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The biological response to metallic biomaterials is strongly influenced by surface properties such 
as topography and wettability. This study evaluated the influence of roughness and contact angle 
on the cellular viability of pre-osteoblasts (MC3T3-E1) cultured on commercially pure titanium 
(grade 4), Ti-6Al-4V ELI, and Ti-12Mo-6Zr-2Fe (TMZF) alloy. Samples were machined by facing 
on a lathe using fixed parameters without coolant, and subsequently polished and characterized by 
confocal microscopy. Wettability tests were performed using the sessile drop method with varying 
droplet volumes and fitting methods using an optical tensiometer. Biological assays were conducted 
at 24, 48, and 72 hours using resazurin. Results showed that the combination of arithmetic roughness 
(0.6 and 1.3 µm) and hydrophilic behavior enhanced cell adhesion and proliferation, particularly on 
the TMZF alloy. Topographic symmetry (Rsk) and kurtosis (Rku) were more strongly correlated with 
biological response than mean roughness (Ra). The findings suggest that surface features and wettability 
properties act synergistically to modulate cell behavior and play a key role for biocompatibility and 
the development of optimized surfaces for biomedical applications.
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1. Introduction
The biocompatibility of metallic biomaterials is 

intrinsically related to their surface properties, including 
roughness, topography, and wettability. At the material–
tissue interface, physical, chemical, and biological factors 
modulate the mechanisms of cell adhesion, proliferation, 
and differentiation, directly influencing bone–biomaterial 
integration, which is essential for the success of orthopedic 
and dental implants1-4.

Among the most used alloys, Ti-6Al-4V ELI (α–β) stands 
out due to its machinability and mechanical performance, 
which favor its clinical use. However, this alloy contains 
vanadium (V) and aluminum (Al), elements associated 
with potential cytotoxic, carcinogenic, neurological, and 
inflammatory effects5-8.

As an alternative, commercially pure titanium (Ti-cp, grade 
4), classified as a α-phase alloy, offers excellent corrosion 
resistance due to the spontaneous formation of a passive oxide 
layer, an elastic modulus close to that of human bone, and 
good fracture toughness. Nevertheless, its low mechanical 
strength and limited response to heat treatments restrict its 
use in load-bearing implant applications9.

In this context, β-type titanium alloys such as 
Ti-12Mo-6Zr-2Fe (TMZF) and other TNZT-based variants 
have gained attention for being free of toxic elements and 

exhibiting high biocompatibility, low stiffness, and superior 
mechanical properties4,5,10. With an elastic modulus similar to 
bone, these alloys reduce mechanical mismatch and promote 
enhanced physiological integration10,11. Additionally, they 
offer superior fatigue resistance and excellent tensile strength, 
reinforcing their potential in biomedical applications8,9.

Surface topographic features, such as average roughness 
(Ra), skewness (Rsk), and kurtosis (Rku), play a key role in 
cellular response. Surfaces with Ra values between 0.5 and 
2.0 µm enhance adhesion, proliferation, and differentiation 
of osteoblastic cells10, whereas excessive roughness can 
impair cell migration and fatigue resistance12,13. Recent 
studies show that Rsk and Rku correlate more significantly 
with the formation of protein anchoring complexes (focal 
adhesions) and cellular behavior than Ra alone14.

Wettability is another critical factor in biological 
interaction. Hydrophilic surfaces (θ < 90°) facilitate cell 
adhesion, whereas hydrophobic ones (θ > 90°) may hinder 
osseointegration15-18. Surface modification techniques such 
as anodization, plasma oxidation, and deposition of bioactive 
coatings have been widely studied for their ability to enhance 
wettability and biological activity9,19,20.

Despite these advances, a gap remains in the literature 
regarding the relationship between the surface properties 
of uncoated β-type alloys and cellular response. Analyzing 
these surfaces in their machined state may yield data that 
are more representative of clinical applications. Therefore, 
this study aims to evaluate the influence of roughness and 
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wettability on the viability of pre-osteoblasts cultured on 
Ti-cp (grade 4), Ti-6Al-4V ELI, and Ti-12Mo-6Zr-2Fe 
(TMZF). The central hypothesis is that topographical and 
wettability variations induced by machining distinctly affect 
cellular behavior.

