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Comparative Study of Nanostructured TiO2 and SLA Surface Modifications for Titanium 
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Our work presents a comparative study of morphological characteristics and the osteogenic 
potential of MC3T3-E1 cells on different modified surfaces of titanium: nanostructured TiO2 with 
20 and 100 nm nanotube diameter, and sandblasting and acid etching, commercially known as SLA. 
Nanostructured TiO2 surface was prepared by anodizing of titanium plates, while SLA surface was 
provided by commercial supplier. Surfaces were characterized by SEM, EDS, AFM, and water contact 
angle measurements. In order to evaluate cell response, in vitro tests of MTT, alkaline phosphatase 
and staining with alizarin red were performed. From the results of in vitro tests, 100 nm nanotubular 
surface showed lower levels of cell mineralization, differentiation and adhesion. In general, 20 nm 
TiO2 nanotubular and SLA surfaces promoted similar response from osteoblasts. As a result, 20 nm 
nanotubular surface proved to be a possible alternative to SLA surface with potential for use in oral 
implantology market.

Keywords: Titanium, Anodic Oxidation, Surface Modification, Osseointegrated Implants, 
Biomaterials.

1. Introduction
Titanium and its alloys are currently the most preferred 

materials for the manufacture of dental implants1-3. The intrinsic 
physical and chemical features of titanium, such as excellent 
biocompatibility2,4, good fatigue5, high corrosion resistance6, 
relatively low modulus of elasticity7,8 and machinability9, 
are advantageous for the manufacture of dental implant 
devices. In addition to these characteristics, modifications are 
commonly made on implant surface to stimulate osteogenic 
differentiation and extracellular matrix deposition, when 
compared to unmodified surfaces. These modifications 
increase the bone-implant contact area, the anchorage and 
the osseointegration process, which results the increase 
of implants duration and decrease of recovery time after 
surgery10,11. Examples of surface modifications applied to 
titanium implants are: sand blasting, acid etching, plasma 
spraying, electrochemical micro-arc oxidation and anodic 
oxidation (anodizing)12,13.

One of the most commercially used surface modification 
techniques is SLA-treated surface that consists of the 
combination of two sequential processes: large-grit sand 
particles and acid etching12. A retrospective study assessed 
a decade of outcomes of titanium implants with an SLA 
surface in a large group of partially edentulous patients. 
This analysis resulted in a survival rate of 98.8% and a 

success rate of 97.0%. In addition, the prevalence of peri-
implantitis in these patients was low with 1.8%14. In addition, 
numerous studies on the SLA surface containing in vitro 
assays evaluating characteristics such as cell viability, 
mineralization, adhesion, among others, point to satisfactory 
results for the SLA surface15-18.

Despite the good results obtained from the SLA surface, 
the researchers are constantly looking for alternatives to 
improve the performance of dental implants and investigating 
other forms of surface modification. The anodizing process 
has been shown to be a possible alternative for surface 
modification due to its easy implementation and low cost, 
in addition to improving the osseointegration process of 
dental implants2,19-22. It is an electrochemical method which 
uses an electrolyte with a low concentration of fluoride 
ions (0.1 – 1%w) that produces an oxide layer (TiO2) in the 
form of vertically aligned nanotubes through the passage 
of electrical current23-25.

Although anodizing time, electrolyte temperature and 
composition influence the oxide layer characteristics, but 
the applied voltage is one of the most important parameters 
used during the anodizing process of Ti26,27. As demonstrated 
by Bauer et al.28, as the applied tension increases, there is 
a linear relationship with the increase in the pore diameter. 
Recent studies have shown that the adhesion and function of 
osteoblasts cultured in a layer of TiO2 nanotubes manufactured 
by anodizing can be improved compared to their non-anodized *e-mail: elisamarch@gmail.com
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counterparts29,30. However, the in vitro effects of TiO2 nanotubes 
of different diameters have controversial results.

