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Abstract: The Ti−45Nb (wt.%) alloy properties were investigated in relation to its potential biomedical use. Laser 
surface modification was utilized to improve its performance in biological systems. As a result of the laser treatment, 
(Ti,Nb)O scale was formed and various morphological features appeared on the alloy surface. The electrochemical 
behavior of Ti−45Nb alloy in simulated body conditions was evaluated and showed that the alloy was highly resistant to 
corrosion deterioration regardless of additional laser surface modification treatment. Nevertheless, the improved 
corrosion resistance after laser treatment was evident (the corrosion current density of the alloy before laser irradiation 
was 2.84×10−8 A/cm2, while that after laser treatment with 5 mJ was 0.65×10−8 A/cm2) and ascribed to the rapid 
formation of a complex and passivating bi-modal surface oxide layer. Alloy cytotoxicity and effects of the Ti−45Nb 
alloy laser surface modification on the MRC-5 cell viability, morphology, and proliferation were also investigated. The 
Ti−45Nb alloy showed no cytotoxic effect. Moreover, cells showed improved viability and adherence to the alloy 
surface after the laser irradiation treatment. The highest average cell viability of 115.37% was attained for the alloy 
laser-irradiated with 15 mJ. Results showed that the laser surface modification can be successfully utilized to 
significantly improve alloy performance in a biological environment. 
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1 Introduction 
 

Biometallics have been extensively developed 
over the past decades as replacements for the 
non-functional skeleton parts of the human    
body [1,2]. Among all metallic biomaterials, 
titanium and its alloys are the most commonly used. 
To avoid failed implantation due to the release    
of toxic metal ions or the appearance of stress 
shielding effect, researchers developed a new class 

of titanium alloys that are free from elements with 
adverse health effects, such as Al and V, and elastic 
modulus closer to that of the human bone. These 
alloys are known as β-type Ti alloys [3−6]. The 
Ti−45Nb alloy (all alloy compositions in the 
present work are given in wt.%) is one of these 
alloys developed in recent years [3,7]. The presence 
of high Nb content in the alloy composition affects 
a relatively high alloy toughness and fatigue strength, 
low elastic modulus, and the appearance of more 
compact passivating surface layers which, in turn,  
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result in corrosion resistance improvement [2,8,9]. 

There are numerous compositions designed for 
the β-type Ti alloys that exhibit low elastic modulus 
and improved biocompatibility [3,4,7,9]. However, 
these are still unable to meet all implantation 
requirements primarily due to their non-active 
surface and limited corrosion resistance. Diverse 
surface modification methods are therefore proposed 
as treatments for the additional improvement of  
the corrosive and biological properties of the Ti 
alloys [10−12]. Laser surface scanning is one of 
these methods that can be employed to increase the 
surface roughness and bioactivity of these 
biometallics [13−16]. Advantages of this surface 
modification method are its rapid surface processing, 
ability to operate in different atmospheres and 
pressures, and possibility to modify only the 
selected surface areas. During the process of laser 
surface scanning, the laser beam irradiates the target 
material surface, inducing the formation of diverse 
melted layers [15,17]. The rate and direction of the 
melted layer solidification play an important role in 
the surface morphology formation processes and  
in great merit influence the properties and 
composition of surface layers formed during the 
irradiation [14,16,17]. Namely, the formation of 
diverse surface features (e.g. ripples and periodic 
wave-like) leads to an increase in the material 
surface roughness which, in turn, enables the 
protective surface layer to achieve higher adhesion 
and improved corrosion resistance. 

One of the most important requirements for the 
metallic biomaterial surgical application is its high 
corrosion resistance [18−22]. Namely, when the 
biometallic is in contact with an electrolytic 
medium, the metallic surface becomes susceptible 
to corrosion, which induces a deterioration of the 
material and its properties. The presence of a thin 
Ti-oxide film on the biometallics surface is 
favorable to their damage resistance because it 
protects the material from further oxidation, and in 
that way enhances its corrosion performance and 
biocompatible properties [23−27]. Hence, the 
surface oxide film properties in great merit 
influence the electrochemical behavior of the 
metallic materials in biological environments and 
cell adhesion to their surfaces [28,29]. Some studies 
showed that the enhancement of surface layer 
properties can be achieved with an appropriate 
surface treatment, suggesting its positive effect on 

the alloy biomechanical behavior [30−32]. For 
example, YUE et al [30] showed that significant 
improvement in corrosion resistance of the 
Ti−6Al−4V alloy was obtained when the alloy 
surface was subjected to the laser treatment in 
nitrogen or argon atmosphere. 

The implant surface characteristics are also 
very important for implant−tissue interactions [33]. 
Two essential aspects of these interactions are 
bioactivity and biointegration. Namely, the cell and 
tissue responses are affected not only by the 
chemical composition of the material surface but 
also by the implant surface topography and 
roughness [33−36]. Hence, there is also a need to 
enhance the surface roughness of implant materials 
through surface modification treatments [37,38]. 
Several research groups investigated the modification 
of materials’ surface biocompatibility by applying 
laser irradiation [39−43]. They reported that the 
laser surface modification enhanced the cell’s 
response and interaction with the substrate surface. 
Results of their studies showed that adhesion and 
proliferation of the pre-osteoblast cells were 
enhanced in the case of laser-scanned substrate 
compared to the as-received alloy. Similarly, DOU 
et al [44] investigated the influence of laser 
scanning on the morphological and wetting 
properties of the Ti alloy surface and showed that 
laser scanning caused the formation of stable 
hydrophilic surface suitable for the material 
biointegration. Furthermore, XU et al [45] showed 
that the scanning speed significantly affected the 
resulting surface roughness, while research results 
of the WANG et al [46] revealed that the promotion 
of TiO2 formation and the oxide layer thickness 
increase on the laser-modified alloy surface is 
caused by the attainment of high temperature during 
the laser ablation treatment. Moreover, KEDIA    
et al [47] indicated that the usage of laser surface 
texturing and the formation of micro-groove 
patterns result in better cell adhesion, alignment, 
and spreading, and, in that way, improve material 
biological function. 

Therefore, the main goal of the present study 
was to examine the laser surface scanning method 
as a suitable technique for the improvement of 
β-type Ti alloy surface bioactivity that will ensure 
the good adhesion of fibroblast cell cultures, as  
well as their rapid and continuous growth and 
proliferation. Having that in mind, laser irradiation 
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was utilized to modify the chemical composition 
and topography of the alloy surface to obtain the 
specific surface morphology complimented with an 
external oxide layer that could facilitate the alloy 
interaction with biological systems and, at the same 
time, protect the biometallic from further corrosion 
degradation. 
 
2 Experimental 
 
2.1 Material processing 

Material used in the present study was the 
Ti−45Nb alloy supplied by ATI Specialty Alloys 
and Components, AL, USA, with the chemical 
composition reported in the previous work [48]. 
The alloy was received as a hot-extruded bar with 
50 mm in diameter. The test samples were cut in the 
form of disks with 7 mm in thickness and 10 mm in 
diameter and mechanically ground using the SiC 
grinding papers up to 1000-grit and cleaned with 
ethanol in an ultrasonic bath. 

