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A B S T R A C T   

In this work, the surface of porous titanium samples obtained by the space-holder technique was treated with a 
femtosecond laser to improve their osseointegration. Instrumented micro-indentation and scratch test were 
implemented to evaluate the tribo-mechanical behavior of the surface of the modified samples. A detailed study 
of micro-hardness, stiffness, scratch resistance and elastic recovery was performed. Also, in vitro analysis was 
carried out to evaluate the cellular behavior. Modified samples showed less ALP activity, which could indicate a 
greater differentiation of the cells. The cell culture was similar in all cases although more differentiated 
morphology, good cell adherence and biological response were observed on treated samples. Finally, the discs 
with a pore size between 100–200 μm present being potential candidates for the replacement of small portions of 
damaged cortical bone tissues.   

1. Introduction 

Titanium (Ti) and its related alloys are widely used as a material for 
dental and orthopedic implants due to their mechanical properties, 
excellent corrosion resistance in physiological fluids and good biocom-
patibility [1–4]. Despite these advantages, Ti presents some drawbacks 
for its application as biomaterial. On the one hand, in terms of biome-
chanical properties, the difference in Young's modulus between the 
material and the cortical bone can originate stress shielding problems 
that may cause inadequate bone remodeling and eventual implant fail-
ure interface that limits its osseointegration capacity and can cause 
loosening of the implant [5,6]. On the other hand, Ti is generally 
considered as bio-inert, which can lead to the formation of a fibrous 
tissue film around the implant, which may cause it to loosen. 

Porous titanium implants constitutes an interesting approach to 
reduce the difference in stiffness between the implant and the bone, 
being able to avoid stress shielding problems [7–10]. Furthermore, it has 
been shown that interconnected porous structures with diameter pores 
greater than 100 μm allow tissue growth inside the pores, creating a 

strong mechanical interlock [11–13]. However, the reduction of the 
strength and fatigue resistance of porous materials could also be a 
drawback. Therefore, it is necessary to correctly design the porous 
structure (pore size, porosity, pore distribution) to achieve a good bal-
ance between strength and stiffness and ensure that the performance of 
the implant will be optimal under real service conditions [14,15]. 

One of the most common approaches to improve bioactivity is the 
modification of the topography of the surface, for example, by micro- 
textured [16–20]. Currently, it has been proposed that structures at 
the nanometric level can provide additional value with respect to purely 
micrometric structures, since they better replicate the texture of the 
bone surface and increase interaction with proteins, promoting cell 
adhesion [21–23]. Several studies have shown that nanostructures can 
improve the differentiation and adhesion of mesenchymal stem cells 
[24–26]. Furthermore, since nanofeatures differently interact with 
various cell types, they have been proposed to prevent the proliferation 
and adhesion of bacteria [27,28]. However, this field of research is still 
in its early stages and further studies are required to fully comprehend 
how different cell types and bacteria react to nanoscale features and 
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clearly show their advantages over their micrometer-scale analogues in 
long-term implant behavior [29–32]. 

In this previous scenario, laser texturing allows the generation of 
micro- and nano-scale textures on material surfaces [33,34]. This tech-
nology has several advantages, since it can produce different geometric 
typologies on the surface with great precision and without generating 
waste, while being fast and consuming small amount of material [35]. 
Traditionally, in the field of laser micromachining, the lasers were long 
pulsed, typically in the nanosecond and picosecond range. Recently, the 

increasing availability of ultrashort femtosecond lasers has highlighted 
the advantages that this technology has over traditionally used long 
pulse lasers. With this processing technology, the interaction times be-
tween laser and material are much shorter, so the material is less 
affected and damaged, allowing obtaining machining with high quality 
and much greater precision [36–39]. Another great advantage that 
femtosecond lasers present for surface modification is that they allow 
the generation of a much larger variety of micro and nano-structures 
compared to those that can be obtained with long pulses [40]. 

