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Abstract

The main purpose of this paper is to describe the characteristics of a biomimetic 
implant surface obtained by a two-step procedure, which combines grit-blasting with 
a thermo-chemical treatment. This method produces a crystalline hydroxyapatite with 
the same mineral content as human bone that is chemically bonded to the titanium 
surface instead of the amorphous calcium phosphate produced with a plasma-
projection treatment. This surface favors an accelerated bone healing and de-novo 
bone formation at the early phase of healing, making it ideal for immediate or early 
loading. Chemical treatment, surface characterization, biological mechanism as well as 
histological results are discussed.

INTRODUCTION
Osseointegration is a well-known biological phenomenon that 

allows us to restore function and aesthetic in partially or totally 
edentulous patients through implant-supported prostheses [1,2]. 
Implant surface characteristics have been demonstrated to be 
one of the most important factors for early stages of bone healing 
to reach successful osseointegration [3].

Thanks to advances in technology and bioengineering, 
development of new implant surfaces has been possible in the 
last years, leading to a better response of bone cells during 
healing process, therefore a more predictable osseointegration 
can be achieved [4].

The development of moderately rough surfaces, through 
sandblasting and acid-etching procedures, has allowed a faster 
osseointegration making immediate and early loading more 
predictable [5].

Implants have recently been provided with bio-active 
surface treatments by introducing certain molecules which, in 
contact with blood and bone cells, are able to produce a further 
enhancement in osseointegration at early phases of bone healing 
as proved by experimental studies [6-8].

Hydroxyapatite coatings have been used on implant surface 

due to the increased affinity of the bone to calcium phosphate 
with good results in the short term [9-11]. However some 
plasma-sprayed Hydroxyapatite-coated implants have shown 
a significant failure rate in the long term [12]. This was due to 
the poor adherence of the apatite layer to the titanium surface, 
as a result of the high temperatures used in the formation of 
the amorphous calcium phosphate. This fact led to the bacterial 
infiltration of the interface and ultimately the progressive bone 
loss. 

Kokubo described an alternative method for a more 
homogeneous and chemically stable calcium phosphate coating 
[13,14]. This method allows an in-vitro apatite growth directly 
bound to the surface, thus achieving a greater adherence and 
better control in the layer thickness. 

Based on Kokubo’s studies our research group has recently 
developed a novel implant surface called Contac-Ti [15, 16], 
which is based on the combination of a subtraction procedure 
and an optimized thermo-chemical treatment for moderately 
rough of titanium surfaces.

The aim of this paper is to describe the biological principals, 
characteristics and the method used to attain this new implant 
surface as well as to analyze and discuss the histological evidence 
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of the early phases of bone healing around dental implants 
provided with this surface.

The evolution of hydroxyapatite coatings

Osseointegration is a time related biological process that 
allows dental implant to be subjected to functional loading, and 
implant surface seems to be one of the most relevant factors 
obtain a predictable bone healing [17]. 

Recent years have witnessed a progressive development 
of dental implants and many resources have been invested to 
improve implant surfaces and improve clinical results when 
using immediate and early loading procedures.

The use of coatings with similar composition of the human 
bone is an attractive strategy in the development of so-called 
bioactive surfaces, which provide an accelerated osseointegration 
during the earliest healing stages. Particularly, calcium phosphate 
apatite has the same chemical composition as the mineral bone 
phase, so that complete acceptance by the organism and no 
inflammatory reaction occurs [9]. Many researchers have applied 
coatings on titanium implants by different techniques such as 
hydroxyapatite plasma spraying [8]. As demonstrated by clinical 
studies [11], this treatment produced a quicker osseointegration 
at early stages after implant placement but an accelerated bone 
loss due to a bacterial micro-leakage between the hydroxyapatite 
layer and the titanium has been observed in the long term [12]. 
Furthermore, additive techniques such as hydroxyapatite plasma 
spraying do not allow the formation of crystalline apatite like 
in human bone, but amorphous calcium phosphate due to high 
elaboration temperatures [18]. The properties of this layer 
are not considered appropriate for dental implants, since they 
are extremely soluble and titanium only achieves mechanical 
retention, not true adhesion. 

Bioactivities of titanium: the thermo-chemical 
method

Bioengineering studies have recently proven that alternatives 
methods to obtain phosphate calcium coating with higher 
homogeneity and chemical stability are possible [19]. These 
methods, propose apatite growth directly bound to the surface as 
a result of a precipitation reaction in the human body fluid, thus 
achieving true chemical adhesion and layer-thickness control. 