Some researchers related the best biological performance 
to the presence of the nanotubular titania layer with an internal 
nanotube diameter of less than 30 nm. Park et al.31 reported 
that the average diameters between 15 and 30 nm are more 
favorable to stimulate the formation of focal points through 
integrin assembly, which induces assembly of actin filaments 
and signaling to the nucleus. Nanotubes larger than 70 nm 
diameter do not support focal contact formation and cell 
signaling, affecting adhesion and proliferation of mouse 
mesenchymal stem cells, limiting cell activity and causing 
cell death. In another study Park et al.32 observed that, both 
osteoclast differentiation and osteoblast proliferation were 
improved for nanotube diameters between 15 and 20 nm. 
They also observed that the formation of philopodia is 
considerably enhanced in samples with nanotube diameter 
of 15 nm in comparison with those of 100 nm. Similarly, 
Bauer et al.33 reported the behavior of mesenchymal stem 
cells in layers of ZrO2 and TiO2 nanotubes produced by 
anodizing and the comparison of their behavior on smooth 
surfaces. For both surfaces, adhesion and maximum cell 
activity were obtained when nanotubes in the range of 15 to 
30 nm in diameter were present.

On the other hand, different studies have demonstrated good 
biological performance for nanotubular titanium surfaces with 
a nanotube diameter around 100 nm. Malec et al.30 evaluated 
the influence of nanotubular TiO2 with diameters of 80 and 
108 nm on the cell response in osteoblastic lineage of 
progenitors derived from human adipose tissue. The results 
indicated that the nanostructured TiO2 is a safe and non-
toxic biomaterial.

Thus, the aim of this work was to compare the behavior 
of osteoblasts on TiO2 nanotubular surfaces of two different 
diameters (20 and 100 nm) with SLA surface (sand blasted 
and acid etched), through in vitro tests.

2. Materials and Methods
Disc-shaped titanium plates were used as substrates 

(9.5 mm of diameter and 2 mm thick), with two types 
of surfaces: nanotubular and SLA (sandblasted and acid 
etched). SLA samples - titanium discs sandblasted with high 
purity aluminum oxide - Al2O3 (> 99%) and treated with 
HNO3 + HF - were supplied by PecLab Ltda., a dental implant 
manufacturer. Anodized samples were prepared in 0.5 wt% 
HF + 1 mol/L H3PO4 electrolyte, at 20 °C, for 90 min, under 
voltages of 5 and 25 V, as detailed in our previous work34. 
After surface preparation, compositional, morphological, and 
topographic properties of Ti modified sample surfaces were 
characterized by scanning electron microscopy (SEM-FEG 
SIGMA-VP, Carl Zeiss, SEM/FIB Quanta FEG 3D FEI and 
SEM/FEG Quanta 200 FEI) and energy Dispersive X-ray 
Spectroscopy (EDS-XFlash 410M, Brucker), 10 samples of 
each group and Atomic Force Microscopy (AFM, NTREGRA, 
NT-MDT), 3 samples of each group.

The contact angle measurements of the nanotubular 
TiO2 and SLA surfaces were performed using the static drop 
method, in which a 3 µL drop of distilled water were deposited 
on the sample surface with a microsyringe. The goniometer 
(Pixelink DGD Inst DI) of the Laboratory of Polymer and 

Composite Engineering of the Department of Metallurgical 
and Materials Engineering of UFMG was used. The contact 
angle values   were reported from the average of five more 
measurements, taken in different sections of the sample, 
which were obtained using the Digidrop software, which 
uses an algorithm that determines the average value of 
contact angle in relation to measurements.

To evaluate the cellular response as a function of the 
diameter of TiO2 nanotubes produced on Ti surfaces, two 
nanotube sizes were used: 20 and 100 nm. In addition, 
SLA samples were also used for comparison, as this is an 
implant surface well established on the market. Sample 
sterilization was performed by gamma irradiation at a dose 
of 15 kGy, using a Cobalt-60 gamma source (model IR-214, 
type GB-127, Nordion Inc., Canada) located in the Gamma 
Irradiation Laboratory of the Centro de Desenvolvimento 
da Tecnologia Nuclear (CDTN).