Fig. 1. SEM micrographs before and after and the modification by femtosecond laser of the surface and inside the pores for the two studied pores range size (100–200 
and 355–500 μm). 
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In a previous work, authors showed the feasibility to generate hier-
archical micro-nano-structures on the surface of fully-dense and porous 
titanium substrates using femtosecond laser texturing [41]. The authors 
characterized the morphology, roughness and porosity of the samples 
and the surface structures were compared before and after laser treat-
ment. However, in this work the authors perform a detail analysis of the 
tribo-mechanical behavior of superficially modified porous titanium 
substrates, as well as an in vitro study to evaluate the capacity to 
improve cell behavior of the proposed methods. Biological cultures were 
performed on the surface of the samples to evaluate cell viability, pro-
liferation, differentiation and morphology. The results allowed evalu-
ating and comparing the performance of the different modified surfaces 
obtained in terms of the biofunctional enhancement of the implants. 

2. Materials and methods 

2.1. Fabrication of the porous titanium substrates 

Fully-dense and porous commercially pure titanium (c.p. Ti -Grade 
IV, provided by SEJONG Materials Co. Ltd.) discs were manufactured 
using the powder metallurgy technology. The fully-dense sample was 
obtained by pressing and sintering the powder at 1300 MPa and 

1300 ◦C, respectively. The porous samples were produced by the space- 
holder technique using two different particle size ranges: 100–200 μm 
and 355–500 μm to evaluate the effect of pore size on micro-mechanical 
and biological behavior. In both cases the Ti powder was mixed with 40 
vol% of spacer particles (NH4HCO3). Afterwards, the mixture was 
pressed at 800 MPa and then, the spacer was removed using a low 
vacuum furnace (Heraeus, Hanau, Germany) (10− 2 mbar) in two stages 
(60 ◦C and 110 ◦C) during 12 h each. Finally, the porous green samples 
were sintered at 1250 ◦C in a molybdenum chamber furnace (Termo-
lab–Fornos Eléctricos, Lda., Águeda, Portugal) under high vacuum at-
mosphere (~10− 5 mbar) for 2 h. Before performing the surface 
modification, the surface of the samples was grinded and polished with 
magnesium oxide (MgO) and hydrogen peroxide (H2O2). The porosity 
fraction, size and morphology of the pores were preserved after 
preparation. 

2.2. Surface modification by femtosecond laser texturing 

Laser surface modification was performed by means of a femto-
second Yb-doped fiber laser (Spirit 1040–4, Spectra-Physicas, Santa 
Clara, CA, USA), with a wavelength of 1040 nm and 396 fs pulses at a 
repetition rate of f = 100 kHz, with maximum pulse energy of 49.7 μJ. A 

Fig. 2. 2D and 3D CLM images of the surface of both studied pore range size. Inset: Sa and Sq parameters of the fully-dense and the two porous substrates for the flat 
area and in global surface modified by femtosecond laser. Common scale bar. 
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scanning system consisting of galvanometer scanners and an F-Theta 
lens (f = 160 mm) was used to obtain a constant beam radius of wo = 12 
μm on the working surface. The system allows the movement of the laser 
beam on the surface according to programmed plane trajectories. Laser 
processing was performed in air and an Ar jet was directed to the area 
being processed to prevent any undesirable oxidation of the surface. 

The porous titanium surface was irradiated by the laser using parallel 
rectilinear paths. Process parameter selection was based on a set of 
preliminary scans in which different combinations of laser power, scan 
speed and number of irradiations over the area were tested. The pa-
rameters selected were the ones that allowed obtaining two laser 
generated structures simultaneously on the surface: columnar micro 
structures or micro pillar and laser-induce periodic surface structures 
(LIPSS). The pulse energy under this criterion was Ep = 49.7 μJ and the 
scanning speed v = 960 mm/s, corresponding to a fluence of F = 21.98 
J/cm2. The hatch distance between lines was d = 12 μm and the number 
of times that each area was scanned was Nr = 20. Using these parame-
ters, the number of pulses per spot on the surface was PPS = 100. 

2.3. Microstructural and micromechanical characterization 

Total porosity (PT), equivalent diameter (Deq) and shape factor (Ff) of 
the pores were measured by quantitative image analysis (IA) using a 
Nikon Epiphot optical microscope (Nikon, Tokyo, Japan) coupled with a 

Jenoptik Progres C3 camera (Jenoptik, Jena, Germany) and Image-Pro 
Plus 6.2 analysis software [8,42,43]. The image analysis allowed 
differentiating and evaluating the porosity caused by the spacer particles 
and that generated by the laser surface treatment, separately. 

