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Abstract 

This study examines the influence of anodization procedures on the formation and 

properties of TiO₂  nanotube layers on commercially pure titanium (cp-Ti) for biomedical 

implant applications. Both single-step (TiO2 1S) and two-step (TiO2 2S) anodization 

produced nanotubular structures composed of anatase and rutile phases, with the two-step 

process yielding more uniform and vertically aligned nanotubes. Mechanical testing 

indicated an increase in surface hardness, while electrochemical analyses demonstrated 

enhanced corrosion resistance, particularly for the TiO2 2S sample. Furthermore, TiO2 2S 

surfaces promoted superior cell adhesion and spreading, with well-developed filopodia and 

lamellipodia. Overall, the two-step anodization produces a more stable, oxygen-rich oxide 

layer with improved durability and biocompatibility, highlighting its potential for bone 

implant applications. 

Keywords: Titanium; TiO2 nanotubes; anodization; surface modification; corrosion resistance; 

cell adhesion; biomedical implants. 

1. Introduction 

Titanium and its alloys have long been considered ideal materials for biomedical 

implants due to their excellent biocompatibility, high mechanical strength, and superior 

corrosion resistance [1]-[4]. However, in their native state, titanium surfaces are often 

biologically inert, limiting their ability to effectively integrate with surrounding bone 

tissue and potentially compromising the long-term success of implants [5]. 

To overcome this limitation, various surface modification techniques have been 

developed to enhance biological performance [6]-[8]. Among these, electrochemical 

anodization has emerged as a simple and controllable method capable of producing 

self-organized TiO2 nanotube arrays on titanium substrates [9]-[11]. These nanotubular 

structures not only increase surface area and roughness but also provide microscale 
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topographical cues that promote cell adhesion, proliferation, and osteogenic 

differentiation [12]-[14]. 

The morphology, size, and orientation of TiO2 nanotubes are strongly influenced 

by anodization parameters, including applied voltage, electrolyte composition, and 

processing time [15]-[17]. Multi-step anodization strategies, particularly those involving 

stepwise voltage control, have been proposed to improve the uniformity and vertical 

alignment of nanotube architectures compared to conventional single-step methods 

[18]-[21]. Despite this potential, there is a lack of systematic comparisons between 

single-step and two-step anodization approaches under identical processing conditions, 

especially on commercially pure titanium (cp-Ti), which is widely used in orthopedic 

and dental applications [22]. 

This study aims to evaluate the effects of single-step and two-step anodization 

processes on the formation of TiO2 nanotube layers on cp-Ti substrates. Comprehensive 

analyses were conducted to assess surface morphology, chemical composition, 

crystalline structure, corrosion resistance, and invitro cell adhesion. The objective is to 

optimize voltage-controlled anodization as a practical strategy to enhance the biological 

performance of titanium implants in orthopedic applications. 

2. Experiment 

2.1. Anodization of titanium 

Commercially pure titanium (Grade 2) plates with dimensions of 10 × 10 × 1 mm 

were mechanically polished using silicon carbide (SiC) abrasive papers of increasing 

grit size, followed by ultrasonic cleaning in ethanol and deionized water to remove 

surface contaminants. Anodization was performed using an electrolyte composed of  

0.5 wt% ammonium fluoride (NH4F) and 2 vol% deionized water dissolved in 50 mL of 

ethylene glycol. All reagents were obtained from Sigma-Aldrich. 

The two-step anodization process was conducted as follows: in the first step, 

samples were anodized at 25 V for 25 minutes at room temperature. After rinsing and 

gently removing the initial oxide layer, a second anodization was carried out at 50 V for 

45 minutes under the same conditions to promote the formation of a more ordered TiO2 

nanotube structure. The anodized specimens were then thoroughly rinsed with deionized 

water and dried using hot air. 

For comparison, a control group was anodized using a single-step process 

(designated as TiO2 1S) at 50 V for 60 minutes at room temperature, to evaluate the 

differences between one-step and two-step anodization treatments. 



