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In this study, alkaline treatment was used to change the surface of the new beta titanium alloy 
Ti25Ta25Nb3Sn and enhance its bioactivity. Ti25Ta25Nb3Sn, a new experimental alloy was processed 
in the laboratory and the surfaces were modified using alkaline treatment. Samples were soaked at 
60 0C for 24 hours in different NaOH solutions to obtain surfaces with different morphologies. The 
surfaces were characterized by different techniques such as X-ray diffraction (XRD), scanning electron 
microscopy (SEM), and Atomic Force Microscopy (AFM). The wettability of the surfaces was measured 
using the sessile drop method. In vitro studies were carried out to evaluate cell adhesion, proliferation, 
and bacteria adhesion. As a result of the alkaline treatment, a nanoporous and amorphous layer was 
formed on the Ti25Ta25Nb3Sn alloy surface with super hydrophilic behavior for all conditions 
evaluated. However, different nano topography was observed which affected biological response. The 
morphology obtained after immersion in 1.5 NaOH solution led to bacteria adhesion decreased and 
osteoblasts cells differentiation. Results of this study show that is possible to obtain a new titanium 
experimental alloy with excellent bulk and surface properties that may decrease the risk of infections 
and increase osseointegration.
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1. Introduction
Metallic materials, such as titanium and its alloys, are 

used as bone substitutes due to their mechanical properties, 
excellent corrosion resistance, high yield, good ductility, 
low density, high wettability, and biocompatibility in the 
manufacture of dental implants. However, most titanium-
based materials have an elastic modulus higher than that 
of human bone1. Due to this limitation, in recent years, 
titanium-based alloys with different compositions have been 
studied for biomedical applications2-7.

Recently, Ti-25Ta-25Nb-3Sn8 was studied by our group 
and showed excellent mechanical properties, highlighting 
its low elastic modulus. However, in addition to the low 
elastic modulus, another important factor is the surface of 
the material. It should be directly linked to the response in 
the bone/implant interface and osseointegration. Despite 
their biocompatibility, titanium, and titanium alloys are 
classified as bioinert materials. This means that when 
they are inserted into the human body, they do not induce 
a response from the surrounding tissue, as occurs with 

bioactive biomaterials. Bioinert materials may exhibit 
the formation of a non-adherent fibrous layer around the 
implanted component, preventing any direct interaction 
with the recipient tissue. In this case, the bond between these 
materials and the bone tissue is purely mechanical, which 
requires a long period of osseointegration and can often lead 
to movement at the bone-implant interface9,10.

In recent years, several studies have been done with 
the goal of accelerating osseointegration through surface 
modification. The titanium surface’s mechanical, chemical, 
and physical modification techniques can be used to increase 
bioactivity, biocompatibility, blood compatibility, wear, and 
corrosion resistance. There is also a tendency to replace 
mechanically treated surfaces with chemically modified 
surfaces for better surface response11.

Chemical methods include several techniques, such as 
sol-gel coatings, chemical vapor deposition, biochemical 
modifications, electrochemical anodization, and alkaline 
treatment12-16. Alkaline treatment is a widely used chemical 
method to improve the bioactivity of titanium and its alloys, 
and it was introduced in the 1990s by Kim et al.16. This *e-mail: paula.rosifini@unesp.br
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method is based on the immersion of the material in NaOH 
with variations in molarity, temperature, and time. It induces 
surface modification by allowing the growth of a bioactive 
nanostructured sodium titanate layer on the titanium surface. 
The sodium titanate formation appears due to the presence of 
the hydroxyl groups (OH), which dissolve the TiO2 passive 
layer and produce negatively charged hydrates (HTiO3-). This 
negatively charged surface incorporates Na+ ions and produces 
a hydrogel layer of amorphous sodium titanate (Na2Ti5O11 or 
Na2Ti6O13), which stabilizes into crystalline sodium titanate 
after heat treatment17. Since then, some researchers have found 
that a stable layer of sodium titanate (amorphous) forms on 
the surface of titanium after alkaline treatment18.

In addition to creating a bioactive surface, alkaline treatment 
is considered a preliminary step for biomimetic treatment. It acts 
as a catalyst for subsequent calcium phosphate nucleation, 
mimicking the initial surface reaction after implantation19.

In a simulated body fluid (SBF) solution, this bioactive 
sodium titanate layer releases its sodium ions (Na+) and forms 
Ti-OH groups through ion exchange with the H3O+ ions 
present in the fluid. The TiOH groups interact immediately 
with calcium ions (Ca2+) to form calcium titanate, which 
incorporates the phosphate ions (PO42-), and various types 
of calcium phosphates are formed20.