2. Materials and Methods
The metallic alloys used in this study were commercially 

obtained. Commercially pure titanium (grade 4), Ti-6Al-4V 
ELI, and Ti-12Mo-6Zr-2Fe (TMZF) alloys were supplied by 
the Department of Mechanical Engineering in the annealed 
condition, according to ASTM specifications21-23. No additional 
heat treatment was applied after machining, and all materials 
were kept in their original supplied condition.

The study was conducted in distinct stages (Figure 1), 
including sample fabrication, surface characterization, 
wettability evaluation, and biological assays. The samples 
were manufactured as small disks, 12.0 mm in diameter and 
2.0 mm in thickness, obtained from annealed commercial 
cylindrical bars of the three alloys.

Machining was performed on a lathe, with a constant 
rotation of 300 rpm and variable feed rates of 0.038 mm/rev 
and 0.198 mm/rev, without the use of cutting fluids. A carbide 
inserts coated by chemical vapor deposition (CVD) with 
TiCrN, Al2O3, and TiN layers was used. This tool was selected 

due to its high wear resistance and proven effectiveness in 
machining titanium alloys.

Following sample fabrication and prior to surface integrity 
characterization, metallographic and hardness tests were 
carried out to confirm the predominant microstructure in each 
sample: α-phase in commercially pure titanium (grade 4), 
α-β-phase in Ti-6Al-4V ELI, and β-phase in Ti-12Mo-6Zr-2Fe 
(TMZF). Metallographic procedures followed the guidelines 
from the Metallography and Microstructures Handbook by 
the American Society for Metals – ASM24. Hardness tests 
were performed according to ASTM25,26 and ISO27 standards.

Next, the samples were manually ground using abrasive 
papers of  220, 320, 400, and 600 grits, followed by polishing 
with a 1 µm alumina (Al2O3) solution on an Aeropol 2V 
polishing machine, with rotational speeds ranging from 
0.5 to 600 rpm. All steps followed ASTM guidelines28,29.

Vickers hardness (HV) tests were conducted using a 
Heckert microhardness tester with an optical reading system 
(0.001 mm resolution). Indentations were made using a 
diamond pyramidal tip with a 136° face angle, applying a 
30 kgf load for 15 seconds. Three measurements per sample 
were performed, and results were expressed as mean and 
standard deviation. The experimental hardness values were 
compared to ASTM reference ranges25,26, as shown in Table 1.

Subsequently, surface characterization was performed 
using confocal microscopy (Alicona Infinity Focus SL) to 

Figure 1. Flowchart of the experimental steps.
Source: created by the author.

Table 1. Comparison of Vickers hardness values for the analyzed samples and reference ranges.

Sample Ti-cp Ti-6Al-4V ELI Ti-12Mo-6Zr-2Fe
Experimental value 186 (± 3.055) 337 (± 33.133) 316 (± 20.518)
Reference value25,26 200-250 330-400 250-350

Source: elaborated by the author.
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evaluate mean roughness (Ra), skewness (Rsk), and kurtosis 
(Rku). These parameters were used to analyze profile symmetry 
and peak–valley distribution. For Ra values between 0.1 µm 
and 2.0 µm, a cut-off of 0.8 mm was used; for values above 
2.0 µm, a 2.5 mm cut-off was applied, in accordance with 
NBR ISO 428830.

For each sample, three measurements of  Ra, Rsk, and Rku 
were taken at distinct and random surface regions. Results 
were expressed as mean and standard deviation. Normal 
distribution was assumed based on the observed symmetry 
and the absence of significant outliers. Homogeneity of 
variances was verified using the F-test. Group comparisons 
were performed using analysis of variance (ANOVA) with 
a 5% significance level (p < 0.05).