Cells of MC3T3-E1 subclone 14 lineage, immortalized 
pre-osteoblasts from newborn mice calvaria were used in 
this study, marketed by the company ATCC (Manassas, 
Virginia; www.atcc.org). For cultivation, these cells were 
removed from the liquid nitrogen stock and then thawed 
in a 37 °C water bath. The cell suspension was transferred 
to a sterile plastic bottle containing basal culture medium 
composed of Alpha Minimum Essential Medium (α-MEM; 
GibcoTM) supplemented with 10% Fetal Bovine Serum 
(FBS; GibcoTM) and streptomycin antibiotics (100 µg/mL) 
/ penicillin (500 U/mL; InvitrogenTM). Then, the flask 
containing the cell suspension was centrifuged for 7 min 
at 1400 RPM. Subsequently, the pellet containing the cells 
was resuspended in 10 mL of fresh basal medium and the 
cell suspension was added to the sterile cell culture bottle 
(Sarstedt, 75 cm2) and incubated in an oven at 37 °C, in an 
atmosphere of 5% CO2.

To perform the in vitro assays, three samples from each 
group were placed in a 48-well plate and then MC3T3-E1 pre-
osteoblast cells were seeded at 3x104 density per well. After 
plating, they were incubated in an oven at 37 °C in a humid 
atmosphere with 5% CO2. As a control group, all procedures 
performed in each in vitro assay were performed in empty 
wells, without any sample.

The cytotoxicity of biomaterials was assessed using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) assay (Life Technologies). The test was 
carried out after periods of 3 and 7 days. After the proposed 
times, the culture medium was then removed and a solution 
containing 130 µL of basal medium, composed of α-MEM 
and 100 µL of MTT (5 mg/mL)/well was added. After 2 h, 
formazan crystals were visualized under a light microscope 
and then dissolved in 130 µL of 10% SDS in 0.01 mol/L 
HCl (Sigma-Aldrich®). In all steps of the above description, 
the culture plates were incubated at 37 °C, 5% CO2. After 
18 hours, 100 µL of the centrifuged solution was transferred, 
in triplicate, to a 96-well plate and the optical density was 
measured in a spectrophotometer (Biotek, uQuant) at a 
wavelength of 595 nm.

For the evaluation of cell differentiation, the activity of 
alkaline phosphatase was evaluated using the kit of bromo-
4-chloro-3-indolyl phosphate (BCIP), nitro-blue tetrazolium 
salt (NBT). The groups were evaluated at the end of 7 and 
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14 days. In the chosen periods for analysis, the culture 
medium was discarded and cells were washed with PBS. After 
discarding the PBS, cells were incubated with 200 µL/well 
of NBT/BCIP solution, in the proportion of 1:1:8 in PBS for 
2 h, at 37 °C and 5% CO2. After confirming the presence of 
blue precipitates under an optical microscope, 210 µL/well 
of sodium dodecyl sulfate (SDS) was added, a detergent that 
smooths the cells, 10% + HCl without removing the incubated 
NBT/BCIP solution. To promote the solubilization of the 
precipitates, the plates were incubated for 18 h (overnight). 
After this period, 100 µL of each well were transferred, in 
triplicate, to a 96-well plate and the optical density was 
measured in a spectrophotometer (Biotek, uQuant) at a 
wavelength of 595 nm.

For the analysis of the potential of mineral deposition by 
staining with alizarin red, the cells received supplemented 
α-MEM medium and added osteogenic solution (2.165 mg/mL 
ß-glycerolphosphate + ascorbic acid) (Sigma–Aldrich®). 
The plates were kept in an incubator at 5% CO2 by 14 and 
21 days. At the end of the experiment, the supernatant was 
collected and cells were washed with sterile 1x PBS having 
pH 7.4. Then, cells were fixed with 70% ethanol for 1 h in 
the refrigerator. After removing the fixative, the wells were 
washed with distilled water and 200 µL of the solution of 
the alizarin red dye (Sigma–Aldrich®), at a concentration of 
40 mmol/L, pH 4.2, maintained under stirring for 20 min. 
Subsequently, the dye was removed and the wells were 
washed again in distilled water. Then, 200 µL of 10% 
cetylpyridinium chloride were added to the wells, which 
were kept under stirring for 30 min. After the shaking 
period, 100 µL of each well was transferred, in triplicate, 
to a new flat-bottom culture plate and the optical density 
was measured on the spectrophotometer (Biotek, uQuant) 
at a wavelength of 550 nm.