The laser surface scanning was conducted in 
air to modify the Ti−45Nb alloy surface properties. 
For that purpose the Nd:YAG system EKSPLA SL 
212/SH/FH operated at a wavelength of 1064 nm  
in the fundamental transverse TEM00 mode was 
utilized. The radiation scan speed was 0.3 mm/s and 
the laser pulse repetition rate was 10 Hz. To 
determine the influence of laser irradiation 
parameters on the alloy surface morphology and 
roughness, two different laser output energies, i.e.  
5 and 15 mJ, were used. During the experiment, the 
pulse energy densities were maintained at 0.13 and 
0.38 J/cm2 for the laser output energies of 5 and 
15 mJ, respectively. Irradiation was conducted by 
focusing the laser beam on the alloy surface with a 
quartz lens of 15.2 cm focal length and surface 
profiles were obtained in localized 1.092 mm × 
1.092 mm area. The laser beam incidence angle to 
the sample surface was 90°. 
 
2.2 Microstructure and surface characterization 

The microstructure of as-received hot-extruded 
Ti−45Nb alloy was investigated in the extrusion 
direction by the electron backscatter diffractometer 
(EBSD) coupled with a Zeiss Leo 1525 scanning 
electron microscope (SEM). To identify the 
compounds and phases formed in the laser-affected 
surface area, the X-ray diffractometry (XRD) was 

utilized and for that purpose a Rigaku Ultima IV 
diffractometer with nickel filtered Cu Kα incident 
radiation and 1.541 Å wavelength was used at 
40 kV voltage and 40 mA current. The scan was set 
in a 2θ angle range from 20° to 100° with a step 
size and scanning speed of 0.02° and 2 (°)/min, 
respectively. The Ti−45Nb alloy morphology after 
laser scanning was analyzed by a field-emission 
scanning electron microscope (FE-SEM) TESCAN 
Mira3 XMU operated at 20 kV. The variation    
of the surface composition with the laser  
irradiation parameters, such as laser output energy, 
was investigated in triplicate with excellent 
reproducibility by using a energy dispersive 
spectrometer (EDS) Oxford Inca 3.2 coupled   
with a SEM JEOL JSM 5800 operated at 20 kV  
and the obtained results were presented with 
calculated standard deviation (SD). Additionally, 
the morphological features of the alloy surface were 
characterized by using a non-contact optical 
profilometer ZYGO NewView 7100 with the    
3D surface topographic and surface roughness 
measurements. 
 
2.3 Electrochemical testing 

The potentiodynamic polarization analysis  
and the electrochemical impedance spectroscopic 
(EIS) measurements were used to analyze the 
electrochemical behavior of the Ti−45Nb alloy 
before and after the laser surface scanning in the 
simulated human body conditions. Measurements 
were performed at (37±0.1) °C using a three- 
electrode cell configuration. The Ringer’s solution 
with pH of 6.8, composed of 6.8 g/L NaCl, 0.4 g/L 
KCl, 0.2 g/L CaCl2, 0.2048 g/L MgSO4·7H2O, 
0.1438 g/L NaH2PO4·H2O, 1.1 g/L NaHCO3, and 
1 g/L glucose, served as an electrolyte during 
testing, as a simulated body fluid (SBF). In a three- 
electrode cell configuration the alloy sample was a 
working electrode, the platinum grid was used as a 
counter electrode, while the saturated calomel 
electrode (SCE) was a reference electrode. 
Electrochemical measurements were performed 
using a Gamry Reference 600 Potentiostat/ 
Galvanostat/ZRA placed in the Faraday cage. Prior 
to the electrochemical measurements, the alloy 
samples were immersed in the electrolyte and 
allowed to stabilize at the open circuit potential 
(OCP). Linear polarization measurements were 
performed in the potential range from −0.75 to 
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4 V (vs SCE) with 1 mV/s scan rate. The EIS 
measurements were conducted at OCP using a 
sinusoidal signal with 10 mV amplitude and 
frequencies in the range of 0.01 Hz−100 kHz, as 
reported previously [48]. The recorded EIS data 
was analyzed using the Gamry Instruments Echem 
Analyst v.5.50 software. 
 
2.4 Biocompatibility assessment 
2.4.1 Cytotoxicity testing 

The cytotoxicity of the Ti−45Nb alloy was 
assessed by two types of in vitro tests: colorimetric 
methyl-thiazol-tetrazolium (MTT) and tryptan blue 
exclusion (DET). The evaluation of the alloy 
cytotoxicity before and after the laser surface 
scanning was performed using the human fibroblast 
MRC-5 cell line (Human fibroblast, American  
Type Culture Collection CCL 171) following the 
procedure already described in the literature [49]. 
The cells were grown in flasks (Costar, 25 cm2) in 
Dulbecco’s modified Eagle’s medium (DMEM) 
with 4.5% of glucose, 10% of fetal calf serum 
(FCS), and antibiotic antimycotic solution supplied 
by Sigma-Aldrich, USA. The cells were 
sub-cultured twice a week and a single cell 
suspension was obtained using 0.25% trypsin or 
trypsin in EDTA (Serva). The cell lines were 
cultured at 37 °C in 5% CO2 air atmosphere with 
100% humidity. Exponentially grown cells were 
used for investigation purposes. The cell density 
and viability were attained using the color rejection 
test with 0.1% trypsin blue showing that the 
viability of cells used in the assay was higher than 
90%. All alloy test samples were sterilized and 
placed in Petri dishes with 50 mm × 9 mm in size 
(Falcon) with viable cells seeded on the alloy 
sample surface in the concentration of 2×105 mL−1. 
The control samples contained only cells. The Petri 
dishes that contained the investigated alloy samples 
and seeded cells were thermostated for 48 h at 
37 °C in humidified 5% CO2 air atmosphere, and 
after the expiration of this incubation period, the 
cells were separated from the alloy samples 
utilizing the trypsinization treatment by adding  
0.5% trypsin solution. The cytotoxicity of the 
Ti−45Nb alloy was determined as a percentage of 
the cell growth inhibition by conducting DET and 
MTT tests. During the DET testing the cell viability 
and number were evaluated using a trypan blue 
exclusion method and the cells’ inhibition of growth 