Among the surface integrity variables, roughness was 
selected as the primary parameter for comparative analysis. 
Localized surface defects, microstructural changes, or 
mechanical properties were not considered in this study.

Wettability tests were performed using a Kruss DAS25s 
optical tensiometer with the sessile drop technique, at room 
temperature (31 °C), with a dispensing rate of 3 µL/s for distilled 
water. The contact angle (θ) was initially measured using a 
5 µL drop and different fitting methods. Subsequently, the 
droplet volume was varied from 5 to 80 µL using the Young–
Laplace equation. Tests were performed on both machined 
and polished surfaces to identify wettability patterns. Three 
random measurements were conducted for each condition, 
and results were expressed as mean and standard deviation.

Biological assays were conducted using pre-osteoblasts 
(MC3T3-E1) cultured in α-MEM supplemented medium. Cells 
were incubated at 37 °C in a 5% CO2 atmosphere. Cell counting 
was performed using 0.4% Trypan Blue. Cell viability was 
assessed with the resazurin assay at 24, 48, and 72 hours. The 
reagent was prepared by mixing 10% non-reduced resazurin and 
90% culture medium. Fluorescence readings were performed 
using a SpectraMax 190 spectrophotometer (570-600 nm). 
Resazurin is widely used in cytotoxicity, proliferation and cell 
viability assays, demonstrating mitochondrial metabolism31. 
All assays included a negative control (medium without cells) 
to correct background signals.

Cell cultures were conducted in 24-well plates in triplicate, 
distributed as follows: (i) wells with pre-osteoblasts only 
(control); (ii) wells with Ti-cp samples; (iii) wells with 
Ti-6Al-4V ELI samples; and (iv) wells with TMZF samples. 
After incubation with the reagent, 200 µL aliquots from each 
well were transferred to 96-well plates for optical readings, 
maintaining a final cell concentration of approximately 
5 × 104 cells/mL, according to the standard protocol.

Additionally, cell adhesion assays were performed with 
different incubation periods to assess cell behavior in response 
to the different metallic surfaces. All data were statistically 
analyzed to validate the results.

3. Results and Discussion
Studies have shown that the surface morphology of materials 

significantly affects cellular behavior and responses32,33, 
particularly during the initial adhesion phase, which is 
considered the most critical biological phenomenon at the 
cell-implant interface. In addition to adhesion, subsequent 

processes such as proliferation and differentiation are also 
affected and are essential for bone tissue formation34.

Turning was selected as the machining method due to its 
single point cutting nature and the continuity of the material 
removal process. Cutting speed plays a key role in surface 
finish, with variations being inherent to the fabrication process. 
Thus, distinct feed rates (low and high) were employed, 
justified by the potential formation of a built-up edge (BUE) 
near the center of the samples due to the lower cutting speed, 
which could increase surface roughness. It is worth noting that 
temperature was not monitored during the machining process.

According to Leite et al.35, evaluating a single roughness 
parameter is insufficient to properly characterize a surface, as 
distinct morphologies may present similar average roughness 
values. Therefore, it is necessary to correlate multiple rough 
parameters and consider additional factors that may influence 
the surface properties of biomaterials36.

The NBR ISO 4287 standard37 defines the geometric 
parameters used in surface roughness measurement. In this 
study, roughness was adopted as the main variable of interest, 
focusing on the influence of machining feed rate on surface 
finish. It is important to note that potential microstructural 
changes induced during machining were not considered, as 
they were outside the study’s scope.

Preliminary assays using fibroblasts on Ti-6Al-4V ELI 
samples showed that surfaces machined at low feed rates 
exhibited better cell adhesion and viability compared to those 
machined at high feed rates. These findings encouraged the 
inclusion of other titanium alloys widely used in biomedical 
applications, such as commercially pure titanium (grade 4) 
and the Ti-12Mo-6Zr-2Fe (TMZF) alloy for further tests with 
MC3T3-E1 pre-osteoblasts. Figure 2 illustrates the surface 
regions analyzed and the measurement line perpendicular 
to the machining marks.