Also, the alkaline surface treatment directly affects the 
surface wettability, leaving it hydrophilic. Surface wettability 
can affect four important aspects of the biological system: 
1) protein adhesion; 2) interactions of soft and hard tissues with 
surfaces; 3) bacterial adhesion and biofilm formation; and 4) 
osseointegration rate21. A study comparing Ti implants with 
alkaline treatment and acid treatment showed that the alkaline 
treatment made Ti implants superhydrophilic (contact angle 
of almost 0 degrees), resulting in much faster and more 
extensive surface mineralization when compared to Ti 
implants with acid treatment22.

The sodium hydroxide treatment also increased the 
hydrophilicity on the surface of Ti plates. In addition, it 
increased the adhesion and proliferation of human periodontal 
ligament fibroblasts14,23.

Hence, the objective of this study was to modify the surface of 
the Ti25Ta25Nb3Sn, a new beta titanium alloy, using alkaline 
treatment with varying NaOH concentrations to achieve a 
bioactive surface. Subsequently, these samples were 
characterized by SEM, X-ray diffraction, and contact angle. 
They were evaluated by in vitro studies for cell adhesion 
and proliferation, as well as bacterial assays.

Thus, the development of new antibacterial agents, 
towards which bacteria cannot develop resistance, is a pressing 
issue. For the case of orthopedic implants, the development 
of new implant materials that prevent attachment and growth 
of bacteria would certainly decrease the number of failed 
orthopedic implants and improve the quality of life for patients.

2. Materials and Methods

2.1. Sample preparation
The Ti25Ta25Nb3Sn alloy was produced from sheets 

of commercially pure titanium (99.5%), tantalum (99.5%), 
niobium (99.9%), and tin (99.9%). Sheets were melted in an 
arc melting furnace under an argon atmosphere and re-melted 

at least ten times to ensure homogeneity. The ingots were 
homogenized under a vacuum at 1100°C for 24 hours to eliminate 
chemical segregation. They were then cold rolled using rotary 
swaging at room temperature, resulting in a final diameter 
of about 10 mm, before being heat treated. Samples for 
this research, with a thickness of 6 mm, were cut from the 
ingots, sanded (using sandpaper #100), and cleaned with an 
ultrasonic bath containing acetone for 30 minutes.

2.2. Alkaline surface treatment
Alkaline treatment methodology was based on our 

previous study with Ti30Ta12. Samples were immersed in a 
0.5 M, 1.0 M, and 1.5 M NaOH aqueous solution at 60°C for 
24 hours, washed with deionized water, and dried at 40°C for 
24 hours. After alkaline treatment, they were heat-treated at 
300°C for 1 hour in the air in an electric furnace.

The surface morphology of the samples before and after 
alkaline treatment was evaluated using scanning electron 
microscopy (SEM-FEI Magellan 400L, Hillsboro, OR). 
The surface topographic images were recorded using an 
atomic force microscope (AFM) and Nanoscope III, using 
contact mode. All the images were recorded under an air 
atmosphere at room temperature.

Surface wettability measurements were also 
conducted. Contact angle measurements were obtained 
using an automated goniometer (Krüss DSA 100S, 
Krüss Company Ltd., Hamburg, Germany). A water drop 
of 10 μL was added, and the average of three readings was 
taken for each group’s three samples.

2.3. In vitro studies

2.3.1. Cell culture
Cells were removed from the rat bone marrow and 

cultured at 37°C and 5% CO2 in growth media consisting 
of MEM-Alpha Modification Media (Invitrogen, 12571-
063) with 10% Fetal Bovine Serum (F2442) and 1% 
penicillin/streptomycin (Invitrogen, 15140-148) (5 mL of 
100X for 500 mL media). For cell viability, the reading 
was taken using a spectrophotometer with Omega software.

Adhesion and proliferation were evaluated by fluorescence 
microscopy after 4 and 7 days using Rhodamine Phalloidin (F-actin 
stain-cytoskeleton). The cells were fixed with 3.7% formaldehyde 
(5 mL of 37% formaldehyde in 45 mL of PBS) for 15 minutes at 
room temperature. They were then incubated with 300 μl of 1% 
Triton and 300 μl of Rhodamine actin for 25 minutes. Finally, 
DAPI was added for 3 minutes.