 

 

 

 

Section on Physics and Chemical Engineering - Vol. 03, No. 02 (Oct. 2025) 

 

 

 58 

2.2. Surface morphology and structural characterization 

The morphology of the anodized titanium surfaces was examined using scanning 

electron microscopy (SEM) to evaluate the diameter, alignment, and surface coverage 

of the TiO2 nanotubes. Structural analysis was conducted by X-ray diffraction (XRD) 

using a Kα diffractometer operating at 30 kV, with measurements taken in the 2θ range 

of 20° to 80° to identify crystalline phases. The elemental composition and distribution 

on the sample surfaces were further analyzed using energy-dispersive X-ray 

spectroscopy (EDX) integrated with the SEM system. 

2.3. Electrochemical corrosion assessment 

The corrosion resistance of the anodized titanium was evaluated in simulated body 

fluid (SBF) maintained at 37 ± 0.5°C. Tafel polarization was performed with a scanning 

range of ±100 mV relative to the open circuit potential (OCP) to determine the 

corrosion potential (Ecorr) and corrosion current density (Icorr). The anodic Tafel slope 

(α) was obtained from the polarization curves, and the polarization resistance (Rp) as 

well as the protection efficiency (PE) were calculated accordingly. 

Electrochemical impedance spectroscopy (EIS) was conducted over a frequency 

range from 105 Hz to 100 mHz, with a sinusoidal perturbation amplitude of 100 mV. 

Equivalent circuit fitting provided the solution resistance (Rs), oxide layer resistance 

(Rn), and a constant phase element (CPE), characterized by its magnitude (Yo) and 

exponent (n), which describe the non-ideal capacitive behavior of the oxide layer. In the 

case of anodized samples, a Warburg element (W) was additionally used to represent 

ion diffusion through the nanotube structures. 

All electrochemical tests were conducted using a conventional three-electrode 

system, with the anodized titanium as the working electrode, a silver/silver chloride 

(Ag/AgCl) electrode as the reference, and a platinum plate as the counter electrode. 

2.4. Preliminary biocompatibility evaluation 

The biocompatibility of the anodized surfaces was assessed in vitro using baby 

hamster kidney (BHK) fibroblast cells. Prior to cell culture, the samples were sterilized 

using a dry autoclave method at 160°C for 2 hours. Cells were seeded directly onto the 

sample surfaces and incubated for 72 hours in standard cell culture conditions (37°C, 

5% CO2, 95% relative humidity). After incubation, the samples were fixed and 

dehydrated in a graded ethanol series before being dried and sputter-coated with gold. 

Cell attachment and morphology on the material surface were observed using a mini-

SEM to provide initial insight into the interaction between cells and the nanotube-

modified titanium surfaces. 
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3. Results and discussion 

3.1. X-ray diffraction (XRD) patterns 

The X-ray diffraction (XRD) patterns of the three specimens (Fig. 1) exhibit 

distinct differences in crystalline phases following anodization treatments. The 

untreated titanium (Ti) sample displays diffraction peaks at 2θ positions corresponding 

to the (100), (002), (101), (102), (110), (103), (112), and (201) planes, consistent with 

the standard reference card for titanium (PDF 44-1294) [22]. This confirms that the base 

material possesses a typical hexagonal close-packed (hcp) crystal structure of 

commercial titanium, with no significant presence of oxide phases, indicating that the 

native oxide layer is extremely thin and below the XRD detection limit. 

After single-step anodization, the TiO2 1S sample exhibits additional peaks at 

positions corresponding to the (101), (004), (200), (105), (211), (116), (215), and (103) 

planes, matching the anatase phase according to PDF 21-1272 [23]-[25]. A minor peak 

near 27.4°, corresponding to the (110) plane of rutile (PDF 21-1276) [26], [27], is also 

detected, indicating a small fraction of rutile. These results confirm the formation of a 

TiO2 oxide layer predominantly composed of anatase, with minor rutile content. The 

persistence of some titanium substrate peaks suggests that the oxide layer is not yet 

thick enough to fully mask the underlying metal. 

In contrast, the TiO2 2S sample exhibits sharper and more intense anatase peaks, 

particularly at the characteristic planes (101), (004), (200), (105), (211), (116), (215), 

and (103). The rutile signals are negligible, indicating that the two-step anodization 

promotes the formation of an anatase-dominant oxide layer with higher TiO2 content. 

The increased diffraction intensity is attributed to the thicker oxide film and the porous 

nanotubular structure rather than an increase in crystallinity. As the nanotube layer 

becomes more porous, the diffraction signals sharpen, and the titanium substrate peaks 

are more pronounced compared with the TiO2 1S sample. 