The roughness analysis showed that, under low feed rate 
conditions, the peripheral regions had lower Ra values, except 
in the Ti-6Al-4V ELI alloy. Table 2 presents the average 
roughness values (Ra) for each region and condition. Despite 
some variation, no statistically significant differences were 
found between measured regions (p-value > 0.05).

Analysis of the Rsk parameter showed a predominance of 
wider peaks (Rsk < 0) in the central regions of  Ti-cp samples, 
while deeper valleys (Rsk > 0) were observed in the TMZF and 
Ti-6Al-4V ELI alloys. However, no statistically significant 
differences were found (p-value > 0.05). Regarding Rku, Ti-cp and 
Ti-6Al-4V ELI showed distributions close to gaussian (Rku ≈ 3), 
while TMZF showed higher peak/valley dispersion (Rku > 3), 
again with no statistical significance. ANOVA analysis (95% 
confidence level) supported the null hypothesis, suggesting 
that observed differences in Ra, Rsk, and Rku may be random.

Comparative tests between machined and polished 
surfaces showed that polishing significantly reduced Ra 
values, as shown in Table 3. However, ANOVA indicated 
that differences due to surface finish or alloy variation were 
not statistically significant (p-value > 0.05). This reinforces 
the intrinsic heterogeneity of the analyzed surfaces.

Despite this, polishing resulted in greater variation in Rku, 
suggesting inconsistencies associated with manual polishing. 
For polished surfaces, a Rku below 3 is expected, indicating 
uniformity38,39.  ANOVA showed that polishing had a significant 
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effect on Ra (p < 0.05), while the alloy type did not. It should 
be clarified that the arithmetic mean roughness values obtained 
characterize the roughness classes of the samples, being an 
important parameter of surface engineering applied to biomaterials.

According to NBR 840440, turning processes can reach 
roughness classes N4 until N6 with “special care and 
methods,” and N7 until N10 under “usual conditions.” 
The experimental Ra values confirm the adequacy of the 
fabrication process for biomedical applications.

Liu et al.41 emphasize that mechanical methods such as 
machining and polishing are effective in generating specific 
surface topographies that support cell adhesion. Chemical 
(e.g., acid/alkaline treatments, anodization) and physical 
(e.g., thermal spraying, plasma treatment) methods also 
improve corrosion and wear resistance, enhancing titanium 
alloys for biomedical use. These data highlight the diversity 
of treatments applied to titanium alloys with the aim of 
obtaining a surface suitable for osseointegration.

In wettability tests, machined surfaces of all three alloys 
showed predominantly hydrophilic behavior (θ < 90º), 
except Ti-cp at a drop volume of 40 µL (Figure 3). On the 
other hand, the polished surfaces of pure titanium and the 
Ti-6Al-4V ELI alloy presented a contact angle greater than 
90º, indicating hydrophobic behavior, while the TMZF alloy 
remained hydrophilic in all conditions evaluated (Figure 4).

Although surface finish did not significantly influence 
contact angle (p > 0.05), drop volume variation was statistically 
significant for polished surfaces. For machined surfaces, 
significance emerged only with α = 10%, indicating that 
drop volume may influence wettability under more flexible 

criteria. Thus, it is possible to infer that the effect of the 
finishing of the different alloys does not directly interfere 
with the hydrophilicity of the alloys. However, on polished 
surfaces, especially under more flexible criteria at the 
significance level, the behavior of the samples becomes 
statistically relevant. Adjustment methods for contact angle 
analysis showed similar trends: machined surfaces remained 
hydrophilic (Figure 5), while polished surfaces tended to 
become hydrophobic (Figure 6), except for TMZF, which 
remained hydrophilic in all conditions. ANOVA confirmed 
that the adjustment method significantly affected wettability 
values. This result reinforces the need for standardization 
in the adjustment methodology, especially when comparing 
the finishing effect between different biomaterials.