(CI), i.e. cytotoxicity, was given in percentage 
according to the formula: CI=Ns/Nk×100%, where 
Nk is the average number of the cells in the control 
samples, while Ns is the average number of the cells 
in the samples containing the investigated Ti−45Nb 
alloy. Growth inhibition was also evaluated by 
tetrazolium colorimetric MTT assay (Sigma). The 
assay is based on the cleavage of the tetrazolium 
salt MTT, i.e. 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyl tetrazolium bromide, to formazan by 
mitochondrial dehydrogenases in viable cells. For 
the MTT testing, the exponentially growing cells 
were harvested, counted by trypan blue exclusion 
test, and plated into 96-well microtiter plates 
(Costar) at an optimal seeding density of 5×103 
cells/well to assure a logarithmic growth rate 
throughout the assay period. Viable cells were 
planted at a volume of 100 μL/well in a complete 
medium at 37 °C for 48 h. 10 μL of the MTT 
solution was added to all wells 3 h before the end of 
the incubation period. MTT was dissolved in a 
medium at 5 mg/mL and filtered to sterilize and 
remove a small amount of insoluble residue present 
in some MTT batches. Cells were incubated in the 
presence of MTT for 3 h at 37 °C followed by the 
medium and MTT removal by suction. The 
formazan product was then solubilized in 100 μL  
of 0.04 mol/L HCl in isopropanol. After a few 
minutes, the optical density (OD) was read at  
room temperature on the Multiscan MCC340 
spectrophotometer plate reader (Labsystems) at  
the wavelength of 540 nm and the reference 
wavelength of 690 nm. The wells without cells that 
contained only medium and MTT acted as blank. 
The cells’ inhibition of growth CI was presented in 
percentages according to the formula: CI= 
(ODs/ODk)×100%, where ODk is the average 
absorbance of the control samples, while ODs is the 
average absorbance of the samples containing the 
investigated Ti−45Nb alloy. The in vitro tests were 
conducted in triplicate to confirm the results 
reproducibility. 
2.4.2 Morphology analysis of live cells 

Morphological features of the MRC-5 cells 
grown in contact with the investigated Ti−45Nb 
alloy samples were examined using an FE-SEM 
TESCAN Mira3 XMU microscope operated at an 
accelerating voltage of 20 keV. For that purpose, the 
MRC-5 cells were collected during the logarithmic 
phase of growth, trypsinized, resuspended, counted 
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in 0.1% trypan blue, seeded directly on the    
alloy samples surfaces in the concentration of 
1.0×105 cells/mL, and cultivated at 37 °C in 
5% CO2 humidified atmosphere for 48 h. When the 
incubation period was over, the MRC-5 cells were 
fixed in 2.5% glutaraldehyde (Sigma) for 48 h, and 
then dehydrated in the four-step process using 3% 
acetic acid, 3% acetic acid and 25% ethanol 
solution with 1:1 volume ratio, 3% acetic acid and 
50% ethanol solution with 1:1 volume ratio, and  
70% ethanol. Finally, using a Baltec SCD 005 
sputter coater, the Ti−45Nb alloy samples with 
fixed and dehydrated MRC-5 cells were coated with 
a thin Au film before their FE-SEM analysis. 
 
3 Results and discussion 
 
3.1 Microstructural characteristics 

Results of the EBSD microstructural analysis 
of the hot-extruded Ti−45Nb alloy in the initial 
state, presented in Fig. 1(a), showed an equiaxed 
microstructure and pronounced recrystallized 
texture, which is in accordance with previously 
reported data available in the literature [50]. The 
XRD analysis (Fig. 1(b)) and previously reported 
results of the theoretical structural investigations on 
ab initio level [51] revealed the presence of two 
phases, i.e. body-centred cubic (bcc) β-Ti and 
orthorhombic Ti4Nb, in the as-received alloy 
microstructure. 

After laser irradiation, the modified alloy was 
additionally analyzed by the XRD method and 
recorded XRD patterns showed that there was no 
phase transformation during the laser treatment 
even though the alloy surface exhibited 
morphological features typical for rapid melting 
and solidification (Fig. 1(b)). Namely, the XRD 
peaks that corresponded to the β-Ti and Ti4Nb 
phases are visible before and after the irradiation. 
Diffraction peaks observed at 2θ values of ~38.5° 
and 82° can be associated with (110) and (220) 
reflections of the bcc β-Ti phase with Im3m space 
group, respectively. The peak present at 39.1° 
belongs to the (111) reflection of the Ti4Nb 
orthorhombic phase with the Cmcm space group. 

However, the XRD analysis of the laser-treated 
surfaces revealed the presence of diffraction peaks 
at 36.1° and 39.5° that correspond to the (Ti,Nb)O 
oxides (Fig. 1(b)). This suggests that the Ti−45Nb 
alloy surface was oxidized during the laser 

irradiation in the air atmosphere. Moreover, 
according to the observed XRD peak intensities it is 
evident that the oxidation level increased with an 
increase in the laser pulse energy and the formation 
of a thicker surface oxide layer occurred. 
 

 
Fig. 1 Inverse pole figure map of as-received Ti−45Nb 
alloy (a), and XRD patterns of Ti−45Nb alloy in 
as-received and laser-treated conditions 
 
3.2 Surface characteristics 

The laser irradiation energy distribution during 
the alloy laser surface irradiation treatment plays  
an important role in the surface morphological 
modifications that can be achieved [13,15−17]. The 
part of the irradiation energy that is absorbed by the 
surface layer influences the rates of alloy surface 
heating, melting, cooling, and solidification. By 
varying irradiation parameters, such as laser pulse 
energy, scanning speed, scanning direction, focal 
position, wavelength, spot size, and surrounding 
atmosphere, it is possible to achieve the formation 
of specific surface morphology suitable for the 
improvement of alloy surface roughness, as well  
as its corrosive performance. Therefore, the 
laser-induced surface damage characteristics are 
mostly determined by irradiation parameters, i.e. 
laser pulse energy and scanning speed, which also 
influence the resulting ablation effect [14,17]. 

In the present study, the application of laser 
surface scanning method resulted in distinctive 
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surface morphological changes. Namely, the material 
heating and melting in the alloy surface and 
subsurface zone caused a part of the material to be 
removed as a result of the laser ablation process. 
Due to the rapid cooling after the laser beam action 
was completed, the melted material was quickly 
solidified, and distinctive surface damage features 
appeared in the form of diverse peaks and valleys, 
while the melted material accumulation led to the 
formation of periodic wave-like structures in the 
form of ripples (Fig. 2). 

FE-SEM micrographs given in Fig. 2 also 
show that the application of laser pulse energy of 
5 mJ led to the appearance of discrete unidirectional 
scan lines in the form of ripple-like structures and 
microcracks on the alloy surface (Fig. 2(b)). When 
the irradiation energy was increased, the periodic 
ripple-like structures gradually spread over the 
surface and exhibited a uniform periodicity (Fig. 2(c)). 
Moreover, most of the formed periodic structures 
were aligned parallel to the scanning direction, 
while the formed microcracks were more pronounced. 

Additionally, the alloy surface profilometric 
analysis before and after irradiation showed that 

after the laser scanning was completed, distinctive 
surface morphological alterations were generated 
(Fig. 3). Such alterations are indicative of the rapid 
solidification process. As shown in Figs. 3(a, c, e), 
various degrees of rapid material solidification, 
induced by different laser pulse energies, resulted in 
the diverse range of periodic wave-like structures 
generated on the material surface determining the 
resulting surface topography in that way. The 
wave-like and ripple-like structures were defined 
according to the scanning direction (Figs. 3(c−f)). 
With an increase in the laser pulse energy, more 
pronounced hydrodynamic effects in the form of 
wave-like structures with some solidified ripples 
formed in the irradiated zone due to the attainment 
of high temperature and the laser beam intensity 
redistribution (Figs. 3(e, f)). This is in accordance 
with the results presented in the study of LI      
et al [52], where it was demonstrated that laser- 
treated surface morphology was mostly consistent 
with the laser scanning patterns. 