The surface topography of the samples was characterized by scan-
ning electron microscopy (FEI Teneo, FEI, Eindhoven, The Netherlands). 
The morphology of the pores from the spacer particles and that of the 
microstructures and nanostructures present on the surface was exam-
ined before and after the laser treatment as well as the roughness of the 
surfaces was measured using confocal laser scanning microscopy (CLM) 
(Sensofar Sneox, Sensofar, Glonn, Germany) allowing two-dimensional 
(2D) and three-dimensional (3D) images. Roughness was evaluated in 
the total surface and in the characteristic areas of the samples: flat area 
between the pores and inside the pores. To quantify the surface rough-
ness, the arithmetical mean deviation (Sa) and the root mean square 
height (Sq) were used. 

Also, the micro-tribomechanical behavior of the samples was eval-
uated by instrumented micro-indentation (P-h curves) and scratch tests. 
Loading-unloading tests were performed using a Microtest machine 
(MTR3/50-50/NI) equipped with a Vickers indenter, at an applied load 
rate of 1 N/min, a maximal load of 1 N and a holding time of 10 s. The 
micro-hardness and Young's modulus were calculated from the loading- 
unloading curves obtained using the Oliver and Pharr method [44]. 
Indentations were performed in different areas of the samples to study 

Fig. 3. Porosity parameters measured obtained by image analysis, for the two pore populations: macro-pores obtained by spacer holder technique and micro-pores 
obtained by femtosecond laser treatment: a) total porosity, b) equivalent diameter and c) shape factor. 
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the influence of macro-porosity and surface treatment on micro- 
mechanical behavior. 

Scratch test were performed on the surface of the substrates using a 
MICROTEST commercial device (MTR3/50-50/NI) with a Rockwell 
diamond tip of 200 μm diameter applying a maximum constant load of 3 
N at a rate of 0.5 mm min− 1 for 3 mm of groove scar, following the ASTM 
C1624–05 standard [45]. The normal load was continuously recorded 
during in situ scratching. Results were given as scratch penetration− -
load curves. Besides, the real penetration depth of the groove scar 
(permanent deformation) and an estimation of the elastic recovery were 
evaluated. Before the scratch test, the samples were scanned to evaluate 
the roughness profile of the surface, determining the values of: the 
arithmetic average of the absolute values of all points of the profile (Ra), 
the root mean square of the values of all points of the profile (Rq), the 
maximum peak-to-valley height of the entire measurement trace (Ry), 

Fig. 4. Loading-unloading curves (P-h curves) of superficially modified by femtoseconds a) fully-dense, c and d) porous c.p. Ti substrates. SEM image (b) illustrates 
the nano-ripples and pillars on the fully-dense sample. 

Fig. 5. Modulus of young and micro-hardness of the surface of the discs (fully-dense and porous) modified with the femtosecond laser treatment.  

Table 1 
Characteristic parameters of P-h curves for the femtoseconds modified c.p. Ti 
substrates.   

Fully-dense 100–200 
μm 

355–500 
μm 

Ripples Pillars 

Penetration 
depth (μm) 

Maximum 3.4 ±
0.1 

2.2 ±
0.1 

4.8 ± 0.2 5.2 ± 0.2 

Permanent 2.2 ±
0.1 

1.0 ±
0.1 

2.8 ± 0.1 3.1 ± 0.1 

Elastic recovery Absolute 
(μm) 

1.3 ±
0.1 

1.2 ±
0.1 

2.0 ± 0.1 2.1 ± 0.1 

Relative 
(%) 

37 ±
1.2 

53 ±
1.8 

41 ± 1.4 40 ± 1.4  
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and the arithmetic average of the maximum peak-to-valley height of the 
roughness values of five consecutive sampling sections over the filtered 
profile (Rz). At least three measurements were performed for each type 
of material and area of interest. 

2.4. In-vitro cell behavior 

MC3T3E1, a murine pre-osteoblast cell line (CRL-2593 from Amer-
ican Type Culture Collection (ATCC), Manassas, USA), was used to 
analyze the potential influence of surface modified with femtosecond in 
the bone cells, in Ti disc with or without porosity, on cell metabolism 
and viability during the cell adhesion and proliferation process. Results 
were compared to the same substrates but without surface modification. 