Human body fluid is supersaturated in apatite even under 
normal conditions and the prerequisite for apatite formation on 
an artificial material in a living body is the presence of functional 
groups that could be an effective site for apatite nucleation on its 
surface [20].

Based on this principle, Kokubo [14], proposed a method to 
provide implants with a bioactive surface based on a thermo-
chemical procedure where titanium, is first chemically treated 
with alkali solutions and then subjected to heating at high 
temperatures. The aim of this treatment is to reproduce the in 
vivo formation of crystalline hydroxyapatite on implant surface 
therefore accelerating bone healing and osseointegration.

The chemical treatment, as described by the author, consist 
of soaking the implant in a 5-10M NaOH aqueous solution at 
60°C for 24h and then a gentle washing with distilled water. 

The thermal procedure consists of heating the implants in an 
electrical furnace to various temperatures below800°C at a rate 
of 5°C·min-1, kept at the temperature for 1h and allowed to cool 
to room temperature in the furnace.

Biomimetic formation of hydroxyapatite on the 
implant surface

Titanium is generally covered with a thin TiO2 passive layer, 
which provides chemical stability and durability. During the 
soaking phase of the chemical treatment, the TiO2 layer gets in 
contact and reacts with the NaOH solution forming a hydrated 
TiO2 gel, which can be stabilized as an amorphous sodium 
titanate by a suitable heat treatment.

Sodium titanate layer is expected to form many Ti-OH- groups 
on its surface in the living body via the ion exchange of its Na+ 
ions from the surface with H3O- ions in the surrounding body 
fluid. These Ti-OH- groups make a highly negatively-charged 
surface that initially combine with positive Ca2+ ions -coming 
from human plasma- to form amorphous calcium titanate in the 
surface environment, and later the calcium titanate combines 
with the negative phosphate ions to form amorphous calcium 
phosphate, which, at the SBF-pH of 7,4 (simulated body fluid ph 
-7,4-), eventually transforms into bone-like apatite.

Indeed, nucleation of hydroxyapatite is the consequence of a 
reaction of precipitation between titanate (which contains Na+ 
ion) and serum which is normally saturated with Ca2+(calcium) 
and (PO4)3- (phosphorus) producing calcium phosphate (Ca3 
(PO4)2) thus Hydroxyapatite (Figure 1).

Simulated body fluid (SBF) has been used in in-vitro 
experimental studies to reproduce human plasma and ideal ions 
concentration has been recently described by Kokubo et al. [20] 
(Table 1).

Nucleation of hydroxyapatite at implants with thermo-
chemical treatment submerged in SBF has been observed by 
electronic microscope and x-ray diffraction by several authors 
[13,14,18,22] and our research group has confirmed these results 
[23,24] (Figure 2-3).

This method can be said to provide a biomimetic surface, 
since the implant-covering sodium titanate layer can, thanks to 
Na+ ion bioactivity, and once it gets in contact with biological 
fluids, form on its own a hydroxyapatite layer without the need 
of osteoblasts taking part. 

Once the hydroxyapatite layer on implant surface has formed, 
osseointegration process continues with the selective adsorption 
of fibronectin from human plasma followed by migration, 
adhesion, proliferation and differentiation of osteoblasts, which 
starts bone apposition on the surface (Figure 4).

Chemically bonded bone to the implant: a new concept 
of osseointegration

The classic Osseointegration, as described by Branemark [1] 
is a clinical concept referred more to the stability of the implant 
toocclusal forces and in close contact with the bone rather than to 
a true microscopic surface bond of the bone tissue to the implant 
surface.
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Figure 1 Biochemical sequence of Calcium Phosphate formation on Contac-Tiimplant surface.A) Titanium oxide, b) soaking in NaOH solution, c) formation of sodium 
titanate hydrogel, d) heating treatment, e) elimination of Na+ ion, f) calcium migration from human plasma, g) calcium adsorption, h) Phosphate migration from human 
plasma, i) calcium phosphate formation on the surface.

Figure 2 ESEM picture showing nucleation of hydroxyapatite on implant surface after 3 days of soaking in simulated body fluid (SBF).

Table 1: Simulated body fluidand blood plasma ions concentration as described by Kokubo et al. (mM).