The morphology of cells adhered to the surfaces was 
evaluated using scanning electron microscopy (SEM) after 4 and 
7 days of culture (Philips XL-30 FEG) in 30% glutaraldehyde, 
1.68 g cacodylate, 2.72 g sucrose, and 77.6 mL of distilled 
water. After fixation, the cells were dehydrated in ethanol 
(35%, 50%, 70%, and 100%). The samples were placed on a 
glass plate and treated with 100% hexamethyldisilazane 
(HDMS - Sigma) for 10 minutes. The surfaces were coated 
with 10 nm of gold using the Balzers Sputter Coater SCD 004.

2.3.2. Bacterial analysis
A reference strain of Staphylococcus aureus (ATCC 

25923) was used in this study. The strain was seeded on Miller 
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Hinton agar (Kasvi, Brazil) and incubated at 37°C for 48 hours 
(MA 0324, Marconi Laboratory Equipment Ltda; Brazil). 
For this purpose, eight colonies were transferred to 10 mL of 
Tryptic Soy Broth (TSB; Accumedia Manufacturers, 
USA) culture medium, forming the pre-inoculum, and 
incubated overnight (18 hours) at 37°C. Then, 1.5 mL 
of the pre-inoculum was transferred to a new Falcon 
tube containing 28.5 mL of fresh TSB medium, forming 
the inoculum, and incubated for 4 hours at 37°C. The 
microorganism suspension was centrifuged (4000 xg for 
5 minutes at 4°C; 5810R, Eppendorf AG, Germany), and 
the pellet was washed with PBS and resuspended in TSB 
culture medium. Sterile specimens were packed into a 
24-well plate (TPP Techno Plastic Products, Switzerland), 
and 2 mL of inoculum was added to each well. For 
microorganism adhesion, the plate was incubated with 
an orbital shaker (37°C, 75 rpm; Q816M20, Quimis, 
Brazil) for 90 minutes. After this period, two washes were 
performed with 1 mL of PBS to remove the non-adhered 
microorganisms. Then, 2 mL of TSB medium was added 
to each well, and the plate was incubated with an orbital 
shaker for 48 hours with medium exchange after 24 hours.

For quantitative analysis, after the period determined 
to obtain the biofilm, the specimens were carefully washed 
three times with PBS (for removal of unbound cells), and the 
biofilms were scraped using a sterile tip. The serial dilution of 
supernatant containing the biofilm was made, and all dilutions 
were plated on a Petri dish containing Mueller Hinton agar.The 

plates were incubated at 37°C for 24 hours, and the number 
of colonies was counted. The result was submitted to the 
normality test (Shapiro-Wilk) and analyzed by analysis of 
variance (ANOVA) and the Tukey test (α = 5%). Statistical 
analysis was performed using GraphPad Prism 5 software.

For qualitative analysis, after the period determined to 
obtain the biofilm, the specimens were carefully washed 
three times with PBS. The biofilms were then stained with 
SYTO9 and propidium iodide (PI) using the LIVE/DEAD 
BacLight Bacterial Viability Kit (ThermoFisher, USA) according 
to the manufacturer’s instructions. Then, the samples were 
transferred to a confocal plate (SPL, USA) and analyzed by 
confocal laser scanning microscopy (Carl Zeiss 800 LSM 
Airyscan, Zeiss, Germany).

3. Results

3.1. Surface characterization
The surface morphology of the samples was investigated 

using scanning electron microscopy (SEM) and atomic 
force microscopy (AFM) analysis. In Figure 1, it is 
possible to observe SEM images of the surface of the 
Ti25Ta25Nb3Sn alloy after grinding (Figure 1a) and after 
being subjected to 0.5M (Figure 1b), 1.0M (Figure 1c), 
and 1.5M (Figure 1d) NaOH alkaline treatment at 60°C 
for 24 hours, followed by heat treatment at 300°C. For all 
samples, a nanoporous network similar to the hierarchical 

Figure 1. SEM micrographs of the Ti25Ta25Nb3Sn alloy surface: (a) no treated after alkali treatment with (b) 0.5M NaOH (c) 1.0 M 
NaOH (d) 1.5M NaOH solution at 60 °C and heat treatment at 300 °C.
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nanostructured bone tissue was formed without cracks 
and with interconnected pores. It can be observed that the 
molarity of the solution affected the size of the nanoporous 
network structure.