2.4.1. Cell culture 
Routine passaging of the cell line was performed on 25 cm2 flasks 

with Minimum Essential Medium (αMEM), containing 10% fetal bovine 
serum plus antibiotics (100 U/mL penicillin and 100 mg/mL strepto-
mycin sulphate) (Invitrogen, Carlsbad, USA). Sample discs were auto-
claved at 121 ◦C for 30 min and were then placed onto a 24-well plate. 
Osteoblast cells were seeded at a cellular density of 30,000 cells/cm2 per 
sample and in 800 μL of pre-warmed culture medium. Plates were kept 
at 37 ◦C in a humidified 5% CO2 atmosphere and as a control, triplicate 
blank TCP (Tissue culture plastic) and fully dense pure titanium discs 
were employed as negative and positive controls on the same plate for 
each time of period. 

At 48 h of osteoblast cultured, the cell media was changed to oste-
ogenic media (α-MEM medium) supplemented with 10 mM of ascorbic 
acid (Merck, Darmstadt, Germany) and 50 μg/mL [1–55] of β-glycer-
ophosphate (StemCell Technologies, Vancouver, Canada). The in-vitro 
cell experiments were carried out at 21 days of cell incubation in 
which the samples were transferred onto a new 24-well plate to prevent 
counting non-attached or attached cells on the well plate. 

2.4.2. Cell viability and proliferation assay 
Cell proliferation and viability tests were evaluated using Ala-

marBlue® reagent (Invitrogen, Carlsbad, USA). In accordance with the 
manufacturer's protocol, new fresh media (800 μL) and 80 μL of Ala-
marBlue® reagent were added and the plate was incubated for 1.5 h at 
37 ◦C in dark conditions. The absorbance at 570 nm (oxidized) and 600 
nm (reduced) (TECAN, Infinity 200 Pro) was subsequently recorded. 

2.4.3. Cell differentiation by alkaline phosphatase (ALP) evaluation 
MC3T3 differentiation levels were evaluated through alkaline 

phosphatase (ALP) activity, using the Alkaline Phosphatase Assay kit 
(Colorimetric) (Abcam, Cambridge, United Kingdom). The assay was 
performed in triplicate according to the manufacturer's protocol. The 
absorbance at 405 nm of 4-nitrophenol was measured in a 96-well 

microplate reader. Data was expressed as μmol/min/ml of p-Nitro-
phenyl Phosphate (pNPP). 

2.4.4. Cell morphology 
Cell behavior at 21 days was evaluated by the acquisition of images 

with a scanning electron microscopy (SEM) (Zeiss EVO LS 15 scanning 
electron microscope (Zeiss, Oberkochen, Germany) with an acceleration 
voltage of 10 kV. The samples were fixed in 10% formalin, which was 
followed by a dehydration step with ethanolic solutions and then coated 
by gold-coating using a sputter coater (Pelco 91000, Ted Pella, Redding, 
CA, USA). 

2.5. Statistical analysis 

All experiments were performed in triplicate to ensure reproduc-
ibility. The results were expressed in terms of mean and standard de-
viation to perform two-way ANOVA followed by Tukey's post-test using 
SPSS v.22.0 for Windows (IBM Corp., Armonk, NY, USA). The signifi-
cance level was considered at p values of p ˂ 0.05 (*) and p ˂ 0.01 (**). 

3. Results and discussion 

The porous c.p. Ti substrates were characterized before and after the 
surface modification to evaluate the porosity parameters (morphology, 
distribution and average pore size, as well as the roughness of the sur-
face and inner walls of the pores). Fig. 1 displays SEM images before and 
after femtosecond laser irradiation of the porous samples. All the sam-
ples showed certain roughness associated to the fabrication technique. 
After the femtosecond laser, the modification of the surface at micro and 
nanoscale was evident with the generation of micro-holes and micro- 
columns, for the entire surfaces, both in the area among macro-pores 
and inside them. No differences were observed for the different 
macro-pore range sizes. Higher magnification images clearly displayed 
that the entire surface was covered by periodic aligned nanometric 
ripples (LIPSS), which are produced when the surface is irradiated using 
ultrashort laser pulses (see Fig. 1, inside pores of larger pore size) [40]. 
The resulting surface is therefore composed of a hierarchical structure 
with features belonging to different size ranges. These types of structures 
are of interest since they can better mimic the structure of the bone at 
different length scales [46,47]. 