Ions Na+ K+ Mg2+ Ca2+ Cl– HC03– HPO24– S024–

SBF 142 5 1,5 2,5 147,8 4,2 1,0 0,5

BLOOD PLASMA 142 5 1,5 2,5 103 4,2 1,0 0,5

SBF: Simulated Body Fluid

The bone reacts to implant placement with a healing process 
that is very similar to intramembranous ossification produced 
after bone fracture, except that the neo-formed bone is in contact 
with the surface of an alloplastic material -the implant. 

Originally implants had a smooth or minimally rough 
(Sa <0.5 μm) machined surface, with characteristic repeated 
irregularities, showing a clear orientation across the implant 
(anisotropic surface). Over the years new improved surfaces 
were released with greater roughness to facilitate cell adhesion 
and thus accelerate implant osseointegration. 

Subtraction methods such as aluminum oxide (Al2O3) 
particle blasting and acid etching provide a surface topography 
characterized by concavities that form peaks and valleys that 
increase osteoconduction and, consequently, quicker bone 
growth with increased bone adhesion force [25].

Many studies have shown a greater ratio of bone surface 
in contact with the implant surface of rough implant surface 
compared to machined implant surface, leading to an improved 
and faster osseointegration [27].

These results may be explained by the apparent different cell 
response in the early stages of osseointegration. A rough surface 
will enhance the wet ability and the protein absorption of the 
implant surface favoring a greater cell migration and adhesion 
[28].

Davies et al. stated that the more favorable osseointegration 
of rough surfaces compared to smooth is due to the greater 
adhesion force of the clot’s fibrin scaffold [29]. This scaffold 
allows osteoblast migration towards the implant surface 
before these cells start to produce calcium phosphate crystals 
(hydroxyapatite). 



Central
Bringing Excellence in Open Access





Albertini et al. (2016)
Email: 

JSM Dent Surg 1(1): 1008 (2016) 4/12

Figure 3 X-ray diffraction (GI-XRD) of2-step method treated titanium after soaking in SBF.

Figure 4 Schematic images of bone formation on the surface.A) Selective adsorption of fibronectin from human plasma, b) migration, adhesion and proliferation of 
osteoblasts, c) differentiation of osteoblasts and bone apposition on the surface.

Figure 5 ESEM picture showing human osteoblasts on the thermo-chemically treated implant surface.The shape and distribution of the cells on the surface shows the 
good differentiation achieved.
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If fibrin’s adhesion capacity to implant surface exceeds the 
threshold, it shall be enough to allow osteoblasts to migrate 
through the scaffold and get in contact with implant surface. 
However, in mechanized titanium surfaces, no sufficiently stable 
bond occurs between it and fibrin so as to withstand the ‘weight’ 
of osteoblasts during their migration, thus producing separation 
between the implant and the fibrin scaffold. In this situation 
osteoblasts do not reach implant surface and new nuclei of bone 
formation will be placed closer to implant bed and far from 
implant surface. 

On the contrary, the fibrin scaffold on rough surfaces does not 
set free from the implant during osteoblast migration due to its 
tighter surface bond, allowing osteoblasts to reach the surface and 
start the bone apposition process. Thus, difference can be made 
between bio-inert surfaces in which ‘contact osseointegration’ 
occurs [30], progressive bone apposition from bed periphery 
to implant surface; and, on the other hand, osseoconductive 
bioactive surfaces, where the ‘bone neoformation’ can be 
observed, bone apposition contemporarily from implant surface 
and bed [31].

A new concept of implant surface is the bioactive surface; 
characterized by some bioactive molecules or growth factors that 
induce bone formation according to different action mechanisms. 

Chemically modified sand-blasted/acid etching surface is 
one example of bioactive surface, which promotes a faster bone 
healing [32,33]. However there’s no chemical bonding between 
titanium and bone due to the fact that commercially pure 
Titanium is a bio-inert material without bone–bonding ability, 

thus the interaction between the metal and the hard tissue does 
not involve a chemical bond [23].

The thermo-chemically-treated surface, as proven by 
experimental studies [24], provides the implant with a chemically 
bonded hydroxyapatite layer with the purpose, as other bioactive 
surfaces, to accelerate bone healing during the critical period 
for Osseointegration therefore producing better results with 
advanced clinical procedure as immediate or early loading.