This difference in the topography of the Ti25Ta25Nb3Sn 
alloy after surface treatment was confirmed in AFM images, and 
it can be observed in Figure 2. The surface roughness 
obtained under AFM showed different values of surface 
roughness between groups. Results showed that for 0.5 M 
(Ra = 167 nm), roughness was higher than for 1.0 M (Ra 
= 167 nm) and 1.5 M (Ra = 6.91 nm), and it was altered 
by the difference in NaOH concentration. It was observed 

that the higher the NaOH concentration used in the surface 
treatment, the lower the roughness.

Also, this morphology altered the wettability of the 
surfaces (Figure 3). Before alkaline treatment, the contact 
angle was 68°. After alkaline treatment, the contact angle was 
0°, indicating that the surface exhibited super hydrophilic behavior 
for all molarities. It is already reported that hydrophilicity could be 
induced by surface topography24, but also by surface composition, 
such as the formation of the anatase phase25.

XRD spectra (Figure 4) confirmed the presence of 
amorphous titanium in the layer; i.e., no anatase or rutile 
phase was detected.

Figure 2. AFM images (2D and 3D surface topography) of the Ti25Ta25Nb3Sn alloy surface after alkaline treatment with different NaOH 
molarity: (a) 0.5M (b) 1.0M (c) 1.5M.
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3.2. In vitro studies

3.2.1. Cell proliferation and adhesion
In Figure 5, representative fluorescence microscopy 

images of mesenchymal stem cells stained with DAPI on the 
Ti25Ta25Nb3Sn alloy after surface treatment with different 
NaOH solutions (0.5M, 1.0M, and 1.5M) are shown. As 
shown in Figure 5a and 5b, for the 0.5M group, there are 
a lot of cells present after day 4 and day 7. Additionally, 
the cells are spreading and forming clusters. The same 
results were observed for group 1.0M on day 4 and day 7. 
However, a reduced formation of clusters was observed 
(Figure 5c and 5d).

In Group 1, 5 million cells were spreading after day 
7, which was completely different from the other groups. It 
is interesting to observe that the presence of the cluster is 
important because it indicates interaction between cells. 

Therefore, for this test, both the 0.5 M and 1.5 M groups 
exhibit better results. The proliferation of mesenchymal stem 
cells on treated surfaces was quantified by the Alamar Blue 
viability assay (Figure 5g). Results showed that treatments 
did not have a significant effect on the proliferation of 
osteoblasts. The quantification of nuclei by way of ImageJ 
indicated that all the surfaces promoted cellular adhesion 
and growth.

3.2.2. Bacterial adhesion
The analysis of Log10 values (UFC/mL) did not present 

a statistical difference between the evaluated groups when 
the S. aureus microorganism was kept in contact with the 
specimens for 48 hours (p>0.05) (Figure 6).

However, in confocal laser microscopy images (Figure 7), it 
was possible to note that the qualitative data do not corroborate 
with the quantitative data (CFU/mL). This is because differences in 
the number and viability of microorganisms can be 
observed when comparing the experimental groups with 
the control group (Ti25Ta25NbSn alloy not treated). In 
specimens treated with 0.5 and 1 M, it is possible to observe 
a reduction in the number of S. aureus cells when compared 
to the control. In addition, in the groups treated with 1 and 
1.5 M, it is possible to notice a larger number of dead cells 
(stained in red with Propidium Iodide).

4. Discussion
In this study, alkaline treatment using different NaOH 

concentrations was used to modify the surface of the new 
experimental Ti25Ta25Nb3S alloy to obtain a bioactive 
surface. Alkaline treatment is a chemical treatment used to 
create a porous layer on titanium and its alloys26,27. It was 
established by the Kokubo group28 in the 90s for CP titanium 
and has been studied for many applications.

SEM images showed a morphology similar to a 
hierarchical nanostructure of bone tissues for all surfaces. This 
kind of surface, which mimics bone, enhances osseointegration 
due to surface characteristics such as topography and wettability. 
According to Gittens et al.29, the surface topography can also 
have a direct effect on the biological response of bone. Itis 
the area that supports new bone formation, which contains 
a high degree of structural complexity generated after bone 
resorption, including features at the micro-, submicron-, and 
nanoscales. Thus, surfaces that mimic bone’s hierarchical 
structure by incorporating some type of surface modification 
at the microscale or, more recently, a combination of micro- 
and nanoscale surfaces are very interesting for biomedical 
applications.

Three different NaOH concentrations (0.5 M, 
1.0 M, and 1.5 M) were used. According to AFM results, a sharp 
conical protrusion was confirmed for 0.5M and 1.0M, while 
an amorphous and homogeneous nanotextured surface 
was obtained when used at 1.5M at 60°C for 24 hours and 
after heat treatment at 300°C.