The cell morphology was investigated using the scanning 
electron microscopy (SEM). To perform the test, cells on 
the samples surfaces and kept in a CO2 incubator for a 
period of 3, 7 and 14 days. Each of the wells containing 
the samples was washed twice with 150 µL of phosphate 
buffer at a concentration of 0.1 mol/L. Afterwards, 150 µL 
of 2.5% glutaraldehyde fixing solution in phosphate buffer 
at a concentration of 0.1 mol/L were added to each well. 
The specimens were kept in contact with the fixative solution 
for 24 h at 4 °C. After this period, the fixative solution was 

removed and discarded, and 150 µL of 0.1 mol/L phosphate 
buffer was added. Then the samples were fixed in osmium 
tetroxide, dehydrated and dried in a critical CO2 point.

Cell adhesion was assessed by direct fluorescence using 
phalloidin (Life Technologies) conjugated to green fluorescent 
dye FITC (Invitrogen™), and DAPI - 4’,6-diamidino-2-
phenylindole dihydrochloride (Life Technologies) for nuclear 
DNA staining. To perform this, at first cells were washed twice 
with PBS, pH 7.4, fixed in a 3.7% formaldehyde solution 
in PBS for 10 min at room temperature and again washed 
twice with PBS. Then 0.1% triton X-100 in PBS was added 
for 3 to 5 min and cells were again washed twice with PBS. 
Then, 10 µL of the stock solution was diluted in 200 µL of 
PBS for each sample to be stained. This solution was then 
placed in the wells by 20 min at room temperature. After 
that time, cells washing was performed twice with PBS. 
Subsequently, the cells were incubated for 30 min with 
100 µL of a 10 µg/mL solution of fluorescent streptavidin 
solution. The plates were incubated for 15 min at room 
temperature and then washed with PBS. The images were 
made using an Olympus BX-50 microscope. Cell counting 
was performed by determining the number of nuclei stained 
with DAPI of 7 images of each group, using the Quantikov 
software35. The statistical data analysis was performed 
using the GraphPad Prism software version 5.0 (https://
www.graphpad.com/). The data were represented as mean 
± standard deviation and compared statistically using one-
way ANOVA analysis of variance followed by the Tukey 
posttest, with p <0.05.

3. Results and Discussion
The SEM images of SLA sample is shown on the 

Figure 1. The SLA surface presents microscopic roughness 
with protrusions produced by blasting with Al2O3 distributed 
equally throughout the sample. Figure 2 shows SEM images 
of anodized samples with an applied voltage of 5 and 25 V, 
with a magnification of 200,000x. The image analysis shows 
that the anodized surfaces exhibit nanotubular morphology 
for the two values   of applied tension, with nanotubes with 
rounded ends. Anodizing performed under 5 and 25 V voltage 
produced nanotubes with an average diameter of 21.0 ± 
4.7 nm and 103.4 ± 20.5 nm, respectively. For the sake of 
simplicity, nanotubes with approximately 20 and 100 nm of 

Figure 1. SEM images of SLA sample. Magnification: 300x (left) and 1000x (right).
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diameter will be indicated as TiO2/20 and TiO2/100 respectively 
throughout the manuscript.