These results confirm that both anodization treatments generate TiO2 layers on the 

titanium surface. Compared with single-step anodization, the two-step process improves 

the coverage and relative contribution of the TiO2 phase, with anatase remaining 

dominant. Such enhancements in oxide layer thickness and composition contribute to 

the improved corrosion resistance and biocompatibility of the anodized materials. 
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Fig. 1. X-ray diffraction patterns of the samples compared with  

standard reference cards (T: titanium, A: anatase, R: rutile). 

3.2. Surface morphology 

The SEM image at 2000X magnification (Fig. 2) reveals the mechanically treated 

titanium surface, characterized by elongated scratches aligned in a single direction, typical 

of grinding or polishing processes. The surface appears relatively smooth, with no apparent 

microstructural features or surface modifications associated with chemical treatment. 

Such a surface structure is generally unfavorable for cell adhesion and biological 

interactions due to the lack of anchoring points and limited surface area. Therefore, this 

untreated titanium substrate serves as a baseline reference for comparison with surface-

modified samples, allowing for the evaluation of improvements in both biological and 

mechanical performance. 
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Fig. 2. Surface morphology of mechanically treated titanium substrate. 

SEM images at 20000X magnification (Fig. 3) reveal the morphology of the TiO2 

layers obtained from single-step (Fig. 3a) and two-step (Fig. 3b) anodization. 

For the TiO2 1S sample (Fig. 3a), a well-defined nanotubular structure is observed, 

with uniformly distributed, circular pore openings and consistent tube diameters. In some 

areas, crystalline oxide features can be seen along the tube walls, although the overall 

structure remains open and vertically oriented. This morphology is characteristic of a 

stable oxide layer formed under optimized single-step anodization conditions. 

In contrast, the TiO2 2S sample (Fig. 3b) exhibits a rougher and more porous 

surface, with smaller, densely packed nanotubes whose individual openings are less 

distinguishable. This may reflect slight dissolution or structural reorganization during 

the second anodization step, resulting in a more homogeneous but less oriented surface. 

However, the increased nanoporous density may contribute positively to biological 

interactions by enhancing protein adsorption and cellular attachment. 

Both samples successfully developed nanostructured TiO2 layers, with the two-

step anodized surface exhibiting higher porosity and tube density, which may be 

advantageous for biomedical applications. 

SEM images at 50000X magnification (Fig. 4) provide a more detailed view of the 

TiO2 nanotube structures formed after single-step (Fig. 3a) and two-step (Fig. 3b) anodization. 

In the TiO2 1S sample (Fig. 4a), the nanotube array is well-defined, with 

uniformly distributed circular openings and nearly identical diameters. The nanotube 

layer displays a high degree of order, typical of stable oxide growth under well-

controlled anodization conditions. Thin, plate-like crystalline oxide features observed 

along some tube walls may result from post-treatment crystallization or residual salts 

from the electrolyte. 
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Fig. 3. Surface morphology of anodized titanium:  

(a) TiO2 1S and (b) TiO2 2S, observed at 20000X magnification. 

 

Fig. 4. Surface morphology of anodized titanium:  

(a) TiO2 1S and (b) TiO2 2S, observed at 50000X magnification. 

In contrast, the TiO2 2S sample (Fig. 4b) still exhibits a nanotubular morphology, 

but the pore openings appear less uniform and less clearly defined compared to the 1S 

sample. The surface appears more porous, with numerous crystalline structures partially 

covering the tube mouths, giving rise to a rougher texture. These changes are likely 

associated with the second anodization step, which may induce localized dissolution or 

structural rearrangement of the oxide layer, leading to increased microstructural density 

but reduced order in the nanotube array. 

At higher magnification, both samples maintain a nanotubular architecture; 

however, the TiO2 2S surface demonstrates greater porosity and structural density, 

whereas the TiO2 1S nanotube layer presents a more uniform and well-defined 

morphology. These morphological differences may directly influence protein adsorption, 

cell adhesion, and the overall biological integration of the implant surface [28], [29]. 
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3.3. Surface chemical composition 

The EDX spectra presented in Fig. 5 illustrate the surface elemental composition 

of the TiO2 layers formed by single-step and two-step anodization. 