This method, as discussed above, provides the implant with 
chemically bonded hydroxyapatite layer, which produces a 
bone healing and mineralization, both from the implant surface 
and the bone-bed [24]. Once osteoblasts start bone apposition 
and mineralization by producing and production of calcium 
phosphate, a chemical bonding between the hydroxyapatite 
layer of the implant surface and the new osteoblast-produced 
hydroxyapatite is produced. Several studies have confirmed high 
bond strength of the hydroxyapatite layer on the implant surface 
to the implant and also an increased resistance of the implant to 
the pull-outtest in-vivo has been observed [27,34,35].

Therefore, the classical concept of Osseointegration described 
as ‘intimate contact between living well-structured bone and the 
implant surface’, as described by Branemark [1], seems to start 
changing to a more biomimeticconcept of a ‘chemical contact 
between living well-structured bone and the implant surface’. 

The contac-ti surface (2-stepmethod)

Contac-Ti is the evolution of Shot Blasting surface (Klockner 
Implant System, SOADCO, Andorra), which was based on micro 

Figure 6 Bone to implant contact (%) at the new surface and controls at 3 days and 1, 2, 3, 10 weeks in a mini-pig model. Ctr: machined surface; AEtch: acid-etched 
surface; Gblast: grit-blasted surface; 2-Step: grit-blasted, acid-ecthed and thermo-chemical treated surface. Significantly quicker osseointegration occurs at 2-step surface 
with a BIC greater than 70% at 2 weeks. At 3 weeks osseointegration is completed.
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Figure 7a Histologic samples of implants with Contac-Ti surface in rabbit 
model. Sample at 2 weeks.

Figure 7b sample at 4 weeks.

Figure 7c sample at 8 weeks.

roughness obtained by grit-blasting with alumina particles 
and subsequent acid etching. Excellent clinical results have 
been demonstrated with the use of this surface by significantly 
increasing the BIC area as compared to an untreated surface 
[43,44]. 

It is well known that moderately rough surfaces (Sa = 1-2 
μm) obtained by means of grit-blasting and acid-etching provide 
a better bone healing [36] and has also been observed that 

roughness can improve biological response of bioactive titanium 
surfaces [23].

The new surface is the result of the combination of subtraction 
procedures to attain a moderately rough surface and a thermo-
chemical method based on the principles described by Kokubo 
et al. [14]. 

A 2-step procedure, in which first girt-blasting and acid-
etching and then a thermo-chemical treatment is performed on 
machined titanium to obtain the Contac-Ti surface.

The first step: grit blasting/acid etching treatment

Combination of grit blasting and acid etching treatment, 
which consists of first bombarding a surface with a myriad of 
small abrasive biologically-inert ceramic particles and then 
soaking the implant in an corrosive-acid solution, is one of the 
most frequently used treatments for obtaining a rough surface of 
dental implants [37]. 

There is a consensus in the literature about the improvement 
of osteoblastic response provided by grit-blasting/acid-etching 
treatment [38,39]. Moreover, a better long-term in-vivo response 
is achieved when the surface roughness increases since the 
percentage of implant in direct contact with bone increases as 
well as loads and torques for extracting implant from bone [40]. 

Improvements in fibronectin adsorption at implants which 
received grit blasting treatment with a specific size of alumina 
(A6) has been demonstrated by in-vitro studies [28,41] as well as 
a better osteoblasts response in terms of integrin expression at 
implants with grit blasted/acid-etched surfaces [42].

Commercially-pure grade IV titanium (according to ASTM 
F67) is used as substratum to obtain the Contac-Ti surface 
(Klockner Implant System, SOADCO, Andorra) and particles 
smaller than the ones used for the Shot Blasting since lower 
roughness value was pursued. During the grit-blasting treatment, 
300 μm Aluminium oxide particle size is used, in a second stage 
acid-etching procedure with HCl is performed to attain a 1,6 Ra 
value of the implant surface.

The second step: thermo/chemical treatment 

The second step to attain Contact-Ti is the thermo-chemical 
treatment for rough titanium surfaces [45,46].

It consists in submerging the metal in a NaOH solution at 60 
ºC for 24 hours, then rinsed with distilled water and dried at 40 
ºC for 24 hours and finally it is submitted to a thermal treatment 
in a tubular furnace at 600ºC for an hour and finally subjected 
to a cooling process. After completing the surface treatments, all 
implants are ultrasonically cleaned in soap and distilled water for 
10 min, dried with nitrogen gas, and sterilized in ethylene oxide 
at 37 ºC and 760 mbar for 5 hours.