Figure 3 shows the results of the analysis carried out 
by EDS on TiO2/20 and TiO2/100 samples. EDS analysis 
indicates the presence of titanium (Ti) and oxygen (O), 
from the substrate and the oxide on the surface, fluorine 
(F), remaining from the electrolyte used in the anodization 
and carbon (C), on both surfaces. In addition, a small 
amount of phosphorus, another elementary electrolyte 
species, was also found, but only on the TiO2/100 sample. 
According to Jain et al.36, the amount of P incorporated 
in the surface increases with the increase of the applied 
voltage, which may explain the fact that P is not detected 
on the TiO2/20 sample, as it is deposited under a very low 
voltage. Previous studies37,38 revealed that the presence of 
P on the surface of an implant can help to accelerate the 
osseointegration process, as it is a component of the main 
phosphate compound (hydroxyapatite [Ca10(PO4)6(OH)2]) 
present in bone and dental tissues. The analysis of EDS 
spectrum on the SLA sample (Figure 4) showed the presence 

of Ti, originated from the substrate, as well as a small peak 
of O appears due to the thin layer of titanium oxide formed 
on the surface of the substrate and also a peak of Al appears 
due to the AL2O3 blasting.

The presence of Al is considered a contaminant on 
the sample surface and this element should be completely 
removed after the acid treatment to which the sample was 
subjected39. Frequently, the presence of Al is observed on 
the surfaces of implants obtained by blasting with Al2O3, 
and these impurities may interfere the osseointegration 
process40. However, the presence of Al on the SLA surface 
evaluated in the present study, apparently did not interfere 
with osteoblast viability. This result agrees with the study 
reported by Sader et al.39, in which they have tested two 
types of titanium surfaces sandblasted with alumina. They 
observed that the differentiation and mineralization of 
osteoblasts on those surfaces didn’t result any negative 
effect on the development of osteoblasts due to the residual 
alumina present on the surface.

Figure 2. SEM images after preparation of the TiO2 nanotubular layer on titanium as a function of the anodizing voltage: 5 V (left) and 
25 V (right). Magnification: 200,000 x.

Figure 3. EDS spectra of TiO2/20 (left) and TiO2/100 (right) samples.
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Table 1 presents the measured roughness values obtained 
from AFM measurement (Ra – average roughness; Ry – peak 
to peak; Rz – ten-point height; Rq – root mean square; Rsk 
– surface skewness; Rka – coefficient of kurtosis) for the 
three surfaces in the area of   100x100 µm2. The roughness 
parameters are dependent on the sampled area and their values   
increase with increasing scale. Due to the Al2O3 blasting, 
the SLA surface had the highest Ra value, equal to (673.6 ± 
0.2) nm, followed by the two nanotubular surfaces, with Ra 
= (349.7 ± 0.3) nm for TiO2/100 and Ra = (206.2 ± 0.1) nm 
for TiO2/20 sample, shown on the Table 1. The results of the 
existing roughness values   in the literature for nanotubular 
surfaces are contradictory. Jain et al.36 reported that the 
roughness of these surfaces is greater for the larger diameter 
of the nanotubes and our present study follows the similar 
trend. However, Brammer et al.41 compared the roughness 
of nanotubular surfaces with diameters of 30, 50 and 
100 nm and found that the mean roughness values   without a 
significant difference between them. The influence of surface 
roughness on the behavior of osteoblasts will be discussed 
later in this manuscript.

Table 2 presents the average value of the contact angle of 
each surface, and its respective population standard deviation. 
The contact angle of a drop of water on a given surface 
is measured in order to assess its wettability. In general, 
hydrophilic surfaces are more favorable to osseointegration 
because in contact with blood and biological fluids they 
promote protein adsorption and improve cell adhesion. On the 
other hand, hydrophobic surfaces can partially denature 
proteins, modifying their structure and making cell binding 
sites less accessible, which results in less cell adhesion42,43.

