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Abstract: In the 1960’s Branemark and colleagues, based on clinical research developed a dental implant system
using a direct attachment to bone structure without an interposed soft tissue. This phenomenon called
osseointegration involves biomechanical aspects and it is not yet completely understood. In several studies it has been
verified that the titanium implant surface treatment, for example, surfaces treated with grit-blasting and acid etching,
has demonstrated to be the main factor to osteogenesis and subsequently osseointegration. The aim of this study was
to evaluate the osteogenesis phenomenon in 18 different dental implant surfaces (GOl to G18), varying the
preparation parameters. Hfob 1.19 osteoblastic cells in an ““in vitro™ assay were used to evaluate cell viability and
proliferation, alkaline phosphatase activity and mineralization nodules formation. A new mathematical model was
defined using similarity techniques in engineering based on index to quantify the osteogenesis level through
osteogenic parameters measured on different surfaces. The different surfaces influenced the osteogenic parameters
and the cell growth analysis. Higher cell growth was observed for group G04 (granulometry: 240, time: 3s, distance:
10cm, pressure: 20 bar, acid etching: room temperature for 30 min) and the lower cell response was observed for
group GO7 (granulometry; 280, time: 3s, distance: 10cm, pressure: 20 bar, acid etching: 60°C for 30 min). Cell
growth changes can be explained by statistical analysis that showed the groups were statistically different (P <0.01)
in relation to mean roughness. Using indexes for acid attack and sandblasting it is possible to estimate the
osteogenesis level using the mathematical model proposed.
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1. INTRODUCTION

Currently the medical and dental implant industries are seeking to develop their products based on advances in
tissue engineering related to cellular and molecular biology. While in the past the majority of implants were inert and
essentially structural, the current products are searching for implants essentially biological in their nature, facilitating
the body repair process and increasing their survival. In addition, a variety of implantodonty devices have been
exploited to accelerate bone repair, the quantity and quality of the bone neoformed, decreasing periprosthetic osteolysis
and the subsequent damage of the implants (PUELO and NANCI, 1999; DAVIES, 2003; SCHMIDT et al., 2003).

The direct contact in implant therapy obtained between the implant surface and the neoformed bone tissue is the
success basis called osseointegration. The initial phase occurs with initial inflammation during the implant installation
followed by microenvironment perimplant changes. Clinically, the osseointegration phenomenon is characterized by the
implant immobility and no symptoms during the masticator process (BRANEMARK, 1985).

The main mechanisms related to the osseointegration process are similar to those bone fracture repair and involve
cellular and molecular events (DAVIES, 2003; FRANCHI et al., 2005). Mesenchymal stem cells can be found in bone
that are able to differentiate in osteoblasts, osteocytes, and coatings, which are called osteoprogenitor cells. There are
increasing evidences that some actions, such as cell growth, depends on the differentiation stage (WATZEK, 2004).
Although the molecular mechanisms of osseointegration are unknown, the location and the cytokine receptors and
ligands levels in osteogenic cells may help to understand the pathways for the development and osteogenesis regulation
(DAVIES, 2000; YAMADA et al., 2000).

Therefore, despite the success of osseointegration phenomenon over the last 20 years, there are still several
investigations that seek to obtain better response in short and long term. So, a large knowledge of the greater physico-
chemical properties and topographical surface allowing the development of new geometries for tissue response
optimization is necessary (BADENAS, 2004). Furthermore, the clinical consequences related to osseointegration are
determined by the secretion pattern of extracellular proteins and adhesion molecules. In this case the implant surface is
populated by osteoblasts which produce new bone matrix, initially not mineralized, as a function of time and
biochemical stimuli will suffer mineralization. These initial phenomena, which lead to osseointegration, are difficult to
evaluate clinically, and studies “in vitro” are necessary. In accordance with this, experimental models are necessary to
evaluate the cells behavior on implant surface, when exposed to different stimuli. Surface topography variations may
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influence the adhesion, proliferation, protein secretion and extracellular matrix mineralization, accelerating the bone
repair. Osteoblasts cells respond to implant surface energy and roughness variations.