The main difference between this treatment and the one 
previously described [14] is that the conditions of reagent 
concentrations, temperatures changes and heat treatment times 
have been optimized for moderately rough titanium surfaces as 
well as heating and cooling rates.
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Figure 8 Histologic samples of implants with Contac-Ti surface and sand-blasted implants controls in rabbit model. 
SB: Sand-blasted implants controls, CT: Contact-Ti implants.

Microscopical characterization

Surface roughness: Surface characterization of Contact-Ti 
compared with machine titanium has been recently analyzed 
by our research group using an optical profiling system device 
(Optical Profiling System, Wyko NT9300, Veeco Instruments, 
EEUU) and data analysis means of Wyko Vision 232TM software 
(Veeco). 10 measurements have been performed and Sa, Sq, Sz 
and S area index topographic parameters have been used to 
describe surface characterization. Values of a 1,74 Sa, 2,20 Sq, 
16,74 Sz and 1,03 S area index have been obtained from the 
analysis as shown in Table (2).

Grit-blasting and acid-etching procedure as described above 
produces a moderately rough surface with good homogeneity 
as described by Albrektsson [3], and the additional thermo-
chemical treatment seems not to alter surface topography [27]. 

Surface hydrophily: Implant surface can be defined as 
hydrophilic when it’s characterized by a high wettability which is 
the process by which a drop of liquid spreads over the surface as 
a result of the interaction of adhesive forces, between liquid and 
substrate, and internal cohesive forces of the liquid.  “The contact 
angle (CA) is a technique used to determine the wettability of 
materials and, as the name suggests involves determining the 
angle between a drops of liquid in contact with the surface a solid. 
This value depends on the relationship between the adhesive 
forces between the liquid and the solid and liquid cohesive forces. 
When the adhesive forces with the solid surface are greater than 
the cohesive, the contact angle is less than 90 degrees, so that the 
liquid wets the surface. 

Our research group performed an analysis of the wettability 
of Contac-Ti compared with machined and other rough surfaces 
by measuring the contact angles so that information above 
hydrophilic and hydrophobic characteristics could be obtained.

A device for contact angle (CA) measurements and drop 
dispenser (DATAPHYSICS OCA 15 model) has been used to 

obtain CA values, 5 measurements for each surface were made 
and a drop of 1 μl of pure water (Milli-Q, Merck Millipore) was 
used. A constant of 3 seconds was the time the water droplaidon 
the surfaces before measurements were performed, results are 
shown in Table (3,4).

CA higher than 90 have been registered on the machined 
titanium showing the hydrophobic behavior of this surface, while 
all the other surfaces have hydrophilic characteristics. However, 
results show the new surface have the lower value of contact 
angle, therefore the highest wettability. These hydrophilic 
characteristics are able to promote protein adsorption and 
cells adhesion, which contribute to accelerate osseointegration 
[28,36].

DISCUSSION AND CONCLUSION

Influence of the 2-step treatment on mechanical 
properties of titanium

The lack of osseointegration due to several factors in the 
early stages after implantation is the most common form of 
implant failure whilst peri-implantitis and implant fracture 
represents the most common causes of implant loss in the long 
term [47]. Therefore, fatigue is a very important aspect to be 
taken into account when considering the long-term behavior of 
dental implants. Fatigue of a material is closely related to the 
surface structure, meaning that all these surface modification 
methods conducted to promote a better osseointegration may 
affect the fatigue performance of the implant. Furthermore, it 
has to be considered that post-thermal processes may alter the 
microstructure of the implant material. 

Gil et al. [48], carried out an in-vitro study where mechanical 
properties of 2-step-treated-implants were assessed. Fatigue 
test were carried out at 37 ºC on 500 dental implants, residual 
stresses and fatigue-crack nucleation were analyzed comparing 
machined, grit-blasted and 2-step surfaces. Although a minimal 
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Table 2: Roughness values of Contac-Ti.

SURFACE
Sa (µm) Sq (µm) Sz (µm) S area index

Mean S.d. Mean S.d. Mean S.d. Mean S.d.