Literature and additional experiments confirm that 
polished surfaces tend to reduce cell adhesion. Therefore, 
low-feed machined samples were used in the biological 
assays. After surface characterization, the mean arithmetic 
roughness obtained was Ra = 1.083 μm (± 0.190 μm) for Ti-
cp, Ra 1.160 μm (± 0.097 μm) for the Ti-6Al-4V ELI alloy 
and Ra = 0.790 μm (± 0.081 μm) for the Ti-12Mo-6Zr-2Fe 
alloy. After cell seeding and incubation, fluorescence 
analysis revealed aerobic metabolic activity and overall 
viability. Since pre-osteoblasts tend to spread over the entire 
surface, no distinction between regions was made during 
biological analysis.

The combination of moderate roughness (Ra = 0.6–1.3 µm) 
and hydrophilic behavior promoted better cell adhesion 
and viability11,14. These findings align with previous studies 
indicating that intermediate roughness and good wettability 

Table 3. Ra values for Ti-cp, Ti-6Al-4V ELI, and Ti-12Mo-6Zr-2Fe alloys under machined and polished conditions.

Measurement region Ti-cp Ti-6Al-4V ELI Ti-12Mo-6Zr-2Fe
Machined 0.780 (± 0.052) 1.300 (± 0.132) 0.660 (± 0.070)
Polished 0.163 (± 0.006) 0.123 (± 0.015) 0.173 (± 0.051)

Source: elaborated by the author.

Figure 2. Confocal microscopy of the samples showing the measurement regions: central (a) and peripheral (b) and (c) shows the 
measurement line (100 µm wide).
Source: elaborated by the author.

Table 2. Ra values for Ti-cp, Ti-6Al-4V ELI, and Ti-12Mo-6Zr-2Fe alloys under low feed rate machining.

Measurement region Ti-cp Ti-6Al-4V ELI Ti-12Mo-6Zr-2Fe
Central 1.387 (± 0.328) 1.020 (± 0.062) 0.920 (± 0.092)

Peripheral 0.780 (± 0.052) 1.300 (± 0.132) 0.660 (± 0.070)
Source: elaborated by the author.
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support focal adhesion formation and osteogenic differentiation. 
Tuikampee et al.42 also emphasized the synergistic effect of 
roughness and wettability on osteoblast adhesion.

Biological assays showed no cytotoxicity for any alloy. 
All samples exhibited increasing cell viability. Figure  7 
shows viability over 24, 48, and 72 hours. TMZF showed 
the highest viability (36.83%), followed by Ti-cp (28.00%) 
and Ti-6Al-4V ELI (26.60%). The MC3T3-E1 cell line is 
well-established in viability studies.

The difference in performance between the alloys may be 
related to their microstructural characteristics. Pure titanium 
(grade 4) has a α-microstructure, with compact hexagonal 
grains, which contributes to lower deformability and more 
stable roughness. The Ti-6Al-4V ELI alloy, in turn, with a two-
phase structure (α-β), has greater topographic heterogeneity, 
which may justify variations in the contact angle and lower 
cell viability. Finally, the TMZF alloy, predominantly β, has 
equiaxed and more homogeneous grains, which favors a 
lower modulus of elasticity and greater cell compatibility, 
as also reported by Wang et al.14 and Hazwani et al.10. This 
evidence reinforces the influence of the crystalline phase 
and processing on the cell response.

The analysis of variance revealed statistically significant 
evidence against the null hypothesis, when considering the 
different alloys evaluated (p-value = 0.0097). The ANOVA 
demonstrates that the variations in the percentages of cell 
viability between the materials are statistically relevant. On 
the other hand, for the variable incubation time, the test did 

Figure 3. Graph showing droplet volume variation on machined surfaces.
Source: elaborated by the author.

Figure 4. Graph showing droplet volume variation on polished surfaces.
Source: elaborated by the author.

Figure 5. Graph showing the variation of adjustment method on 
machined surfaces.
Source: elaborated by the author.

Figure 6. Graph showing the variation of adjustment methods on 
polished surfaces.
Source: elaborated by the author.

not provide sufficient evidence to reject the null hypothesis 
(p-value = 0.1493), indicating that the differences observed 
between the times are within the expected variation.