Previous studies exhibit that the SLA surface has wettability 
values   greater than 90°, thus being a hydrophobic surface, 

with contact angles from 120° to 138°40,44. However, in this 
study, the wettability measurement performed on the SLA 
surface showed a value of 91.3°, demonstrating that the SLA 
surface is less hydrophobic. The other two tested surfaces in 
this study showed that they are hydrophilic surfaces, that is, 
they have wettability values much lower than 90° and much 
lower than that of SLA surface. For example, Brammer et 
al41. presented contact angle values   for TiO2 nanotubular 
surfaces of 30 and 100 nm as 11° and 4°, respectively. 
Comparing with the values   obtained in the present work, 
the values are close: 18° for the TiO2/20 and 1.6° for the 
TiO2/100 surface. In another study, Kummer et al.43 measured 
the contact angle for nanotubular TIO2 surfaces with 
nanotube diameter of 20 and 80 nm. The measured values 
were approximately 8° to 30°, which means these surfaces 
are hydrophilic. In contrast, Aguirre et al.21 measured the 
contact angle on nanotubular TiO2 surfaces obtained with 
acetic acid with different sources of F- ions, with anodizing 
voltages of 10 and 15 V, with and without heat treatment. 
These surfaces presented varied contact angles, from 6.8° 
to 113.7°, showing no well-defined correlation between 
the diameter of TiO2 nanotubes and the hydrophilicity of 
the surface, suggesting that other factors should influence 
the wettability of surfaces, such as anodizing conditions.

Figure 5 illustrates the evolution of cell viability, over the 
time of 3 and 7 days, for each evaluated surface. The MTT 
assay showed that cell viability for 3 days and 7 days had 
no statistical difference in the cell proportion evaluated on 
the three surfaces: SLA, TiO2/20 and TiO2/100 surfaces. 
The results suggest that these proposed Ti modified surfaces 
did not interfere with cell viability. Evaluating the results 
of this test, an increase in viability was observed from 3 to 
7 days on the three surfaces and, although in 3 days the SLA 
surface showed a tendency to be more viable than the other 
surfaces, there was no statistical difference among any of 
them. Considering that the SLA surface is proven to be viable 
and non-toxic45 and that the three surfaces presented values   

Table 1. Roughness parameters of TiO2/20, TiO2/100 and SLA samples performed with a 100x100 µm2 scan.

Sample Ra (nm) Ry (nm) Rz (nm) Rq (nm) Rsk Rka

SLA 673.6 7129.0 3491.7 850.8 0.062 0.169
TiO2/20 206.2 2077.9 1043.7 260.1 0.133 0.031
TiO2/100 349.7 3187.3 1590.5 455.3 0.250 0.342

Figure 4. EDS spectrum of SLA sample.

Figure 5. Viability (%) of MC3T3-E1 cells obtained by MTT assay 
after 3 and 7 days of cultivation on SLA, TiO2/20 and TiO2/100 surfaces. 
One-way ANOVA test followed by Tukey test. Data expressed as 
mean ± SEM. *vs SLA (p <0.05) and #vs 20 nm (p <0.05).
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close to viability, it can be understood that the nanotubular 
surface is as viable as the SLA.

At 7 days, no statistical difference was observed in the 
values   presented for the production of alkaline phosphatase 
in the three groups evaluated (Figure 6). The SLA surface 
showed higher alkaline phosphatase production compared 
to both anodized surfaces at 14 days. Previous studies have 
demonstrated the influence of surface roughness on alkaline 
phosphatase activity, which is higher on surfaces with 
higher values   of roughness parameter, as surfaces with this 
characteristic promote the adhesion of osteogenic cells to 
the surface40,46. At 14 days, a high cell differentiation value 
is observed for the SLA surface, which is also the roughest 
surface of the three. Evaluating the nanotubular surfaces 
in the same period, both presented very different levels 
of differentiation, with this value on the TiO2/100 surface 
slightly higher than on the TiO2/20 surface, also following 
the respective roughness values.