The implant topography changes can influence the osteoblasts and macrophages adhesion and can influence the
production and growth factors concentration in the periimplant site (SCHWARTZ ¢ BOYAN, 1994). The collagen
synthesis, extracellular matrix, cytokines and growth factors, are favored by the implant surface roughness (ROSA e
BELOTIL, 2003).

Several authors have studied the changes related to implant surface topography using “in vivo” and “in vitro”
techniques to determine the osteogenic parameters, such as adhesion, proliferation, cell viability, total protein levels,
alkaline phosphatase and mineralization nodules (ROSA ¢ BELOTI, 2003; XAVIER et al., 2003).

Cell culture tests are used mainly to get multiplication, function, toxicity and adherence. The goal is to analyze the
cell interaction on the surfaces indicating a bioactivity and also the area toxicity.

The osteogenesis process is an important effect of osseointegration formation and can be modified through the
different surface conditions of the titanium implants. In vitro tests are laborious and expensive, so an alternative
formulation using predictive equations is a workaround to get the osteogenesis level.

The objective of this work is to develop a mathematical model, using similarity techniques and “in vitro”
osteoblastic cell culture tests on titanium surfaces with different roughness and different surface energies to evaluate the
osteogenesis effects.

2. MATERIALS AND METHODS

The analysis of osteogenic parameters was done through an osteoblastic cell culture test on discs of titanium
surfaces modified with different conditions of sandblasting and acid attack.

The values of adhesion and proliferation cellular, alkaline phosphatase and mineralization nodules, which were
extracted from cell culture tests to form a predictive function for the osteogenesis level were used. Finally, similarity
techniques were used to obtain a final equation to newly quantify the osteogenesis as a function of qualifier indices of
different titanium surfaces.

2.1 Specimens of Titanium

The analysis of cell culture, measurement of roughness and surface energy was made on titanium discs with 6mm of
diameter and 2mm of thick, supplied by Neodent Implants Company. Tests in 18 groups with 27 discs each (in total 486
discs) with different surface treatments (sandblasting and acid attack) were prepared. The sandblasting conditions were
made varying the size, the sandblasting time, the distance from the jet and the jet pressure on surface. In the acid attack
the acid types were varied, the temperature and time of exposure to the acid by the titanium discs. Table 1 shows how
the groups were classified to the sandblasting conditions and Table 2 shows the classification related to acid attack
conditions. Table 3 shows the surfaces distribution associated with the sandblasting and acid attack.

Table 1. Sandblasting used on the surfaces provided by the Neodent Company.
Groups (J) Granulometry (um) Time (s) Attack Distance (cm) Pressure (bar)

1 240pm 3 10 20
2 280um 3 10 20
3 280um 4 10 15
4 280um 3 15 15
5 280pm 4 10 20
6 - - -
7 280um 3 15 20
8 280um 2 10 30

* Without sandblasting (Normal condition only machined)

Table 2. Acid attack used on surfaces provided by Neodent Company.
Groups (A) Acids Temperature (°C) Time (min)

1 F2 60 30
2 F1 60 30
3 F1 Environment 30
4 F2 Environment 30
5 F3 60 30
6 F3 Environment 30
7 F3 60 60

A8 F3 60 120
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Table 3.Groups of surfaces provided by Neodent Company.
Groups' | GO1 G02 G03 G04 GO05 GO6 | GO7 G088 G09 G10 GI11 GI2|G13 Gl14 GI15 Gl6 Gl17 G18
J 1 1 1 1 1 1 2 2 2 2 2 2 3 4 5 6 7 8
A 1 2 3 4 5 6 1 2 3 4 5 6 7 7 7 7 7 7

1: The characteristics of the sandblasting material and the acid type are confidential information from the company participating in this study.

2.2 Cell culture tests

In vitro cell culture tests were made with osteoblastic cell lineage under specimen surface. Tests were developed for
measuring the cell viability and proliferation, alkaline phosphatase activity and mineralized matrix formation at 1, 7, 14,
21 and 28 days after the onset of cell culture. Figure 1 shows the cell culture at initial time of testing.

Figure 1. Cell culture at initial time of “in vitro” tests.