For the TiO2 1S sample (Fig. 5a), the EDX spectrum revealed atomic percentages 

of 56.4% Ti, 35.5% O, and 9.1% F. In contrast, the TiO2 2S sample (Fig. 5b) showed a 

lower Ti content (50.8%), a higher O content (39.7%), and a comparable F content 

(9.5%). The reduction in titanium accompanied by the increase in oxygen clearly 

reflects a higher oxidation degree in the 2S sample, which is consistent with the 

formation of a thicker and more developed oxide film during the two-step anodization 

process [20]. 

The similar fluorine content in both samples confirms that F⁻ ions from the NH4F 

electrolyte were incorporated into the oxide layer regardless of the anodization 

procedure. Overall, the comparison between Fig. 5a and Fig. 5b demonstrates that the 

two-step anodization yields a TiO2 layer richer in oxygen and with a more complete 

oxide structure than the single-step anodization, in agreement with the morphological 

and electrochemical observations discussed above. 

 

Fig. 5. EDX spectra of anodized surfaces (a) TiO2 1S and (b) TiO2 2S. 

3.4. Mechanical properties evaluation 

The Vickers hardness values of titanium, TiO2 1S, and TiO2 2S are presented in 

Tab. 1 to evaluate the effect of the TiO2 oxide layer on the surface mechanical 

properties. The results clearly indicate an improvement in hardness after anodization, 

particularly in the two-step treated sample. 
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Tab. 1. Hardness of titanium before and after anodization 

Samples Measurement 1 

(HV) 

Measurement 2 

(HV) 

Measurement 3 

(HV) 

Average 

(HV) 

Ti 139 133 131 132.67 ± 1.20 

TiO2 1S 138 142 146 142.67 ± 2.03 

TiO2 2S 143 148 139 143.33 ± 3.68 

The hardness measurements indicate that both anodized samples (TiO2 1S and TiO2 

2S) exhibited higher average hardness values compared to the untreated Ti sample. The Ti 

sample showed the lowest hardness, with an average value of 132.67 ± 1.20 HV, 

reflecting the intrinsic mechanical properties of the as-received titanium substrate. 

 

Fig. 6. Hardness indents on (a) Ti, (b) TiO2 1S, and (c) TiO2 2S. 

Following single-step anodization, the TiO2 1S sample exhibited a significant 

increase in hardness, reaching an average value of 142.67 ± 2.03 HV. This enhancement 

can be attributed to the formation of a thick and hard TiO₂  oxide layer, which improves 

resistance to localized plastic deformation under applied load. 

The TiO2 2S sample showed the highest hardness, averaging 143.33 ± 3.68 HV. 

The oxide layer formed via the two-step process may have a more uniform and well-

crystallized structure, contributing to superior mechanical reinforcement. Although the 

standard deviation for the 2S sample was slightly higher, the difference compared to the 

1S sample remained within an acceptable range, indicating good consistency in 

mechanical performance. 

These results suggest that anodization not only enhances the biological properties 

but also improves the surface mechanical characteristics of titanium. Among the tested 

samples, TiO2 2S demonstrated the most promising overall performance, making it a 

potential candidate for applications requiring both high surface hardness and enhanced 
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biocompatibility [30]. Representative marks obtained during the hardness measurements 

are shown in Fig. 6. 

3.5. Current response and oxide formation behavior 

The current–time (I–t) curves in Fig. 7 reveal clear differences in oxide formation 

behavior between the two anodization modes. 

 

Fig. 7. Current–time (I–t) curves of the TiO2 1S and TiO2 2S anodization processes. 

For the TiO2 1S sample, the current decreases rapidly and reaches a steady state 

early, indicating uniform and consistent oxide layer formation. In contrast, the TiO2 2S 

sample exhibits two distinct current phases: an initial decline followed by a noticeable 

increase at the transition point between the two steps. This rise suggests re-initiation of 

oxide growth associated with the second anodization stage. 

These results indicate that the two-step anodization process promotes a more 

dynamic and extended oxide growth process, likely resulting in a thicker and more 

porous TiO2 layer, as corroborated by SEM observations. 

3.6. Electrochemical properties 

The Tafel polarization curves in Fig. 8, together with the electrochemical 

parameters summarized in Tab. 1, demonstrate a significant improvement in the 

corrosion resistance of titanium following anodization. 