Machined 0,15 0,01 0,19 0,02 3,47 1,53 1,04 0,01

Contac-Ti 1,74 0,07 2,20 0,09 16,74 1,11 1,03 0,01
Machined: machined titanium, Contac-Ti: surface attained after the 2-step treatment, Sa:  average surface roughness, Sq: quadratic mean surface 
roughness, Sz: maximum peak/valley surface, S area index:  index between surfaces, homogeneity of the surface.S.d.: standard deviation.
S.D.: standard deviation. *Statistically significant difference (p 0.005).
from Aparicio et al., 2011.

Table 3: Angle contact measurements expressed in degrees of the analysed surfaces.
Contact angle (°) Contact angle (°)

Machined

83.1

Ra 2,5

80.6
86.8 80.8
94.3 80.6
97.8 82.4
92.4 80.2

Contact-Ti
Ra 1,5

79.0

Ra 3,5

86.2
79.2 89.8
81.3 88.4
75.1 88.9
73.9 86.3

Machined: machined titanium, Contac-Ti Ra 1,5: Contact-Ti surface, Ra 2,5: higly-rough surface, Ra 3,5: extremely-rough surface.

Table 4: Mean and standard deviation (S.d.) of contact angle measurements of the analysed surfaces.
Surface Machined Contac-Ti Ra 1,5 Ra 2,5 Ra 3,5
Mean 90.88 77.70 80.92 87.94
S.d. 5.90 3.09 0.85 1.62
Machined: machined titanium, Contac-Ti Ra 1,5: Contact-Ti surface, Ra 2,5: higly-rough surface, Ra 3,5: extremely-rough surface.

Table 5: Mean adhesion force values of the different samples with 
apatite layers†.
Samples Force adhesion ± S.D. (mN)
Ti-2-steps 451±124
Ti-PS 160±56*
AL6-2-steps 501±90
AL6-PS 190±65*
SI6-2-steps -
SI6-PS 178±66*
Ti-PS: machined (lathe cut) commercially pure titanium surface + 
Plasma-spray treatment; AL6-2-step: titanium grit-blasted with Al2O3 
particles with a mean diameter of 425-600 μm at a pressure of 2.5 MPa 
+ thermo-chemical treatment; AL6-PS: titanium grit-blasted with Al2O3 
particles with a mean diameter of 425-600 μm at a pressure of 2.5 MPa 
+ Plasma-spray treatment; SI6-2-step: titanium grit-blasted with SiC 
particles with a mean diameter of 425–600 μm at a pressure of 2.5 MPa 
+ thermo-chemical treatment; SI6-PS: titanium grit-blasted with SiC 
particles with a mean diameter of 425–600 μm at a pressure of 2.5 MPa 
+ Plasma-spray treatment.

decrease (10%) in fatigue life of 2-step implants in comparison 
with grit-blasted was registered, a high fatigue limit of 315 N 
was registered and all of the implants showed fractures at 15 
106 cycles. The slight decrease was due to the oxygen diffusion 
inside the titanium of the dental implant with thermo-chemical 
treatment, which significantly reduced the ductility of the alloy.

According to previous works that compared apatite coatings 

obtained by different methods like plasma spray, laser ablation, 
the coatings did not last longer than 106 cycles in any of the cases, 
being the rapid propagation of the crack either in the coatings or 
at the interface with the metal implant the main cause of failure 
[49,50].

The 2-step procedure, obtained by grit-blasting and thermo-
chemical treatment reaches a 10 times higher fatigue life in 
comparison with classical plasma-spray apatite coating. This 
encouraging result, which has to be confirmed by clinical studies, 
make implants treated with this new technology allows a great 
balance in an excellent between enhanced osseointegration and 
long-term fatigue life.

Adhesive properties of the hydroxyapatite coating: 
Hydroxyapatite coating is a highly osteoconductive material 
and allows a predictable osseointegration of dental implants 
in a short period of time. Nevertheless one of the most critical 
considerations of hydroxyapatite-coated implants is the 
adhesion of the apatite layer to the titanium. Plasma-spray was 
used in the past to provide the apatite layer over the implant 
surface, however only a scarcely-adhered to titanium amorphous 
calcium phosphate was produced with this technology leading to 
a progressive loss of osseointegration due to a bacterial micro-
leakage between titanium and apatite coating [12].

