved 
osseointegration and the binding forces between the 
implant and surrounding bone tissue. Binding was stron-
gest with the HA-coated implants (NanoTiHA); however, 
nanostructuring alone produced a very similar eff ect 
on integration of the Ti implants to bone, which is the 
primary conclusion of this study.   

 Conclusion 

 Th ere are many titanium implants in the market, for use in 
orthopedic clinics. Several surface modifi cations are imple-
mented on these implants. Studies carried out on the eff ects 
of these surfaces are present in latest studies. It has been 
observed that tissue compatibility increases when implant 
surface characteristics change. In order to increase the 
long-term success and decrease the recovery time following 
surgery, several solutions are being applied. 

 In this study, anodic oxidation has been chosen from 
these methods of surface modifi cation, and K-nails, used in 
orthopedic clinics, are used as the model. Initially, material 
cell compatibility has been studied through  in vitro  tests, and 
whether these surfaces are optimum for clinical use or not 
has been investigated through  in vivo  studies. According to 
both  in vitro  and  in vivo  test results, cell and tissue interac-
tion has increased via anodic oxidation applied to surfaces. 
Th is reaction shows that osseointegration has increased. Th is 
surface modifi cation, frequently used in dental implants, is 
also suggested to orthopedic clinics. Th is low-cost and reli-
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