The roughness of the samples modified with the femtosecond laser 
treatment was analyzed using confocal laser microscopy (CLM) in 2D 
and 3D. The surface roughness was measured in terms of Sa and Sq 
(Fig. 2). The results reveal a clear increment of the roughness due to the 
surface patterns originated by the femtosecond laser and also with the 
effect of the macro pores size (compare the values for the fully-dense, 
100–200 μm and 255–500 μm). The roughness measured on the fully- 
dense sample was similar to the roughness measured on the flat area 

Fig. 6. a) Roughness profile, and b) permanent penetration depth.  
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between macro-pores for the sample with larger pore range size 
(355–500 μm), indicating that the laser treatment had a similar effect on 
both types of samples. It might be related to the fact that the area of Ti 
matrix among larger macro-pores was statistically comparable to the 
superficial area of the fully-dense discs. Therefore, the roughness 

created by the femtosecond laser treatment was similar in both cases. 
However, it did not happen for smaller macro-pores range size since the 
less Ti matrix was affected by the laser. 

Fig. 3 shows the trend of the values of PT, Deq and Ff, obtained by IA, 
for fully-dense substrates and porous substrates, after surface modifi-
cation. The study allowed discriminating three pore populations: the 
micro-pores associated with the sintering process, the macro-pores ob-
tained by spacer particles and the micro-pillars due to the femtosecond 
laser treatment. It was observed (Fig. 3a) that the percentage of PT ob-
tained by femtosecond laser treatment was higher in the fully-dense 
substrates (23.2%), than porosity substrates obtained by spacer parti-
cles (10.4% for 100–200 μm and 9.3% for 355–500 μm). This trend 
could be explained because the flat area in fully-dense was greater than 
in porous samples. In samples obtained using spacers, the presence of 
macro-pores was the predominant factor when calculating the total 
porosity even after the femtosecond treatment. Equivalent diameter 
measurements were made independently for each type of pore (Fig. 3b). 
On one hand, the micro-porosity obtained by femtosecond laser treat-
ment had Deq = 3.2 μm and on the other hand the macro-porosity 
generated by the spacers had Deq = 237 and 372 μm for the 100–200 
μm and 355–500 μm samples, respectively. As expected, the measured 
diameter was larger as the size of the spacer increased. Concerning Ff 
values (Fig. 3c), it was worth to highlight the larger roundness of the 
micro-pores inherent to the sintering stage (0.97), which decreases 
when the micro-pillars generated with the femtosecond treatment were 
analyzed (0.74 for fully-dense sample and 0.58 and 0.56 for 100–200 μm 
and 355–500 μm samples, respectively). On the other hand, it was 
observed that after femtosecond laser treatment, the macro-pores ob-
tained with the spacers were less rounded than before, with values 
further away from 1 (0.33 and 0.31 for 100–200 μm and 355–500 μm, 
respectively, compared with the 0.6 values obtained for the original 
macro-pores) [48]. This fact could be related to the modification that 
occurs in the contours of the macro-pores by the action of the laser. 

The micro-tribomechanical behavior of the c.p. Ti porous substrates 
superficially modified by femtosecond laser irradiation was measured by 

Fig. 7. Penetration depth during and after the scratch tests for the c.p. Ti 
substrates: a) fully-dense, b) 40 vol% 100–200 μm, and c) 40 vol% 355–500 μm. 
Inset: magnification of the graphic. 

Table 2 
Surface roughness parameters of the studied samples. Error below 0.1%.   

Fully-dense 100–200 355–500 

Ra (μm)  1.33  7.16  9.22 
Rq (μm)  1.47  9.60  13.34 
Rz (μm)  2.49  30.72  50.49 
Ry (μm)  2.49  30.73  50.52  

Table 3 
Absolute and relative permanent plastic deformation values.   