Another important surface property that directly affects 
the biological response is surface energy, which is indirectly 
measured by the liquid-solid contact angle (CA) and is 
thus related to wettability. Studies showed that alkaline 
treatment changes the wettability of the surfaces, increasing 
the hydrophilicity, which influences cell adhesion and 

Figure 3. Contact angle measurements and cross-sectional view of 
a water droplet on the Ti25Ta25Nb3Sn alloy surface (a) no treated 
and after alkali treatment with (b) 0.5M NaOH (c) 1.0 M NaOH 
(d) 1.5M NaOH solution and heat treatment at 300°C.

Figure 4. X-ray diffraction of the Ti25Ta25Nb3Sn alloy for different 
conditions evaluated: no treated and after alkaline treatment (0.5M, 
1.0M and 1.5 M NaOH solutions).
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spreading27,30. The measurements were applied to evaluate 
the hydrophilic properties of the Ti25Ta25Nb3Sn before and 
after NaOH alkaline treatment. Despite the different roughness 
values obtained, all surfaces exhibited superhydrophilic 
behavior after surface treatment, independent of the molarity 
used. This led us to conclude that roughness was mandatory 
in cell response.

The formation of the nanotextured surface was confirmed 
with AFM analysis, and it was obtained when a 1.5M 
solution was used in alkaline treatment. The roughness 
value was 6.91 nm, and according to Anselme et al.31, 
osteoblasts were able to differentiate between roughness 
values ranging from 0.5 to 13 nm, with a rate of proliferation 

Figure 5. Representative fluorescence microscopy images of osteoblasts cells stained with Dapi on Ti25Ta25Nb3Sn surfaces after alkaline 
treatment: (a) (b) NaOH 0.5M (c) (d) NaOH 1.0 M (e)(f) 1.5M solution at 60 °C and heat treatment at 300°C for day 4 and day 7, respectively.

Figure 6. Mean values of Log10 (CFU / mL) of S. aureus biofilms 
under Ti25Ta25Nb3Sn alloy surface submitted to alkaline treatment 
with different molarities.
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decreasing linearly with increasing roughness. The influence 
of nanotextured surfaces on cell adhesion was confirmed 
in fluorescence images (Figure 7). Studies showed 
that cells attach to different sites on randomly textured 
surfaces, while nanotextured surfaces provide adsorption of 
proteins with a link between nanostructure and cells32. This 
behavior is visible in the fluorescence images. In Day 1, cells 
exhibited a round shape for all treatments. However, after 

7 days, their shape became elongated and better spread with 
filopodia extensions on the nanotextured surface.

Likewise, this kind of surface influenced bacterial 
adhesion. In confocal laser microscopy images (Figure 7), it 
was possible to note the difference in the number and viability 
of microorganisms when comparing the experimental groups 
with the control group (Ti25Ta25NbSn alloy not treated). In 
the groups treated with 1 and 1.5 M, it is possible to notice a 

Figure 7. Live/dead fluorescence images of Staphylococcus aureus cultured for 48h on the Ti25Ta25Nb3Sn alloy surfaces.
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larger number of dead cells (stained in red with Propidium 
Iodide).

Puckett et al.33 showed in their study that nano-rough Ti 
surfaces are the best surfaces for inhibiting bacterial adhesion. 
When compared with conventional surfaces, nanostructured 
materials exhibit excellent biocompatibility properties 
due to enhanced protein interaction (including adsorption 
and conformation), resulting in improved cellular adhesion 
and tissue growth. The authors demonstrated that there is a 
linear relationship between nanoroughness, surface energy, and 
protein adsorption. A surface that has more nanorough features 
possesses increased surface energy, which leads to greater 
protein adsorption, resulting in decreased bacteria attachment.

Thus, the alkaline treatment with a 1.0 M solution was 
more efficient. Because it yielded the best results for cell 
adhesion and proliferation, as well as a reduction in bacterial 
adhesion.

5. Conclusions
In this study, the surface of Ti25Ta25Nb3Sn alloy 

was modified using alkaline treatment. An interconnected 
layer was formed, and in vitro studies demonstrated the 
decreased adhesion of S. aureus on the nanoporous surface 
of Ti25Ta25Nb3Sn after alkaline treatment (1.5M). Likewise, 
good cell adhesion and proliferation were observed. The 
development of a material with excellent bulk and 
surface properties, associated with the reduction of 
bacterial adhesion, may be feasible for the preparation 
of dental implants. This could promote the reduction of 
infections and improve osseointegration.
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