The untreated titanium sample exhibited the highest corrosion current density 

(icorr), reaching 3.63 × 10-6 A/cm², corresponding to a corrosion rate (CR) of  

0.0421 mm/year. After anodization, the TiO2 1S sample showed a reduced current 

density of 1.98 × 10-6 A/cm² with a corresponding corrosion rate of 0.0230 mm/year. 

The TiO2 2S sample exhibited the lowest corrosion current density of 1.73 × 10-6 A/cm² 

and a corrosion rate of 0.0201 mm/year. In addition, the polarization resistance (Rp) 
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increased significantly from 13,803 to 33,188 and 33,131 Ω·cm² for the TiO2 1S and 

TiO2 2S samples, respectively, indicating the formation of a stable passive oxide layer 

that effectively enhances barrier properties against corrosive attack. 

 

Fig. 8. Tafel polarization curves of titanium before and after anodization. 

Comparison between the two surface treatments reveals that the TiO2 2S sample 

provides better corrosion protection than the TiO2 1S sample. The two-step sample 

exhibited a protection efficiency (PE) of 52.32%, notably higher than the 45.43% 

recorded for the single-step treatment (Tab. 2). This difference underscores the 

considerable influence of processing conditions on oxide layer quality and overall 

corrosion resistance. 

Tab. 2. Corrosion parameters obtained from Tafel polarization curves  

for untreated and anodized titanium samples 

Sample Ecorr  

(V) 

Icorr  

(A/cm²) 

Corrosion rate 

(mm/year) 

Rp  

(Ω·cm²) 

PE  

(%) 

Ti 0.13981 3.63 × 10-6 0.042137 13,803 0 

TiO2 1S 0.25106 1.98 × 10-6 0.023017 33,188 45.43 

TiO2 2S 0.16302 1.73 × 10-6 0.020083 33,131 52.32 

Although the TiO2 1S sample exhibited a more noble corrosion potential, its 

actual protective performance was inferior to that of the TiO2 2S sample. This indicates 

that corrosion potential (Ecorr) alone is not sufficient to fully assess protective efficiency; 

a comprehensive evaluation should also consider corrosion current density and 

polarization resistance for a more accurate conclusion. 

Based on the electrochemical results, anodization proves to be an effective 

method for enhancing the corrosion resistance of titanium. The two-step process 
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demonstrated superior performance and holds strong potential for application in 

biomedical implants requiring long-term stability in physiological environments. 

 

Fig. 9. Nyquist plots of titanium before and after anodization. 

The Nyquist impedance spectrum in Fig. 9 clearly demonstrates the enhanced 

electrochemical behavior of the anodized samples. The untreated titanium (Ti) exhibited 

the smallest semicircular arc, ending around 3000 Ω on the Z' axis, corresponding to a 

charge transfer resistance (Rp) of 3.62 kΩ (Tab. 3). This indicates the presence of a thin, 

weakly protective native oxide layer. 

Tab. 3. Electrochemical impedance parameters obtained from Nyquist plots of titanium  

before and after anodization 

Sample Rs (Ω) Y₀  (µS·sⁿ) n Rct (kΩ) σ (mΩ·s-0.5) 

Ti 4.23 194 0.870 3.62 — 

TiO2 1S 3.99 143 1.060 3.06 925 

TiO2 2S 4.16 158 0.917 4.23 5.61 

Figures 10 and 11 show the equivalent electrical circuits used to model the EIS 

response of titanium surfaces. In Fig. 10, Rn represents the polarization resistance of the 

native oxide, and CPEn models its non-ideal capacitive behavior, while Rs is the 

solution resistance. In Fig. 11, Rₐ and CPEₐ correspond to the anodized oxide layer, W 

represents Warburg impedance due to ion diffusion, and Rs is again the solution 

resistance. These circuits capture both charge transfer and diffusive processes in the 

respective oxide layers. 
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Fig. 10. Equivalent electrical circuit used to model the EIS response of untreated titanium. 

The TiO2 1S sample exhibited a relatively large Nyquist arc, although its charge 

transfer resistance (Rn = 3.06 kΩ) was slightly lower. The pronounced low-frequency 

tail and high Warburg coefficient (σ = 925 mΩ·s-0.5) indicate substantial ion diffusion, 

likely arising from a porous or heterogeneous oxide structure. 

 

Fig. 11. Equivalent electrical circuit used to model the EIS response of anodized titanium. 