Fully- 
dense 

100–200 
μm 

355–500 
μm 

Permanent 
deformation depth 

Maximum 
(μm) 

11.6 56.3 86.2 

Average (μm) 8.7 18.7 26.2 
Elastic recovery Absolut (μm) 1.5 ± 1.2 1.6 ± 2.5 4.2 ± 4.3 

Relative (%) 17 ± 3 6 ± 3 13 ± 4  

Fig. 8. Cell metabolic activity in adhesion and proliferation stages. Significance 
level at p value < 0.05 (*) or <0.001 (**). 
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P-h curves and scratch tests. Concerning the P-h curves, micro- 
indentations (Fig. 4) were performed on the fully-dense samples, 
discriminating two areas according to the characteristic structures pre-
sented after the femtosecond laser: nano-ripples and micro-structures/ 
micropillars. The analysis of the curves indicated a greater microhard-
ness and stiffness in the area with the pillars, which could be associated 
with a greater thickness of the modified layer in this area. It is worth to 
mention, that laser treatment generated a certain fusion of the material 
and a potential hardening during the cooling of this modified layer and 
oxidation. The analyses of the P-h curves and scratch-test (Fig. 5) 
allowed checking that penetration depth, HV and E were affected by the 
effect of the size of the macro-porosity due to the spacer particles 
(Table 1). A kind of pseudo-creep behavior was also observed in the 
porous samples with larger pore size (see the plateau area of the curve). 
In general, the trends of Young's modulus and Vickers micro-hardness 
values were consistent with the content and size of the macro-pores, 
as well as with the metallurgical processes and/or morphological fea-
tures of the patterns and pillars inherent to the process of surface 
modification with the femtosecond laser treatment. 

Fig. 6a displays the linear roughness profile on the surface of the 
studied samples (fully-dense and porous), while the Fig. 6b corresponds 
to the scratch resistance measure in terms of permanent penetration 
depth. Scratch resistance was also measured as permanent penetration 
depth (Fig. 7). Main parameters are summarized in Table 3, such as the 
permanent deformation and the elastic recovery, as a value of the 
resistance to penetration. The trends of the roughness values were 
consistent with the size of the macro-pores inherent to the spacer par-
ticles and with the patterns texture generated with the femtosecond laser 
treatment. Micro-hardness and the degree of surface porosity deter-
mined the scratch resistance and elastic recovery of surface-treated discs 
(Table 2). 

Viability studies were directly related to the biocompatible and 
cytotoxic properties of the material. Specifically, the percentage of 
reduced substrate indicated the metabolic activity of the cells [49]. 
Results showed a remarkable increased in metabolic activity that cor-
responds to an increase in cell proliferation. As it is displayed in Fig. 8, 

all cultures presented a metabolic activity greater than 12%, indicating 
an optimal degree of biocompatibility as well as absence of toxicity. 
Surface-modified discs presented a similar viability, around 25% 
without observing significant differences among them. Comparing the 
metabolic activity of the modified and non-modified discs, it was 
observed that all of them had twice metabolic activity than the fully- 
dense discs. This difference was considered statistically significant. 
These results agree with those published by other authors who have 
stated greater viability in MG63 or INT407 [50,51] after modification 
the surface with femtosecond laser, and greater osseointegration in bone 
prostheses in animals [51]. On the other hand, Civantos et al. also re-
ported that increasing the porosity of the surface with a pore size of 
100–200 μm, cell viability improved compared to fully-dense discs [52]. 

As shown in Fig. 9, ALP activity of the cells in the surface-modified 
discs were significantly different, indicating variable cellular responses 
including the differentiation and functions of MC3T3 cells. Knowing that 
ALP is an early marker of osteoblastic proliferation, and the peak of ALP 
activity is the beginning of the mineralization process, the low values 
that were found may be associated to a greater differentiation of the 
osteoblastic cell. The highest ALP activity occurred in the 40 vol% disc 
(100–200 μm). Even so, the ALP values of the cells grown in the modi-
fied discs were somewhat lower than the untreated ones, which could 
indicate a greater differentiation of the cells. Most of the reported 
studies were carried out with in average growth periods shorter (1–4 
days) than in this manuscript (21 days) and, therefore, greater cell dif-
ferentiation was expected. Studies at 14 days did not report differences 
in ALP activity in MC3T3 cell cultures, showing results similar to those 
obtained in this work [52,53]. 

The morphological study of the MC3T3 osteoblast cells cultured on 
the different discs allowed observing that the growth in all of them was 
adequate and optimal, observing good cell adherence and a good bio-
logical response (Fig. 10). SEM images provided information on spatial 
distribution, cell morphology, cell-cell interaction, and cell-material 
surface interaction. 