Although this study used the resazurin assay to assess cell 
viability, the literature recommends complementary tests to 
expand the biological analysis of biomaterials. Proliferation 
assays such as MTT validate mitochondrial activity in a 
similar way43, while osteogenic differentiation methods with 

Figure 7. Graph showing cell viability (%) over 24, 48, and 72 
hours for all alloys.
Source: elaborated by the author.
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markers such as ALP, RUNX2, and osteocalcin, in addition 
to gene expression analysis, contribute to investigating the 
osteoinductive potential of surfaces44,45. The adoption of 
these tests in future studies may enrich the understanding 
of the functional performance of titanium alloys.

Recent studies supported by finite element analysis have 
been used in the medical field to study biomechanical systems 
that present difficulties in simulating in vivo or in vitro responses, 
standing out as a valuable tool to examine the mechanical behavior 
of implants used in the dental field, allowing the evaluation of 
stress and deformation changes of the different components of 
the implant and the bone at a macroscopic level46,47.

Additionally, corrosion resistance is a property of great 
importance in the study of biomaterials, impacting both the 
biocompatibility and mechanical resistance of the implant. This 
fact can be explained by its close relationship with physiological 
fluids rich in chloride ions and, therefore, environments conducive 
to the development of corrosion processes. The evaluation of 
corrosion behavior is characterized as a qualification step in 
the development of a metallic material48.

Thus, the combination of hydrophilicity, topography and 
chemical composition has been shown to directly impact 
cellular behavior, suggesting that modulation of these factors 
can contribute to the development of more effective surfaces for 
biomedical applications. Although they were not evaluated in 
this study, microstructural changes resulting from machining, 
such as grain refinement, retained phases and residual stresses, 
can influence the cellular response, affecting local surface 
properties. This methodological limitation reinforces the 
importance of future studies that incorporate microstructural 
analysis, aiming at a more comprehensive understanding of 
the interaction between metallic biomaterials and bone tissue.

It is important to note that wear in biological environments 
was not evaluated in this study. However, its relevance is 
recognized, especially in environments rich in ions, such as in 
biological systems, where synergies between wear and corrosion 
can compromise the integrity of the implant. Therefore, it is 
proposed to carry out tribocorrosive tests and finite element 
modeling in future studies, aiming at a more comprehensive 
approach to the in vivo performance of the alloys investigated.

4. Conclusion
A comparative analysis of grade 4 commercially pure 

titanium, Ti-6Al-4V ELI alloy, and Ti-12Mo-6Zr-2Fe (TMZF) 
alloy showed that the surfaces machined at low feed presented 
consistent hydrophilic behavior, while the polished finish 
resulted in predominantly hydrophobic surfaces, except 
for the TMZF alloy, which remained hydrophilic under all 
conditions. The variation of the contact angle adjustment method 
demonstrated a significant influence on the characterization 
of wettability, especially on polished surfaces, highlighting 
the importance of methodological standardization in the 
evaluation of surface properties. The roughness parameters 
did not present statistically significant differences, however 
the data revealed lower average roughness values (Ra) for pure 
titanium and for the TMZF alloy compared to the Ti-6Al-4V 
ELI alloy. Topographic analysis also indicated a marked 
dispersion in kurtosis (Rku) values after polishing, highlighting 
the limitation of the manual method in surface uniformity. In 
biological assays with pre-osteoblasts (MC3T3-E1), all alloys 

showed high cell viability and absence of cytotoxicity. The 
TMZF alloy stood out with the highest mean cell viability, 
followed by pure titanium and Ti-6Al-4V ELI alloy, with 
statistically significant differences between the materials. 
These results suggest that the TMZF alloy, in addition to 
presenting favorable surface topography, has a high potential 
for osseointegration for implant applications, especially when 
used as machined. Thus, it is concluded that topographic 
modification by machining, combined with the appropriate 
choice of alloy, plays a determining role in the initial biological 
responses, with the TMZF alloy being a promising alternative 
to the alloys traditionally used in biomaterials engineering.
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