By varying the laser operational parameters, it 
was also possible to vary the material surface 
roughness (Fig. 3). Namely, with an increase in the 

 

 
Fig. 2 FE-SEM micrographs of Ti−45Nb alloy surface after laser surface scanning with irradiation energies of     
5 mJ (a, b) and 15 mJ (c, d) 
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Fig. 3 3D (a, c, e) and linear (b, d, f) surface profiles obtained by profilometric analysis of Ti−45Nb alloy in as-received 
condition (a, b), and after laser irradiation with irradiation energies of 5 mJ (c, d) and 15 mJ (e, f) 
 
pulse energy the surface roughness also increased. 
This is a result of the movement within the pool of 
melted material due to the tendency of hotter    
and, therefore, less dense material to spread, and  
the subsequent material rapid cooling which 
consequently resulted in more pronounced material 
surface modifications induced by the usage of laser 
beam TEM00 mode [14,16,17]. 

The initial surface roughness of the 
as-received Ti−45Nb alloy sample was determined 
as 0.186 μm and the surface was very smooth. At 
this roughness value, the maximal height of 
material was in the range from −1.25 to 1 µm 
(Fig. 3(b)). As shown in Fig. 3, the laser treatment 
generated a rougher surface compared to the 
untreated sample depending on the laser ablation 
and irradiation breakthrough degree. Figure 3 
showed that application of the laser pulse energy of 
5 mJ did not significantly influence the overall 
surface roughness of the sample since low laser 
energy showed a low impact on the surface feature 
formation [16]. On the other hand, the laser-treated 
sample subjected to a laser pulse energy of 15 mJ 

showed a different trend (Fig. 3). An increase in 
energy led to an increase in the sample surface 
roughness (0.280 µm). The height of the ejected 
material for the samples laser-treated with 5 and 
15 mJ was approximately 0.80 and 1.4 µm, 
respectively, while the depth of material during 
laser irradiation breakthrough was approximately 
0.50 and 1.35 µm, respectively (Figs. 3(d, f)). This 
is in accordance with the study of XU et al [45] 
who focused on the surface morphology, roughness, 
and laser-induced defects on the femtosecond 
treated material surface. Their results showed   
that the laser-irradiated structures included the 
appearance of melted zone, nanofibers, and laser- 
induced periodic surface structures. Moreover, 
laser-induced periodic surface structures were 
oriented parallel to the laser beam polarization 
direction and, as temperature increased during the 
laser irradiation, re-melting and rapid solidification 
of the material caused fracture at the melted and 
non-melted material interface since the melted 
material was ejected backward to the laser scanning 
direction [45]. 
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The analysis of the alloy surface after 
interaction with the laser beam revealed that the 
absorbed irradiation energy not only induced 
morphological alterations but also resulted in 
surface chemical composition changes. The obtained 
EDS results showed that, when the Ti and Nb were 
still present in similar proportions on the material 
surface before and after laser treatment, the alloy 
surface laser scanning influenced a significant 
increase of the oxygen content in the irradiated area 
(Table 1). Moreover, an increase in laser pulse 
energy from 5 to 15 mJ led to an increase of the 
oxygen content for more than 30% in the analyzed 
irradiated areas due to the stimulated oxidation 
process on the material surface. This was expected 
due to the high affinity of Ti toward oxygen. The 
formation of such a surface oxide scale is favorable 
to the enhancement of the surface topography, 
bioactivity, corrosion resistance in the biological 
environment, and biocompatibility [6,26,46]. The 
obtained results (Fig. 1(b) and Table 1) indicate the 
formation of a stable, thin layer on the alloy surface 
composed of Ti- and Nb-oxides, which is in 
accordance with data in the literature [20,23]. The 
presence of such a surface oxide layer is favorable 
to the implant material biocompatibility and limits 
the alloying ions release into the surrounding living 
tissues [25,53−55]. The additional formation of 
oxides on the Ti−45Nb alloy surface during the 
laser treatment can modify the corrosion protection 
characteristics of the spontaneously-formed oxides 
and show a positive effect on the overall alloy 
corrosion resistance. Since the newly-formed oxide 
layer consists of (Ti,Nb)O oxides, it can be assumed 
that the presence of these oxides with a higher 
protective capacity will improve not only the alloy 
corrosion behavior but also the implant material− 
cells interactions and in that way contribute to the 
successful implantation process [25,26]. 

When a Ti−Nb alloy is exposed to oxygen, due 
to its direct contact with air, the surface layer, 
consisting of the alloying element oxides, is  
formed [20,23,54]. If this newly-formed layer is 
steady, it may serve as a protective layer for this 
material. The oxide layer growth and increase of its 
thickness can induce the improved cell adhesion 
and proliferation, osseointegration, as well as alloy 
corrosion resistance in the bio-environment [56−58]. 
Also, the observed increase in the oxide layer 
thickness with an increase in the laser output energy 

is coincidental with an increase in the alloy surface 
roughness, which can induce the improved alloy 
biointegration and bioactivity [44,46]. 
 
Table 1 Average oxygen contents on laser-irradiated 
Ti−45Nb alloy surface depending on laser output energy 

Alloy Surface oxygen 
content/wt.% 

Standard 
deviation (SD)/% 

Laser-irradiated 
with 5 mJ 14.51 0.65 

Laser-irradiated 
with 15 mJ 21.39 0.71 

 
3.3 Electrochemical behavior 

To determine the effect of laser surface 
scanning modification on the corrosion resistance 
of the Ti−45Nb alloy, the alloy electrochemical 
behavior was evaluated in simulated physiological 
conditions. 

The potentiodynamic polarization curves of 
the alloy in as-received and laser-treated conditions, 
obtained during testing in Ringer’s solution at the 
human body temperature, are presented in Fig. 4. 
From the presented curves it can be observed that 
the Ti−45Nb alloy passivates when exposed to the 
investigation conditions irrespective of the laser 
surface treatment. However, its anodic polarization 
behavior differs as the alloy surface characteristics 
differ and only one passivating zone (denoted as I 
in Fig. 4) for the alloy in as-received condition  
and two passivating zones (denoted as I and II in 
Fig. 4) for the alloy in laser-treated condition can be 
distinguished in the anodic branch of alloy 
polarization curves. 
 

 
Fig. 4 Potentiodynamic polarization curves of as-received 
and laser-irradiated Ti−45Nb alloys obtained in naturally 
aerated Ringer’s solution at 37 °C 



I. CVIJOVIĆ-ALAGIĆ, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2533−2551 2541 

After the immersion of alloy samples in the 
SBF solution, the spontaneous formation of surface 
oxide films was initiated until the stabilization of 
open circuit potential (φOCP) value was reached. 
These spontaneously formed films thicken with an 
increase of the anodic current density at potential 
from the corrosion potential (φcorr) value to 
approximately 0.3 V (vs SCE) for the alloy samples 
in as-received condition, and to 0.5 V (vs SCE) and 
−0.4 V (vs SCE) for the alloy samples laser-treated 
with 5 and 15 mJ output energy, respectively. 