The bone matrix mineralization degree was assessed by the 
red alizarin assay, after 14 and 21 days of culture (Figure 7). 
In the period of 14 days, mineralization showed a slight 
tendency to increase the amount of mineral in contact with the 
SLA and TiO2/20 surfaces comparing to the TiO2/100 surface. 
When the results of the percentage of mineralized matrix in 
the period of 21 days are evaluated, a trend is observed in the 
increase of the percentage of mineralization for the TiO2/20, 
when compared to the other evaluated surfaces. The results 
of the test with alizarin red staining exhibit an increase in 
the mineralization of the nanotubular surfaces from 14 to 
21 days, while the SLA surface remains practically stable 
in both periods. Huang et al.47 observed the same behavior 
of nanotubular and SLA surfaces in their study.

Cell adhesion and morphology were also investigated 
by fluorescence microscopy, which allows for better 
identification of the cytoskeleton, through its labeling using 
fluorescent dye FITC - phalloidin (green) and the labeling 
of the nuclei, using DAPI (blue). Figure 8 shows the images 
obtained by fluorescence microscopy of pre-osteoblast cells 
cultured for 3, 7 and 14 days on the three different surfaces 
(SLA, TiO2/20 and TiO2/100). It is observed that on the 
TiO2/100 surface (3 days) cells grew randomly in a smaller 
amount, when compared to the SLA and TiO2/20 surfaces 
at the same time. It can also be observed that some cells 
formed pseudopods on the 3 surfaces. The fluorescence 
markings of the cytoskeleton and nucleus revealed a great 
confluence of pre-osteoblast cells cultured on the SLA and 
TiO2/20 surfaces in 7 and 14 days, with formation of cellular 
multilayers, thus suggesting a greater cell adhesion, the same 
type of behavior was not observed on the TiO2/100 surface. 
Figure 9 shows the graph obtained from the quantification 
of nuclei stained with DAPI. This quantification was only 

possible for the periods of 3 and 7 days, since in the period 
of 14 days the large number of cells on the 3 surfaces made 
it impossible to separate the nuclei for the counting.

The cell quantification obtained showed a large increase 
in the number of cells in contact with all surfaces tested 
from 3 to 7 days, demonstrating osteoblast adhesion on the 
three surfaces. In addition, a greater number of cells could 
be observed on the TiO2/20 surface after 3 days, compared 
to the TiO2/100 surface, and this difference was remained 
in the cell culture time of 7 days. In this same period, 
there is also a significant difference between the SLA and 
TiO2/100 surfaces. Relating the cell adhesion results to 
the contact angle values   obtained in the present study for 
the three surfaces, a direct relationship between these two 
parameters was not observed. On contrary, previous studies 
reported that the increase in adhesion is directly related to 
the increase in hydrophilicity42. In both periods in which the 
adhered cells were quantified, 3 and 7 days, from the three 
surfaces, TiO2/100 was the one with the lowest number of 
adhered cells. For the two hydrophilic surfaces such as SLA 
and TiO2/20, TiO2/20 showed more adhered cells than the 
less hydrophilic (SLA).

Figure 10 shows the SEM images of adhered cells 
to titanium modified surfaces after 3, 7 and 14 days of 
culture, which made it possible to qualitatively assess the 

Table 2. Average values of contact angle for SLA, TiO2/20 and 
TiO2/100 samples.

Surface Contact angle (degrees)
SLA 91.3 ± 0.5

TiO2/20 18.3 ± 1.1
TiO2/100 1.6 ± 0.8

Figure 6. Differentiation (%) of pre-osteoblast cells obtained by 
alkaline phosphatase assay after 7 and 14 days of culture on SLA, 
TiO2/20 and TiO2/100 surfaces. One way ANOVA test followed 
by Tukey test. Data expressed as mean ± EPM. *vs SLA (p <0.05) 
and #vs 20 nm (p <0.05).

Figure 7. Analysis of osteoblast mineralization grown for 14 and 
21 days on SLA, TiO2/20 and TiO2/100 surfaces. One-way ANOVA 
test followed by Tukey test. Data expressed as mean ± EPM. *vs 
SLA (p <0.05) and #vs 20 nm (p <0.05).
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morphological aspect of the cells. Cells have a flat and 
polygonal morphology with several cytoplasmic extensions, 
similar types of observations were found in previous studies47,48. 
After 3 days of culture, pre-osteoblasts proliferate on SLA, 
TiO2/20 and TiO2/100 surfaces. Cells on the SLA surface 
showed rounded morphology with few cytoplasmic extensions, 
characteristic of undifferentiated cells. Apart from that, 
cells on both nanotubular surfaces showed a characteristic 
morphological stage of cell differentiation, flattened and 
starry cell form with communicating cytoplasmic extensions. 