The thermo-chemical treatment, as discussed previously, 
provides the implant with a chemically bonded hydroxyapatite 
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layer by means of a chemical reaction of precipitation of calcium 
phosphate from ions-saturated human plasma. Adhesion force 
between implant titanium and the hydroxyapatite layer attained 
by the 2-step treatment have been investigated in the last years 
by several authors.

Aparicio et al. [51], assessed the adhesion strength of the 
apatite-coating layer attained by plasma-spray and by the 2-step 
procedure with different grinding agents after immersion in SBF. 
The adhesion strength for the plasma-sprayed apatite layers was 
around 170 mN with a mean thickness of 20 μm, which were 
statistically lower than those measured for the 2-step samples, 
with mean values of 470 mN and a mean thickness of the apatite 
layer of 15 μm (Table 5).

Similar results have been attained by other authors [16,34] 
which demonstrate that the bonding strength of apatite layers 
formed after immersion in SBF of thermo-chemically-treated 
samples is significantly higher than those of plasma-sprayed 
hydroxyapatite layers. These results confirm the thermo-
chemical treatment provides a chemical bonding between 
titanium and hydroxyapatite layer.

Biological behavior

Cellular response to the surface: Osteblasts are the cells 
responsible for bone apposition and mineralization, thus the main 
cells implicated in the osseointegration process.  The assessment 
of human osteoblasts response (proliferation, differentiation, and 
cell morphology) to implant surfaces is on one of the most used 
in-vitro methods to investigate the potential of osseointegration 
of dental implants. 

Aparicio et al.,  in 2002 [45] investigated in-vitro biological 
response as proliferation, differentiation -ALP (alkaline 
phosphatase) activity- and cell morphology by means of 
environmental scanning electron microscopy of human osteoblasts 
on machined, grit-blasted and 2-step-treatment titanium. Cells 
response was assessed by the cell count (proliferation), the 
analysis of alkaline phosphatase activity (differentiation) and 
the observation of cell morphology with environmental scanning 
electron microscopy (ESEM). An increased cell proliferation 
after 1 day was registered on 2-step-treated surface compared 
with machined and grit-blasted ones showing the new bioactive 
surface to provide better cell adhesion probably due to an 
augmented initial protein adsorption. No statistically significant 
difference at 3 and 7 days between the samples was registered 
and a lower proliferation of 2-step surface was shown at 7 and 14 
days confirming the good behavior and the higher differentiation 
of the cells, which –as described by other authors- is reciprocally 
related to the late proliferation process [52]. 

ALP-activity was always higher (statistically significant) in 
the thermo-chemical treated surfaces, indicating stimulation 
of human-osteoblasts differentiation because of the bioactive 
surfaces and this result confirms the conclusions of other authors 
[53,54] (Figure 5).

Nisho et al. [53], investigated the behavior of rat bone marrow 
cells on commercially pure titanium (Cp Ti), thermo-chemical 
treatment (Tc Ti) and thermo-chemical treatment incubated in a 
simulated body fluid (SBF) to deposit crystalline hydroxyapatite 

on the surface (Tc AP Ti). The alkaline phosphatase (ALP) activity 
of the cells cultured on Tc AP Ti was significantly higher at day 7 
and day 14 than the ALP activity observed for the other titanium 
surfaces. At day 14, the ALP activity on Tc Ti was significantly 
increased compared with the ALP activity on Cp Ti. Northern 
blot analysis of alpha1(I) collagen mRNA was assessed revealing 
that expression of osteocalcin and alpha1(I) collagen mRNA was 
higher in the cells cultured on Tc AP Ti than the cells cultured 
on Tc Ti at day 14 and the cells cultured on Cp Ti showed the 
lowest mRNA levels. This study confirms that the thermo-
chemical treatment provides the most favorable conditions for 
differentiation of bone marrow cells. The rough and bioactive 
surface obtained by a grit-blasting thermo-chemical treatment 
provided enhanced adhesion and differentiation of human 
osteoblast cells. This fact may play an important role in a rapid 
formation of the extracellular matrix and, consequently, in an 
accelerated short-term osseointegration.

Similar results have recently been reported by Quan et al., 
on bio-activated zirconia implants [55]. Zirconia implant disks 
were submerged in SBF for 1, 4, 7, and 14 days and statistically 
significant differences of ALP activity of cultured osteoblasts was 
observed between treated and non-treated samples at 9 days; 
cell attachment, proliferation, and differentiation of SBF-treated 
zirconia disks was superior to that of non-treated disks.