For the laser-untreated alloy sample at the 
potential of 0.3 V (vs SCE) the current density 
value stabilizes almost completely, and with further 
increase of the potential value up to 4 V (vs SCE),  
it changes insignificantly from 7.94×10−6 to 
1.96×10−5 A/cm2, indicating the alloy surface 
passivation during the exposure to corrosive 
environment (passivating zone marked as I in   
Fig. 4) with the formation of stable oxide surface 
film [48,54]. The observed passivating region 
covers a wide potential range of 3.7 V (vs SCE) and 
indicates efficient passivation of the material 
surface by the formed oxide layer [24,30,58]. 

However, in the potentiodynamic polarization 
curve of the alloy sample laser-irradiated with 5 mJ, 
the presence of two distinct passivating regions can 
be distinguished. The primary passivating zone, 
marked as I in Fig. 4, covers the potential range 
from 0.5 to 1.7 V (vs SCE) where only a slight 
increase of the anodic current density value can be 
observed until it was stabilized at 7.08×10−5 A/cm2. 
Further increase of the potential value to 1.85 V 
(vs SCE) is accompanied by an increase of the 
current density till the appearance of anodic peak at 
~8×10−5 A/cm2, which suggests a slight change in 
the surface oxide scale composition or appearance 
of some irregularities in the external oxide scale 
that covers the laser-treated alloy surface [48,58]. 
Above 1.85 V (vs SCE) the anodic current density 
only slightly decreases till the value of 
~7.5×10−5 A/cm2 is reached and completely 
stabilized, indicating the presence of a secondary 
passivating zone in the potential range from 2 to 
4 V (vs SCE). This secondary passivating region, 
which is marked as II in Fig. 4, is the characteristic 
of the surface repassivation process and formation 
of the compact oxide scale that covers the entire 
alloy surface. The current density values in the 

passive regions are smaller than the ones recorded 
for the as-received alloy, indicating its greater 
stability. 

On the other hand, the anodic polarization 
behavior of the alloy laser-irradiated with 15 mJ 
output energy significantly differs. Except for the 
presence of two distinct passivating regions,    
the active-passive nose in the potentiodynamic 
polarization curve can be observed. Namely, the 
first passivating region, denoted as I in Fig. 4, is 
observed in the potential range from −0.4 to 0 V 
(vs SCE) where the current density value modestly 
increases from 2.51×10−7 to 6.31×10−7 A/cm2. With 
further increase of the potential value, the active− 
passive nose appears due to the occurrence of a 
diffusion process during which the complex oxide 
is formed on the alloy surface. Namely, with an 
increase of the potential value from 0 to 0.37 V (vs 
SCE) the current density value decreases until    
it reaches 1.26×10−7 A/cm2 where the active-to- 
passive transition occurs, and the current density 
value shifts toward more positive values. Finally, at 
0.7 V (vs SCE) the current density value stabilizes 
at 5.01×10−7 A/cm2, indicating the formation of a 
barrier layer on the alloy surface, marking the 
second passivating zone, denoted as II in Fig. 4. 
However, the current density values are not 
constant in this region until the end of the 
polarization measurements at 4 V (vs SCE) due to 
the thickening of the formed complex oxide layer. 
Still, they are over an order of magnitude smaller as 
compared to values for other two samples, pointing 
to the formation of a stable layer. 

The appearance of the second passivation 
region in the anodic branch of potentiodynamic 
polarization curves of the laser-irradiated samples 
suggests that both sample groups (irradiated with 5 
and 15 mJ) showed a high corrosion resistance and 
a high passivation ability in the human body 
conditions [31,32,56]. 

The influence of the laser surface scanning 
treatment on the corrosion behavior of the Ti−45Nb 
alloy can also be analyzed through the obtained 
corrosion potential, φcorr, and corrosion current 
density, Jcorr. Values for the alloys before and after 
laser surface treatment are given in Table 2. 

Low values of the corrosion current density 
attained for the untreated and laser-treated alloy 
samples (lower than 10–8 A/cm2) indicate their 
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Table 2 Corrosion potentials (φcorr) and corrosion current 
densities (Jcorr) of Ti−45Nb alloys before and after   
laser surface scanning treatment obtained during 
electrochemical tests in naturally aerated Ringer’s 
solution at 37 °C 

Alloy φcorr(vs SCE)/V Jcorr/(10−8 A∙cm−2) 

As-received −0.305±0.016 2.84±0.03 
Laser-irradiated 

with 5 mJ 
−0.332±0.009 0.65±0.01 

Laser-irradiated 
with 15 mJ 

−0.422±0.017 2.77±0.04 

 
exceptional stability against corrosion damage and 
high durability of the investigated alloy in a 
simulated bio-environment regardless of the 
obtained laser-induced surface modifications. From 
the potentiodynamic polarization curves shown in 
Fig. 4 and results presented in Table 2, it can be 
observed that the corrosion current density values 
are the lowest for the sample laser-treated with 5 mJ 
compared to the values obtained for the as-received 
alloy and the sample laser-treated with 15 mJ.   
The formation of the stable and compact surface 
oxide layer during the laser scanning treatments 
influenced an obvious improvement of the alloy 
corrosion resistance properties and better corrosive 
damage tolerance in simulated body conditions. 
This is especially pronounced for the alloy 
subjected to laser irradiation with 5 mJ of output 
energy. Namely, the alloy sample irradiated    
with 5 mJ showed the lowest Jcorr value 
(0.65×10−8 A/cm2), which is about 77% lower than 
the value of corrosion current density recorded for 
the laser untreated alloy (2.84×10−8 A/cm2) and the 
alloy laser-irradiated with 15 mJ (2.77×10−8 A/cm2). 
Greater Jcorr value for the sample irradiated with 
15 mJ than with 5 mJ is probably due to the 
appearance of more prominent microcracks 
observed in Fig. 2. It can be noted that the 
formation of the more stable protective surface 
oxide film caused a superior passive behavior in 
both laser-treated samples than in the case of the 
alloy in as-received condition. Furthermore, the 
observed better corrosion stability of the 
laser-treated alloy compared to the untreated alloy 
shows that the corrosion behavior and resistance of 
the alloy are influenced by thickness of the formed 
oxide layer which, in turn, is affected by the surface 
laser scanning process. 

In order to characterize the surface films and 
their stability, the electrochemical behavior of the 
Ti−45Nb alloys before and after laser treatment  
was additionally analyzed by conducting the EIS 
measurements in a simulated bio-environment. The 
obtained data are presented as the impedance 
spectra shown in Fig. 5 and electrochemical 
parameters given in Table 3. 
 