However, there is still a small difference between them: 
cells on TiO2/100 surface have a morphology slightly more 
elongated and less spread out than cells on TiO2/20 surface. 
Such morphological characteristics of the cells observed in 
the SEM images obtained shown in Figure 10, and it can 
also be observed in the fluorescence images, obtained by 
an optical microscope (Figure 8).

At both times of 7 and 14 days, SLA surface exhibits a 
large number of cells, covering a large part of the sample 
surface, where they had a flattened appearance, starry with 
pronounced and evident filamentous cytoplasmic extensions 
(philopodia), initiating connections between cells. The same 
was observed on the TiO2/20 surface, but with a smaller number 
of cells in 7 days. Cells in contact with TiO2/100 surface were 
smaller, less numerous, more elongated, less scattered and 
low formation of philopodia morphology, compared to the 
other two tested surfaces (TiO2/20 and SLA), which suggests 
that this surface promotes certain adhesion difficulties, less 
proliferation and less cellular activity in cells.

Relating the results obtained by SEM with the levels of 
mineralization, obtained by the alizarin red test, at 14 days, it 
is possible to see a concordance between both, where greater 
formation of philopodia (higher mineralization level) by the 
cells is observed on the SLA and on the TiO2/20 surfaces. 
The TiO2/100 surface, on the other hand, was clearly the 
one that least developed a mineralized matrix, observing 
a much lower amount of philopodia compared to the 

Figure 8. Morphology and adhesion of MC3T3-E1 cells cultured for 3, 7 and 14 days on three different surfaces (SLA, TiO2/20 and 
TiO2/100), observed by fluorescence microscopy.

Figure 9. Quantification of the nuclei of MC3T3-E1 cells grown for 
3 and 7 days on three different surfaces (SLA, TiO2/20 and TiO2/100). 
One-way ANOVA test followed by Tukey test. Data expressed as 
mean ± EPM. *vs SLA (p <0.05) and #vs 20 nm (p <0.05).
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TiO2/20 surface. The same types of trends were observed in 
the study of Park et al.31. They reported that, in an evaluation 
of the behavior of osteoblasts on different TiO2 nanotubular 
surfaces (from 15 to 100 nm) and on a smooth Ti surface, 
the mineralization is greater for the smaller the diameter 
of the nanotubes. Their study also reported that, nanotubes 
with diameters greater than 50 nm prevent cell adhesion and 
dissemination, and 100 nm nanotubes almost completely 
prevent integrin grouping and formation of focal adhesion 
complexes, resulting in reduced proliferation, differentiation 
and cell mineralization. In the present work, in the SEM image 
in Figure 10, it was observed that although both cells have 
flattened morphology, on the TiO2/20 surface the cell has a 
greater amount of philopodia than on the TiO2/100 surface, 
as also occurred in the study of Park et al.32

4. Conclusions
The main goal of this study was to explore the osteogenic 

behavior of nanotubular TiO2 surface modification as compared 
to a standard and well-stablished surface modification 
applied to titanium-based osseous implant (the SLA surface). 
The results of in vitro assays performed on the nanotubular 
TiO2 surfaces with average nanotube diameter of 20 nm, 
100 nm and SLA surface modification showed no cytotoxicity 
of the three surfaces, moreover, the two nanotubular surfaces 
showed cellular viability similar to that of the SLA surface. 
Our results suggest that TiO2 nanotubular surface modification 

with average nanotube diameter of 20 nm is a promising 
route for surface modification of titanium-based dental 
implants aiming to increase the cellular functions that lead 
to osseointegration.
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