In contrast, the TiO2 2S sample displayed the largest Nyquist arc with the highest 

charge transfer resistance (Ra = 4.23 kΩ), and a gentler low-frequency slope, 

corresponding to a markedly lower Warburg coefficient (σ = 5.61 mΩ·s-0.5). This 

suggests the formation of a denser, more compact oxide layer, which effectively hinders 

both charge transfer and ionic diffusion. The trends observed are consistent with the 

equivalent circuit models: while the bare Ti surface could be modeled using a simple 

Randles circuit, the anodized samples required an additional Warburg element to 

capture diffusion effects. Table 3 further highlights variations in CPE values and 

exponents nnn, reflecting differences in dielectric behavior and layer uniformity. 

Overall, anodization improves charge transfer resistance and introduces diffusion 

impedance, with the two-step anodization producing a particularly stable oxide layer 

exhibiting superior corrosion resistance. 

3.7. Evaluation of extract biocompatibility 

The scanning electron microscopy (SEM) images after 48 hours of cell culture 

(Fig. 12) clearly demonstrate the differences in cell adhesion and spreading among the 

three samples. 
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Fig. 12. SEM images showing BHK cell distribution after 48 hours of culture  

on (a) titanium, (b) TiO2 1S, and (c) TiO2 2S. 

On the untreated titanium surface (Fig. 12a), cells appear sparsely distributed with 

predominantly rounded or slightly elongated morphologies, indicating limited adhesion. 

This suggests that the native titanium surface lacks favorable microstructural features 

and possesses low bioactivity, resulting in poor cell attachment. 

For the TiO2 1S sample (Fig. 12b), a higher cell density is observed, with cells 

exhibiting a more flattened morphology aligned along the surface topography. This 

reflects the role of the anodized oxide layer in enhancing surface properties, likely 

through improved protein adsorption and cell anchorage. However, the spreading 

remains somewhat heterogeneous. 

Notably, the TiO2 2S sample (Fig. 12c) shows the highest cell density and 

extensive spreading, with cells nearly covering the entire surface. The oxide layer 

formed by the two-step anodization likely offers a more homogeneous and stable 

microenvironment, promoting favorable conditions for cell adhesion and proliferation. 

These observations indicate that surface modification by anodization - especially 

the two-step process - significantly enhances the biocompatibility of titanium, making it 

a promising candidate for biomedical implant applications. 

After 72 hours of cell culture, SEM images further reveal a pronounced increase in both 

cell density and spreading across all three samples: Ti, TiO2 1S, and TiO2 2S (Fig. 13). 

 

Fig. 13. SEM images showing BHK cell distribution after 72 hours of culture  

on (a) titanium, (b) TiO2 1S, and (c) TiO2 2S. 
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On the untreated titanium surface (Fig. 13a), although the number of cells 

increases compared to the 48-hour timepoint, most cells maintain an elongated 

morphology with limited spreading and sparse distribution. This suggests that the native 

titanium surface still fails to provide an optimal microenvironment for effective cell 

attachment and proliferation. 

For the TiO2 1S sample (Fig. 13b), cells display a more pronounced spreading 

behavior with extended filopodia and a tendency to form intercellular connections. The 

anodized surface contributes to improved biocompatibility, yet the overall surface 

coverage remains incomplete, indicating that the potential for full cell integration may 

still be limited. 

The TiO2 2S sample (Fig. 13c) shows the most outstanding performance, with 

high cell density, widespread flattened morphology, and extensive intercellular 

connections forming a continuous network across the entire surface. This outcome 

indicates that the oxide layer generated through the two-step anodization provides a 

stable and uniform surface favorable for protein adsorption and cell anchorage. 

Taken together, the 72-hour results demonstrate a continued enhancement in cell 

adhesion and proliferation due to anodization treatment, with the TiO2 2S sample exhibiting 

the most favorable surface characteristics for potential biomedical implant applications. 

High-magnification SEM images after 72 hours of cell culture reveal distinct 

differences in the extent of cell spreading and the development of adhesion structures 

(filopodia) across the material surfaces (Fig. 14). 

 

Fig. 14. SEM images of BHK cell filopodia on (a) Ti, (b) TiO2 1S, and (c) TiO2 2S. 

On the untreated Ti sample (Fig. 14a), cells exhibit pronounced elongation along a 

specific direction, forming thin, extended filopodia that anchor into surface grooves. 