 
Fig. 5 EIS spectra of Ti−45Nb alloys before and after 
laser irradiation obtained in naturally aerated Ringer’s 
solution at 37 °C: (a) Nyquist plot; (b) Bode plot      
(f represents frequency); (c) Bode phase angle plot 
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The analysis of the Nyquist plot given in 
Fig. 5(a) shows that even though a semicircle 
dependence of the real (ZRe) and imaginary (ZIm) 
components of the impedance is observed for all 
investigated samples, the overall impedance values 
are the lowest in the case of the alloy in as-received 
condition. This indicates that the protective surface 
films are formed on the Ti−45Nb alloy surface 
regardless of its surface laser treatment. However, 
the lowest overall impedance values and the more 
pronounced resistive response observed for the 
laser-untreated alloy sample reveal that the oxide 
films formed on its surface provide the lowest 
protection from corrosive degradation. Although the 
overall impedance values are similar in the case of 
both laser-treated samples, a somewhat greater 
value in the case of the alloy sample subjected    
to laser irradiation with 5 mJ of output energy 
suggests better protective properties of the oxide 
film formed on its surface. 

In addition, based on the Bode diagrams that 
show the dependence of impedance modulus (|Z|) 
and phase angle (θ) on frequency ( f ) presented in 
Figs. 5(b, c), one can observe two characteristic 
frequency regions that are typical for the formation 
of two-layered oxide film on the surface of alloy 
samples in both untreated and laser-treated 
conditions. The presence of these two distinct 
frequency regions, i.e. two relaxation time constants, 
suggests that the alloy surface, regardless of its 
additional laser irradiation treatment, is covered by 
the surface film with a bi-modal structure composed 
of the inner barrier layer and the outer porous  
layer [57]. The appearance of the specific linear 
region over the wide frequency range in the Bode 
modulus plot given in Fig. 5(c) suggests the highly 
capacitive behavior of the barrier layers formed  
on the surface of all investigated samples. The 
observed high impedance values in the range from 
105 to 106 Ω∙cm2 in the low-frequency region 
suggest that all investigated samples, regardless of 
their additional laser surface treatment, show good 
resistance to corrosion in Ringer’s solution at 37 °C 
(Fig. 5(b)) [48,57]. However, the positive influence 
of surface laser treatment on the Ti−45Nb alloy 
corrosion resistance is indicated by the presence of 
a much broader phase angle peak at intermediate 
frequencies for the alloy samples subjected to laser 
irradiation regardless of the applied laser output 
energy (Fig. 5(c)). Furthermore, for the alloy 

sample in as-received condition in the high- 
frequency region, the low impedance values of 
~102 Ω∙cm2 (Fig. 5(b)) and phase angles close to 0°, 
compared to phase angles of −15° and −20° 
observed for the alloy samples laser-treated with 5 
and 15 mJ (Fig. 5(c)), respectively, suggest the 
formation of thicker outer porous layer [30,53−55]. 
On the other hand, phase angles of −80° observed at 
intermediate frequencies for all test samples 
indicate the formation of a stable inner barrier layer 
regardless of the alloy surface irradiation treatment, 
while low phase angles (in the range from −65° to 
−80°) observed in the low-frequency region for the 
laser-treated samples imply that the additional laser 
surface modification induced the formation of a 
more stable barrier layer. 

Fitting of the obtained EIS data was conducted 
by applying the equivalent electrical circuit (EEC) 
model with two relaxation time constants presented 
in Fig. 6 that corresponds to a two-layered passive 
surface film with outer porous (p) and inner barrier 
(b) layers [25,48]. The resistance of electrolyte, 
outer porous layer, and inner barrier layer in this 
EEC model are represented by components marked 
as RΩ, Rp, and Rb, respectively. To describe the 
capacitive behavior of the outer porous and inner 
barrier layers formed on the alloy surface, the 
constant phase elements (CPE) marked as CPEp and 
CPEb, respectively, are used instead of the full 
capacitor (C) elements to take into account their 
discrepancy from the ideal capacitive behavior. The 
accuracy and quality of conducted data fitting are 
evaluated by using the “Goodness of fit” parameter 
where the obtained value lower than 10−3 for this 
parameter (Table 3) indicated good fitting of the 
EIS data with the selected EEC model. 

According to the electrochemical parameters 
presented in Table 3, the resistance of outer porous 
layer, Rp, and the resistance of inner barrier layer, 
 

 
Fig. 6 Schematic representation of EEC model used for 
EIS data fitting 
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Table 3 Electrochemical parameters of Ti−45Nb alloy before and after laser surface scanning treatment obtained in 
naturally aerated Ringer’s solution at 37 °C 

Alloy RΩ/ 
Ω 

Outer porous layer  Inner barrier layer 
Goodness 

of fit Rp/ 
(Ω∙cm2) 

CPEp  Rb/ 
(Ω∙cm2) 

CPEb 
Y0/ 

(10−6 Ω−1∙cm−2∙ sn) n  Y0/ 
(10−6 Ω−1∙cm−2∙ sn) n 

As-received 65.0 39.2 21.8 0.96  0.27×106 17.5 0.79 203.6×10−6 
Laser-irradiated 

with 5 mJ 42.2 130 4.37 0.77  3.09×106 14.8 0.88 0.44×10−3 

Laser-irradiated 
with 15 mJ 44.2 144 8.24 0.74  3.02×106 9.01 0.87 1.28×10−3 

 
Rb, which are formed on the surface of alloy in 
as-received condition are approximately 78% and 
90% lower than those in the case of alloy with 
laser-treated surface, respectively. This indicates 
that the laser-irradiation treatment significantly 
increases the protective properties of the externally 
formed scales. Moreover, data presented in Table 3 
shows that the inner barrier layer plays a decisive 
role in the improvement of alloy corrosion stability, 
especially after the laser scanning treatment, since 
the resistance of inner barrier layers is 4 orders of 
magnitude higher than that of outer porous layers 
for the alloy in all testing conditions. 

Moreover, from the obtained fitted data 
presented in Table 3, the estimation of the 
capacitance (C) can be undertaken using the 
relation C= ( 1) 1/

0[ ]n nY R− −
Ω , where Y0 represents the 

general admittance function, while n is the CPE 
power exponent with a value of 0 ≤ n ≤ 1 that 
indicates discrepancy from pure capacitive behavior 
(when n is equal to 0, the CPE element acts as a 
resistor; when n equals 1, the CPE element acts as a 
pure capacitor) [25]. The estimated barrier layer 
capacitance (Cb) for the alloy in as-received 
condition and after laser-irradiation with 5 and 15 mJ 
is 2.89×10−6, 5.21×10−6, and 2.78×10−6 s/(Ω∙cm2), 
respectively. On the other hand, the obtained porous 
layer capacitance (Cp) of the alloy in as-received 
condition and after laser-irradiation with 5 and 15 mJ 
is 16.59×10−6, 0.34×10−6 and 0.51×10−6 s/(Ω∙cm2), 
respectively. 