The proliferation and cell viability was done applying MTT reagents (Invitrogen Corporation, USA) and acid
isopropanol in the mitochondrial cristae, which identify the cell “life” such as observed in violet supernatants shown in
Figure 2.

Homogenized
supernatant

Supernatant without
homogenization

Figure 2. Homogenized supernatant (violet shade) with MTT reagents on the cells after 4 hours of incubation.

The alkaline phosphatase activity (ALP) was made using a commercial kit (Sigma, St. Louis, MO, USA) following
the manufacturer's instructions at 7, 14 and 21 days of culture. In this same test, the total protein was measured using
the Bradford method, BCA protein assay kit (Pierce Biotechnology Inc., Rockford, IL, USA).

The mineralization nodules were performed with dye red-orange pigment called Alizarin red S 1% (Sigma, St.
Louis, MO, USA) after 28 days of culture.

2.3 — Osteogenisis intensity measurement

The bone matrix mineralization process is controlled by collagen and noncollagenous protein matrix and enzymes,
especially alkaline phosphatase (ALP) (ROSA e BELOTI, 2003; XAVIER et al., 2003; DECLERCQ et al., 2005). An
increase in ALP activity in osteogenic cells culture started the mineralization process and differentiation of these cells in
osteoblasts phenotype (DECLERCQ et al., 2005; DAVIES, 2003; ROSA e BELOTI, 2003).

Besides alkaline phosphatase, mineralization nodules are also markers of osteoblast differentiation and show a
positive correlation with the levels of ALP (ROSA e BELOTI, 2003; XAVIER et al. 2003). Despite providing
information about culture state and cell functions, normally the mineralization nodules are analyzed at the end of a
culture (Wang et al., 1996).

According to the literature (PERIZZOLO; LACEFIELD e BRUNETTE, 2001; CARVALHO, 2005; XAVIER,
2002) the higher values obtained for cell proliferation and viability can be estimated, alkaline phosphatase and
mineralization nodules, greater osteogenesis viability and consequently better osseointegration efficiency. Normally,
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osteoblastic cell culture tests can provide these variables. According to this, to simplify the approach to obtain a
predictive equation for the phenomenon a new index was defined to quantify osteogenesis intensity considering such
variables.

To model this intensity, all variables were normalized by a cell number and each variable was weighed according to
phenomenon influence. Therefore, osteogenesis levels (V) were defined as follows:

Y=n,p, + N0, + N3P, (1)

Where:

77;: Normalized variables obtained by “in vitro™ experiment, cell proliferation and viability (1), alkaline
phosphatase (1) and mineralization nodules (n3);

P, : Relative weighed for variable influence.

In equation 1, the 1; values are getting using cell culture tests. i, variable was linked with alkaline phosphatase, 7,
variable was linked with cell proliferation and viability and finally 1, variable was linked with mineralization nodules.
The relative weighed o, are defined to according your importance level on osteogenesis process. In according to
literature, the cell proliferation and viability follows to alkaline phosphatase for better osteogenesis are that more
important factors.

The relative weights adopted were 0.50 for alkaline phosphatase, from 0.30 for cell proliferation and viability and

0.20 for mineralization nodules. Using this weights and Eq. (1) it’s possible to estimate the specific osteogenesis degree
for each test, i.e.:

¥, =1,0,50 + 7,0,30 + i,0,20 )

In Equation (2) it can be observed that for the same cell quantity measured in different variables, the alkaline
phosphatase activity measured and cell proliferation and viability responding together 80% efficiency in generation
effect of viable bone cells.

The osteogenesis measurement was defined by equation (2). The final mathematical equation will be obtained by the
similarity theory, which allows the determination of a prediction function using influential variables as a basis for
experimental validation.

The Buckingham criterion (GLENN MURPHY, 1950) to determine the final prediction function was used. Using
this procedure it can be possible to obtain a mathematical function expressed in terms of dimensional parameters and
correlate function expressed in terms of dimensionless parameters representing the osteogenesis level in accordance
with ““in vitro” experiments cell culture. The sensitivity analysis of each variable is made varying one parameter and
keeping all others as constant. To estimate osteogenesis predictive function, it is necessary to consider the influence of
all variables, i.e.:

= f(ny, M3, Ty, ..., ;) 3)

Where:
7, : Variable measurement;
7t; - Influence variables.