However, the number of filopodia remains limited and mainly concentrated at the two 

ends of the cells, indicating minimal interaction with the surface and reflecting the low 

bioactivity of the unmodified titanium substrate. 

For the TiO2 1S sample (Fig. 14b), cells demonstrate improved spreading with 

multiple filopodia projecting in various directions. Some of these extensions reach out 
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and attach to different surface regions, suggesting enhanced cell-material interactions 

due to the oxide layer formed after single-step anodization. Nevertheless, intercellular 

connectivity is still relatively limited. 

In contrast, the TiO2 2S sample (Fig. 14c) shows extensive cell spreading, with 

densely branched, elongated filopodia anchoring firmly to the substrate and 

interconnecting to form networks. Additionally, the presence of broad lamellipodia and 

densely packed adhesion points indicates strong and stable interactions between cells and 

the material surface. This highlights the superior support provided by the surface formed 

through two-step anodization in promoting cellular adhesion and environmental sensing. 

Overall, the filopodia morphology observed after 72 hours further supports the 

conclusion that the TiO2 oxide layer produced by two-step anodization not only 

enhances cell density and spreading but also stimulates the formation of adhesion 

structures critical for the biological integration of implant materials. 

4. Conclusion 

Anodization significantly enhanced the surface properties of titanium, as 

evidenced by distinct improvements in morphology, structural characteristics, 

electrochemical behavior, and biocompatibility. The two-step anodization process 

produced a more uniform, oxygen-rich, and stable TiO2 oxide layer, leading to 

increased hardness, superior corrosion resistance (up to 52.32%), and more effective 

suppression of ion diffusion from the external environment. 

Furthermore, the two-step anodized surface promoted superior cell adhesion and 

spreading, characterized by well-developed filopodia and lamellipodia, indicating strong 

cell-material interactions. These findings confirm the potential of two-step anodization 

as a promising surface treatment for biomedical implants requiring both high durability 

and excellent biological performance. 
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PHÂN TÍCH SO SÁNH LỚP ỐNG NANO TiO2 HÌNH THÀNH  

BẰNG PHƯƠNG PHÁP ANỐT HÓA MỘT BƯỚC VÀ HAI BƯỚC: HÌNH THÁI 

BỀ MẶT, KHẢ NĂNG CHỐNG ĂN MÒN VÀ ĐÁP ỨNG TẾ BÀO 

Lê Văn Toán1,2, Đặng Minh Đức1, Vũ Công Mạnh1, Phạm Hùng Vượng1,3 

1Trường Vật liệu, Đại học Bách khoa Hà Nội  

2Khoa Hóa - Lý kỹ thuật, Trường Đại học Kỹ thuật Lê Quý Đôn 

3Phòng Thí nghiệm Vật liệu Y sinh, Đại học Bách khoa Hà Nội  

Tóm tắt: Nghiên cứu này đánh giá ảnh hưởng của các quy trình anốt hóa đến sự hình 

thành và đặc tính của lớp ống nano TiO2 trên titan thương mại tinh khiết (cp-Ti) ứng dụng trong 

cấy ghép y sinh. Cả anốt hóa một bước (TiO2 1S) và hai bước (TiO2 2S) đều tạo ra cấu trúc ống 

nano gồm hai pha anatase và rutile, trong đó phương pháp hai bước cho thấy các ống nano đồng 

đều và sắp xếp thẳng đứng hơn. Thử nghiệm cơ học cho thấy độ cứng bề mặt tăng lên, trong khi 

phân tích điện hóa chứng minh khả năng chống ăn mòn được cải thiện, đặc biệt ở mẫu TiO2 2S. 

Ngoài ra, bề mặt TiO2 2S còn thúc đẩy sự bám dính và lan tỏa tế bào tốt hơn, với các cấu trúc 

filopodia và lamellipodia phát triển rõ rệt. Nhìn chung, anốt hóa hai bước tạo ra lớp oxit giàu 

oxy ổn định hơn với độ bền và khả năng tương thích sinh học vượt trội, cho thấy tiềm năng ứng 

dụng trong các vật liệu cấy ghép xương. 

Từ khóa: Titan; ống nano TiO2; anốt hóa; biến tính bề mặt; chống ăn mòn; bám dính  

tế bào; cấy ghép y sinh. 
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