Having this in mind and using the relation d= 
εε0A/C [25], where ε, ε0, and A are the oxide 
dielectric constant, vacuum dielectric permittivity, 
and effective surface area, respectively, the 
thickness of the formed inner barrier layer, db, can 
be determined and it is apparent that the thickness 
of barrier layer formed on the surface of as-received 

alloy, db(as-received), is two times higher than that in the 
case of the alloy laser-treated with 5 mJ and almost 
the same as that in the case of the alloy laser- 
treated with 15 mJ, i.e. db(as-received)≈2db(5 mJ), and  
db(as-received)≈db(15 mJ). On the other hand, thickness of 
the formed outer porous layer, dp, is significantly 
smaller on the surface of as-received alloy sample, 
i.e. dp(as-received)≈0.02dp(5 mJ), and dp(as-received)≈ 
0.03dp(15 mJ). These results indicate that in the case 
of the laser-untreated alloy during the corrosion in 
bio-environmental conditions, thicker barrier layer 
is formed; while in the case of the laser-treated 
alloy samples, thicker porous layer in the external 
scale is formed. 

Since the resistance to corrosion degradation 
of the alloy laser-irradiated with 5 mJ is the highest, 
even though the thinnest barrier and the thickest 
porous layers are observed on its surface, the results 
of this study confirm the previously reported 
findings that the corrosion resistance of the titanium 
alloys is governed by the formation of a denser, 
more stable and compact barrier layer, while the 
thickness of porous layer mainly affects the 
material osseointegration properties [30,48]. Hence, 
this compact inner layer formed on the surface of 
alloy laser treated with 5 mJ, although thin, 
provides an effective barrier to electrolyte entry, 
resulting in the increased corrosion stability of the 
alloy, while much thicker porous films obtained on 
the surface of laser-irradiated alloy samples should 
provide their improved biocompatible response in 
the bio-environmental conditions. 

Findings of the present study are in agreement 
with the research of JEONG et al [59] who 
concluded that an increase in corrosion resistance of 
the Ti−35Nb−10Zr alloy was enabled by using   
the laser surface texturing technique since the 
formation of thicker, more protective, and more 
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stable passivating surface scales was boosted during 
the alloy laser processing. This increase is enabled 
due to the enhanced reaction of oxygen with the 
molten material accumulated in the laser-modified 
area during the initial laser irradiation stages 
[40,53,55,58]. On the other hand, JEONG et al [60] 
showed that the oxide layers, present on the alloy 
surface after laser surface modification, resulted  
in the enhancement of cell proliferation, with 
presumably improved biocompatibility, and 
extensive spreading of the cells on the surfaces. 

To investigate the correlation between the 
formation of outer porous scales and the alloy 
biocompatible properties, the in vitro testing 
methods were used. 
 
3.4 Biological response 
3.4.1 Cytotoxicity 

The Ti−45Nb alloy before and after laser 
surface scanning was subjected to cytotoxicity 
testing to evaluate its biocompatibility in the 
simulated human body conditions. The MTT and 
DET methods were used to determine the viability 
of MRC-5 cells in contact with the investigated 
alloy and obtained results are presented in Table 4. 

As shown in Table 4, during the MTT test the 
lowest average viability value of 91.23% was 
attained for MRC-5 cells in contact with the 
as-received alloy samples, while the MRC-5 cells in 
contact with the alloy laser-irradiated with 5 and 
15 mJ output energy showed higher average 
viability of 94.89% and 115.37%, respectively. 
Based on these results it can be concluded that the 
investigated alloy showed excellent biocompatible 
properties regardless of its additional laser surface 
treatment. However, the viability of cells in contact 
with the untreated alloy surface was the lowest, 
indicating that laser surface scanning is the efficient 
 
Table 4 Average cell viability of different samples 
obtained by MTT and DET assays after 48 h 

Tested sample 
Cell viability/% 

MTT assay DET assay 

Control 100 100 

As-received Ti−45Nb alloy 91.23 79.45 

Ti−45Nb alloy 
laser-irradiated with 5 mJ 94.89 80.83 

Ti−45Nb alloy 
laser-irradiated with 15 mJ 115.37 83.42 

method for the improvement of the biocompatible 
properties of the alloy. Based on the results attained 
after 48 h of cells exposure it was shown that the 
highest cell survival rate was achieved when the 
cells were in contact with the alloy samples 
irradiated with 15 mJ followed by the alloy samples 
irradiated with 5 mJ of output energy. 

The DET test results, presented in Table 4, 
showed that the average viability of MRC-5 cells 
was the lowest in contact with the as-received alloy 
after 48 h of testing (79.45%). Higher average cell 
viability of 80.83% was observed in contact with 
the sample subjected to irradiation with 5 mJ of 
output energy, while the highest mean cell viability 
was recorded in the case of sample laser-irradiated 
with 15 mJ (83.42%). Based on the results of MTT 
and DET tests, it can be concluded that the highest 
degree of surviving cells was observed for a sample 
that was modified by laser scanning with energy of 
15 mJ, indicating its highest cytocompatibility. In 
general, the investigated Ti−45Nb alloys in all 
conditions, untreated and laser-treated, show 
exceptional properties since all tested samples  
were proved to be not cytotoxic, and the alloy 
biocompatibility was estimated to be excellent. 
3.4.2 Morphology of live cells 

The morphology of MRC-5 cells in contact 
with the surface of Ti−45Nb alloy samples, before 
and after laser surface modification, is presented in 
Fig. 7. The shape of the cells observed on the 
unmodified and modified alloy samples indicates 
their excellent spread over the material surface. The 
observed cells showed a high tendency to integrate 
and create a continuous cell layer on the alloy 
surface, which is a confirmation of their good 
metabolic activity [44]. 

From the FE-SEM micrographs presented in 
Fig. 7, it was evident that the surface properties 
generated by the laser irradiation were more 
favorable to the fibroblast cells attachment. 
Furthermore, the cells present on the laser-treated 
surfaces showed good spreading through the 
formation of filopodia, indicating good cell 
adhesion. 

Figures 7(a, b) also showed that the fibroblast 
cells present on the surface of alloy in as-received 
condition underwent initial spreading and the 
individual cells were observed to have 10−15 µm  
in length. As shown in Figs. 7(c, d), the laser 
surface scanning led to the formation of elongated 
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Fig. 7 FE-SEM micrographs of MRC-5 cells attached to surface of Ti−45Nb alloys: (a, b) As-received; (c, d) Laser- 
irradiated with 5 mJ output energy; (e, f) Laser-irradiated with 15 mJ output energy 
 
fibroblast cells which spread to 20−30 µm in length. 
The fibroblast cells on the sample treated with 
higher energy of 15 mJ had spread completely  
over the irradiated area and formed pronounced 
cytoplasmic extensions (Figs. 7(e, f)). Short 
filopodia extend beyond every individual cell and 
elongate to a length of 2−5 µm, as presented in 
Fig. 7(f). The filopodia elongation direction  
implies the migration process direction [46]. The 

morphologies of these fibroblast cells display the 
final stage of cell attachment. In general, fibroblast 
cells in the irradiated area between two periodic 
scan lines spread better and achieve a more 
pronounced attachment to the surface than those at 
the edge of the laser-treated scan lines. Since    
the laser treatment caused diverse morphological 
alterations of the alloy surface as a result of the 
intensity distribution of the laser beam, it could be 
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concluded that fibroblast cell spreading and 
attachment were influenced by the level of the laser 
surface irradiation [38,44]. The above commented 
results confirm that the laser-treated surfaces 
represent a good cell growing environment without 
cytotoxic effect. Furthermore, the material surface 
examination did not reveal the presence of    
round cells without cytoplasmic extensions,  
which indicates excellent biocompatibility of all 
investigated samples [39,43]. 
3.4.3 Biocompatibility 