In-vivo results histological studies

Several animal studies which investigate bone healing around 
implants with the novel 2-steps treatment have been carried out 
in the last years and the encouraging results attained by previous 
in-vitro studies have been confirmed.

The first histological study on implants coated with Kokubo 
method was conducted by Nagano et al., in 1996 [56] where coated 
and non-coated polyethersulfone (PSE) discs were implanted in 
rabbit tibia. Mechanical analysis by means detachment test and 
histological measurements were obtained after sacrificing the 
animals. Differences in failure loads were statistically significant 
between coated samples and uncoated ones, with values at 8,16 
and 30 weeks of 1.7 ± 0.35, 2.36 ± 0.53, 1.45 ± 0,48 kg in the first 
ones and 0.08 ± 0.06, 0.04 ± 0.03, and 0.023 ± 0.038 kg, in the 
second ones. Examination at SEM (scanning electron microscope) 
showed differences between the two groups of samples with a 
direct contact of bone to the plate at coated whilst areas of soft 
tissues were observed at uncoated. Author’s claims apatite layer 
after 30 weeks seemed to have been incorporated to the bone 
after an osteoclasts-mediated resorption.

These results are in line with others from animal studies 
carried out by Fujibayashi [57] and Nishiguchi et al. [58, 59], 
where machined, porous and porous–apatite-coated cylinders 
were implanted in rabbit tibia and pull-out and histological 
analysis were assessed. Statistically significant differences were 
obtained after pull-out test between apatite-coated cylinders and 
machined ones; no apatite layer detachment was registered at 
histological examination.

In 2011 Aparicio et al., [27] conducted a study, in mini-pigs, 
comparing the new 2-steps treatment to a grit-blasted and acid 
etched surface, with a machined surface as control. Histological 
and histomorphometric analysis was performed at 2, 4, 6 and 
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10 weeks’ time points, showing a new mineralized bone growth 
around the 2-steps implants at only 2 weeks. The investigated 
surface reached the highest values of BIC (bone-to-implant 
contact) compared to the other samples, with 22% at 2 weeks, 
55% at 4 weeks, 65% at 6 weeks and 52% at 10 weeks. The 
differences between the last three values and the first values 
were statically significant. 

A similar study was recently undertaken by Gil et al. [23], in 
which three hundred twenty implants were used in a mini-pig 
model assessing the BIC %, surface composition, topography and 
wettability in a mini-pig animal experimental model, comparing 
the 4 surfaces previously described at 3 days, 1, 2, 3 and 10 weeks. 
Low BIC values for the acid-etched surface and the machined 
surface were obtained, while the results for the bioactive surface 
were significantly higher than all the other surfaces for all time 
points with exception to the alumina blasted surface at the 10 
weeks’ time point, where there was no statically significant 
difference (Figure 6).

The surface presented surprisingly high osseointegration 
values in early healing stages after placement in this animal 
model, being around 75% and 80% 2 and 3 weeks, respectively, 
and 85% of BIC was achieved at 10 weeks. The 2-steps surface 
was the only one that clearly showed extensive areas of bone 
neo-formation in direct contact with the implant after only one 
week after implantation (Figure 7).

Van Oirschot et al. [60], have recently investigated the 
influence of a bioactive hydroxyapatite and composite 
hydroxyapatite/bioactive glass coatings on the iliac crest of 8 
goats. A total of 96 implants were placed and removal torque 
test and histomorphometrical evaluation were carried out after 
4 weeks. Significant higher bone area attached to the implants 
and BIC% was registered for bioactive implants compared to 
grit-blasted/acid-etched ones showing the bioactive surface 
treatments enhanced the bone healing.

Caparrós et al., in 2016 [61] also found significant differences 
in terms of BIC% between thermo-chemically treated and non-
treated porous titanium implants. In vivo results demonstrated 
that the bioactive titanium achieved over 75 % tissue colonization 
compared to the 40 % value for the untreated titanium.

Up to the present, very encouraging results have been 
attained with this surface; nevertheless, randomized-controlled 
clinical trials are needed in order to validate them in humans 
under functional loading conditions. According to the biologic 
bone response of the surface emerged from in-vivo studies, 
early and immediate loading protocols have been proposed for 
human-clinical trials, which are currently being carried out by 
our research group.
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