Supposing a problem consists of two influence variables combined by function product it is possible to show that:

F(my,73). F (7T, 3)
F () @

Ty = F(ny,m3) =

The parameter bar indicates pre-defined constants. To evaluate the correlation functions degree as a combination of
product function it is necessary to make a “test validation”. It is done assuming that Eq. (4) is also valid for a new

dataset, i.e., for another 7?2 value, or a new 7. 5 dataset. Thus:

F (73, m3) _ F(7ty, m3) (5)
F(ﬁz'ﬁ3) F(?CZ'E(;)

Therefore, if Eq. (5) is satisfied, the final predictive equation can be combined by a function product. The predictive
equation was defined by two dimensionless indexes (J, A) characterized by sandblasting conditions and acid attack. So:
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T, =] LA 1,2...8 (6)
7T3 = A

According to that, osteogenesis levels values were determined using ““in vitro” experiments for all groups, shown in
Tables 1, 2 and 3.

3. RESULTS

Osteogenesis indexes were calculated through data of cell culture tests and equation (2) and are shown in fig. 3. In
this case a reference value A (73 ) of 7 is used. Similarly, the figures 4 and 5 show the osteogenesis values using as
reference value (773, ) of 1 and 2, respectively. Figures 3 to 5 show the curve fitting,

m, = 0,0008256 (1,)%%7° + 0,423  (R>=0,96)

m, = 0,01386 (m3)“55% + 0,5085 (R*=0,97) (7)
= 2,442 (1m3)%04168 — 2,033 (R*=0,96)
.-"‘f

Figure 3 — Values of m; x m, for fixed 75 .
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Figure 4 — Values of m; x 5 for fixed i, .
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Figure 5 — Values of m; x 5 for a new fixed m, .
According to component equations (Eq.7), the fixed terms are,
F(m;,m3) = 0,7925 ®)
F(m,, ;) = 0,6153 ©)
Through resultant equations and using a product function we have,
¥ = 1,44E5AV522]2879 4 5 29F~4]2879 4 7 38341522 4 0,27 (10)
In a sequence, we can validate the predictive equations using a new fixed value J (7,=2). Figure 6 shows curves for
two data sets to visualize the measurement error. A good agreement note with 11% relative error is possible. So, we can

account the predictive equation (Eq. 10) for measuring the osteogenesis indexes over nonlinearity phenomenon under
validate between 1 <J<7el1<A<L7.
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Figures 6— Predictive equation curves for validate testing.

Therefore, the osteogenesis index is estimated with J and A combinations different from and compared to a standard
value. In this case, the default value would be appropriate to the surface normally used in standard dental implants.
Since this condition is unknown, in this paper the surface standard condition was defined as the maximum osteogenesis
level for A and J equal 7. Using Eq. 10 a standard osteogenesis value (¢ = 1) was obtained, used as a standard reference
for comparison with other surface conditions and this case it is represented by,

e  Granulometry : 280 um
e Jettime:2s
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Jet distance: 10 cm

Jet Pressure: 30 bar
Acid: F3

Acid temperature: 60 °C
Acid time attack: 1h

Using track validated parameters our results show that jet pressure is more important than abrasive granulometry, jet
time and jet distance. Additionally a 60 °C temperature and a F3 longer acid exposition are the more influential surface
factors for optimal osteogenesis values.

4. DISCUSSION

The osteoblastics cells are sensitive depending on surface topography of the implant (ZINGER et al., 2003). In
general, the cells cultured on rough surfaces had morphological characteristics of osteoblasts in a more differentiated
and secrete larger amounts of alkaline phosphatase (DE OLIVEIRA e NANCI, 2004). Porosity variations and surface
roughness of titanium influence cellular metabolism and release of cytokines and growth factors, such as osteoblasts
(BOYAN et al., 2003; RICE et al., 2003).