On the other hand, when analyzing the 
biocompatibility of metallic implant materials,    
it should be taken into consideration that 
biocompatibility is influenced by a number of 
factors [33,34]. Two characteristics of the implant 
surface are proven to be the most important for its 
biocompatibility and osseointegration assessment: 
surface topography and chemical composition 
[38,44]. Compared to the smooth implant material 
surface, the controlled rough surface provides a 
larger surface area for integration with the 
surrounding tissues and allows the implant to grow 
into the tissues [38,45]. Previously published results 
indicate that higher roughness of the titanium- 
based implant surface improves the rate of its 
osseointegration [39,47]. Namely, MANJAIAH and 
LAUBSCHER [61] investigated the influence of 
surface modification on the thickness and 
composition of oxide layers formed on the surface 
of commercially pure titanium and its surface 
topography, and found that increasing the surface 
layer thickness up to 160 nm, and surface roughness 
from 16.3 to 37.2 nm had a positive effect on    
the material cytocompatibility. Moreover, JIAO   
et al [62] showed that the laser surface modification 
of biomaterials had a positive influence on their 
cytocompatibility by inducing more pronounced 
morphological features and the presence of metallic 
oxides in surface layers, as well as by enhancing 
surface roughness. This is also in agreement with 
the results of LIU et al [63], which show that 
porous and more developed surface provides more 
footholds for cell adhesion, leading to the firm cell 
adherence to the biomaterial surface and its 
implementation into the porous surface structure. 

Furthermore, available research data show that 
laser irradiation of the metallic implant surface 
affects cell attachment and morphology through the 
formation of specific implant surface morphology 

with increased roughness that leads to an increased 
fibroblast cells elongation, better cells attachment to 
the modified implant surface, and their better 
bio-activity [37,39−42]. 

Since the material biocompatibility is very 
closely related to the cells behavior on the implant 
surface, such as cell attachment, spreading, and 
proliferation, an improvement of the biological 
response of biometallics leads to the better 
long-term stability of the surgically implanted 
medical aid [33,37,39,43,47]. Moreover, in addition 
to their increased roughness, surfaces with laser- 
induced damage features can induce diverse cell 
behavior, and particularly affect the direction     
of cells movement. As shown in Fig. 7, the 
laser-treated samples with rougher surfaces show a 
higher attachment rate of fibroblast cells compared 
with the smoother laser untreated surface, which is 
in good agreement with previous reports that    
the rougher biomaterial surface promotes better 
fibroblast-like cell attachment [43−45]. 

The implant material topography also 
significantly affects the adhesion and proliferation 
of human cells [38,61]. ZHAO et al [64] showed 
that the roughness of laser-treated surface of    
the Ti6Al4V alloy coated with Zr-oxides was 
significantly improved and that the presence of 
micro-grooves on the material surface in great merit 
influenced cell response by promoting cells to 
spread faster in the direction of grooves and achieve 
better cell adhesion and proliferation. Results of the 
present study are in good agreement with the 
above-mentioned findings and show significant 
improvement of the Ti−45Nb alloy biocompatible 
characteristics induced by the laser surface scanning 
treatment. 
 
4 Conclusions 
 

(1) Laser surface modification caused melting, 
solidification, and ablation of the Ti−45Nb alloy 
surface, and as a result, specific pattern lines with 
periodic wave-like structures and ripples were 
generated. More pronounced changes in the surface 
damage characteristics were recorded for the alloy 
laser-irradiated with pulse energy of 15 mJ. 

(2) Laser scanning treatment altered the 
physicochemical properties of the native oxide layer, 
which in turn resulted in the enhancement of the 
corrosion resistance of Ti−45Nb alloy in the 
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simulated physiological conditions. The obtained 
Jcorr values of 0.65×10−8 and 2.77×10−8 A/cm2 for 
the samples laser-treated with pulse energy of 5 and 
15 mJ, respectively, suggested a nobler passive 
behavior of the alloy subjected to the laser 
treatment with lower output energy. 

(3) The bi-modal external oxide scale, 
composed of outer porous and inner barrier films, 
was formed on the alloy surface regardless of its 
additional laser-irradiation treatment. The compact 
inner layer formed on the surface of alloy laser- 
treated with 5 mJ, although thin, provides an 
effective barrier to electrolyte entry, resulting in  
the alloy increased corrosion stability, while   
much thicker porous films formed on the surface of 
laser-irradiated alloy samples provide their 
improved biocompatible response in the bio- 
environmental conditions. 

(4) The results of the in vitro tests showed 
that all test groups showed biocompatibility without 
the appearance of unfavorable effects, indicating 
good cytocompatibility of the Ti−45Nb alloy 
irrespective of its additional surface laser treatment. 
However, laser treatment induced a considerable 
improvement in the response of fibroblast cells and 
resulted in the improved cell attachment and 
proliferation. Moreover, an increase in the laser 
pulse energy led to the surface roughness increase, 
which in turn led to the appearance of filopodia and 
the improved spreading of fibroblast cells. 

(5) The results of the present study show that 
laser surface modification in great merit influences 
changes in the alloy surface morphology and 
chemistry, and is a suitable method for the 
improvement of Ti-based biometallic alloy corrosion 
resistance and biocompatibility. 
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摘  要：研究 Ti−45Nb(质量分数，%)合金的性能及其潜在的生物医学应用。采用激光表面改性技术提高合金的

生物学性能。经过激光处理后，合金表面形成了(Ti,Nb)O 氧化层和不同的形貌特征。评估了 Ti−45Nb 合金在模拟

体液条件下的电化学行为，结果表明，无论是否进行激光表面改性处理，该合金都具有优异的耐腐蚀性。然而，

激光处理后合金的耐腐性显著提高，经过 5 mJ 的激光处理后，合金的腐蚀电流密度从处理前的 2.84×10−8 A/cm 降

低为 0.65×10−8 A/cm，这是由于快速形成了一种复杂且具有钝化作用的双模态表面氧化层。还研究了合金的细胞

毒性以及 Ti−45Nb 合金激光表面改性对 MRC-5 细胞的活性、形态和增殖的影响。结果表明，Ti−45Nb 合金无细

胞毒性。此外，细胞在激光处理后合金表面的活性和黏附性都有所提高。经 15 mJ 激光处理后，合金的平均细胞

活性最高，为 115.37%。结果表明，激光表面改性可以成功用于显著提高合金细胞相容性。 

关键词：Ti−45Nb 合金；激光表面扫描；电化学性能；生物相容性；细胞形态 
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