In all cultures it was observed cells with cuboidal shape and long 
elongated cytoplasmic processes (filopodia, marked with yellow arrow 

Fig. 9. Cell differentiation of osteoblasts, in-vitro evaluation of alkaline phosphatase enzyme (ALP) activity measured as U/mL. Statistical differences are indicated at 
p < 0.05 *. 
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in Fig. 10). The number of filopodia varied according to cell confluence, 
but it was high in all cases as the cells were widely spread on the surface 
[54]. In fully-dense discs, with and without femtosecond laser treat-
ment, cell growth was clearly observed widely spread as a monolayer 
over the entire surface as well as deposits of Ca and hydroxyapatite (red 
asterisk are indicated in the images 10). The osteoblastic phenotype was 
typical of a highly differentiated cell and in the functional stage of 
mineralization [1,53,54]. As other authors have reported [52,55], cell 
growth inside the pores and the formation of connections among them 
were observed. 

4. Conclusions 

The microstructural, tribo-mechanical and cellular studies per-
formed on superficially modified fully-dense and porous c.p. Ti discs 
with a femtosecond laser radiation allowed indicating the following 

general conclusions:  

- The modification with the femtosecond laser generated an increase 
in the surface roughness of the Ti discs (nanometric ripples and 
micrometric-sized pillars areas) and increased the irregularity of the 
macro-pore contours obtained with the spacer-holder technique.  

- The micro-hardness and stiffness increased around the pillars and 
decreased with the increase in the size of the macro-pores. Scratch 
resistance and elastic recovery were directly proportional to surface 
hardness and the role of micro- and macro-porosity.  

- Surface modification with femtosecond laser treatment improved 
cell viability, mainly in fully-dense disc. A lower ALP activity in the 
treated samples could indicate a greater differentiation of the cells. 
The cell culture was similar in all cases, observing that modified discs 
presented a more differentiated morphology and an optimal cell 
adherence and acceptable biological response. It would be 

* 

* 

* 

Fig. 10. SEM images of the cell adherence of the fully-dense and porous c.p. Ti before and after the femtosecond laser treatment. Cell–cell interaction, filopodia 
(yellow arrow) and hydroxyapatite (red asterisks) are indicated in the images. 
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convenient to perform further studies with other markers of medium 
and late expression, such as osteocalcin, bone sialoprotein to verify 
the effect of greater cell differentiation and greater mineralization in 
discs with modified surface. 

In summary, in view of the obtained results, the use of femtosecond 
laser modified discs with a pore size of 100–200 μm is recommended, 
since they present better biomechanical behavior (stiffness, micro- 
hardness, mechanical and scratch resistance) and biofunctional 
behavior (bone ingrowth and cellular behavior), making them good 
candidates for bone tumor replacement. 
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analysis of laser-treated titanium implant surfaces—a comparative study, 
Biomaterials. 21 (2000) 1067–1073, https://doi.org/10.1016/S0142-9612(00) 
00002-8. 

[36] K.C. Phillips, H.H. Gandhi, E. Mazur, S.K. Sundaram, Ultrafast laser processing of 
materials: a review, Adv. Opt. Photon. 7 (2015) 684–712, https://doi.org/ 
10.1364/AOP.7.000684. 

[37] R. Le Harzic, N. Huot, E. Audouard, C. Jonin, P. Laporte, S. Valette, 
A. Fraczkiewicz, R. Fortunier, Comparison of heat-affected zones due to 
nanosecond and femtosecond laser pulses using transmission electronic 
microscopy, Appl. Phys. Lett. 80 (2002) 3886–3888, https://doi.org/10.1063/ 
1.1481195. 

[38] D. Breitling, A. Ruf, F. Dausinger, Fundamental aspects in machining of metals with 
short and ultrashort laser pulses, in: Photon Process. Microelectron. Photonics III, 
International Society for Optics and Photonics, 2004, pp. 49–63, https://doi.org/ 
10.1117/12.541434. 

[39] X. Liu, D. Du, G. Mourou, Laser ablation and micromachining with ultrashort laser 
pulses, IEEE J. Quantum Electron. 33 (1997) 1706–1716, https://doi.org/ 
10.1109/3.631270. 

[40] K.M.T. Ahmmed, C. Grambow, A.-M. Kietzig, Fabrication of micro/nano structures 
on metals by femtosecond laser micromachining, Micromachines. 5 (2014) 
1219–1253, https://doi.org/10.3390/mi5041219. 
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