Surface treatments to modify the titanium topography and the chemical characteristics are known. Several studies
have shown that these changes may affect not only the surface properties such as the cellular response to that surface,
and the surface roughness can have an effect even larger than the actual chemical composition (ROSA e BELOTI,
2003; SCHMIDT et al., 2003; XAVIER et al., 2003).

In recent studies, roughness surfaces have shown a positive effect on osteoblast differentiations which contribute to
bone formation (BOYAN et al., 2003). In addition, roughness surfaces also help the collagen synthesis, ALP activity,
growth factors and cytokines, eg, prostaglandins (ROSA and BELOTI, 2003). It is valid to emphasize that micro-
structured surfaces reduce adhesion and cell proliferation (BOYAN et al., 2003; ROSA ¢ BELOTI, 2003). However, it
is important to consider that there are discrepancies between the results reported by several studies on mineralization
that may be caused by the difference in method and type of cell culture (XAVIER et al., 2003).

The cells were cultured on different titanium surfaces in order to evaluate the osteogenesis process. These culture
processes, cells obtained from human, laboratory research closer to clinical practice, and has been widely appreciated in
the literature in an attempt to unravel the cellular and molecular events that regulate osseointegration. The analysis
results in vitro were used to mathematically model the phenomenon, considering the analysis variables, different surface
qualities using a different process with different acid attack and sandblasting conditions.

It is known that the surface characteristics of dental implants made of titanium when in contact with blood,
originated from the implantation surgery, work like a chemical receptor and enable interactions and important cellular
modifications. Currently, the way to evaluate the intensity of this phenomenon is by “in vitro” testing or by clinical
research in humans or animals. In the last cases, such studies are evaluative in nature or macro, where for example, they
compare removal torques. Therefore, a direct analysis of the osteogenesis process is complicated and relatively
expensive.

In 1995, Martin et al. analyzed titanium discs grade II with different sandblasting surfaces with thick grain, acid
attack (HCI and H,SO,) and coated with plasma titanium hydride. The authors analyzed the osteogenic parameters on
surface of titanium discs and in their analysis they observed that when compared with cells culture on plastic control,
the number of cells was reduced on the surfaces attacked, and increasing on coated surfaces, while the number of cells
on the other surfaces was equivalent to those observed on the plastic control group. Regarding the activity of alkaline
phosphatase, isolated cells were found with a trend to decrease when rough surfaces increase.

Optimum value for osteogenesis calculated was the G04 group. In this group the discs were blasted with a 240 ym
size particle by 3s time with 10 cm jet distance of 10 cm and 20 bar pressure (A2 acid at room temperature for a 30 min
period). In these conditions, with particle size and acid temperature exception, the GO7 group showed the lowest level
of osteogenesis.

Biocompatibility of bone tissue between the implant surface and the local environmental factors assume important
roles in the process of healing. Mailhot and Borke (1998) presented a convenient method of isolation and culture in
vitro osteoblastic cells using intra-oral human-derived preparations for the local site of a dental implant. The authors
characterized the phosphatase, the presence of osteonectin, osteocalcin and an intracellular precursor of collagen type 1.
In the final analysis, type I collagen was higher than 90% of the protein of bone matrix and also noted that all cultures
tested, showed areas of calcification of various degrees.

In this study, the maximum value of ALP was for the G04 group (10.52 mM / mg protein / min) at 14 days of
culture. During this same period, there was a greater proliferation of this group G04 (14,815 cells). On the other hand,
the group that showed a bigger area for the mineralization nodules was the G11 group (24.29 mm?2) after 28 days of
culture.
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5. CONCLUSION

In this work osteogenesis parameters suffered influence by surface conditions. In this case, the ALP maximum value
was found in the G04 group (n; = 10,52 pM/ pg protein/min) whereas ALP in 14 days. During this same period, was
observed a greater proliferation to Group G04 (n, = 14.815 cells). On the other hand, group 11 showed a greater
number of mineralization nodules (3 = 24,29 mm®) after 28 days of cell culture. Using the predictive equation it is
possible to estimate the osteogenesis degree of a new titanium surface, within specific bands of sandblasting and acid
attack, avoiding ““in vitro” and ““in vivo™ tests which, in general, are longer and costly.
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